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Hacmoawaa cmampa noceéauieHa ROAYYEHUI0 CHEKON U CIMEKIOKPUCIMANTIUYECKUX Ma-
mepuanos kopouepumoeozo (2Mg0-2A1,03°58i0,) cocmasa. B pabome ovi1u uccnedosanst npo-
yeccol, POmeKaruiue npu KPUCMaiiu3ayuu U CHeKanuu CeKosl, ROJAYy4eHHbIX nymem nia3meH-
HO020 NNAGNEHUA MAMEPUAIOE8 HA OCHOGE NPUPOOHOZO0 CbIPbA, YUCHBIX OKCUOOE U npeosapu-
MeNbHO CUHME3UPOGAHHO20 KOpouepuma. YCmanHo61eHo, Ymo HOIAYYeHHble NPU NAA3SMEHHOM
naeneHUN KOPOUEPUMOoeble CHEKNa 6Cl1e0CHEUE 8bICOKOI CKOPOCIU HAZPEEA U OXIANCOCHUA Xa-
PAKmMepu3yomca 8blCOKoIl depekmnocmoio cmpoenus. Penakcayus mukponanpayicenuii 6 cmek-
Jax npomekxaem ¢ memnepamypnuom ouanazone 480 — 490 °C. Cmekna na ochoee cunme3upoean-
HO20 KOpOuepuma xapaxmepusyiomcsa memnepamypoii kpucmannuzauuu 930 — 1020 °C ¢ 3aeu-
CUMOCHU OM HATUYUA U 6UOA HYKTleamopa, Ymo npumepho Ha 20 — 50 °C meHnvuie no cpagHeHuIo
CO CIEeKamMu Ha OCHOGE KOMNOHEeHRMHbIX cmecell. Ilepguunvim npooyKmom Kpucmaniu3auuu uc-
cnedyembix cmekon npu memnepamype ewviiie 900 °C agnaemcs meepowvlii pacmeop co CMpyKmy-
poit evicokomemnepamyprozo keapya Mg0-A1,03-35i0>:, komopwlii npu yeenuuenuu memnepa-
myput évtine 1000 °C obpaszyem kopouepum npu paznoxncenuu. Beeoenue ¢ cocmas wiuxm 5% Zr0O>
yeenuuueaem 6a3K0CHMb PAZMASYEHHBIX CHEKOJI U MEMNEPAMypy ux KpUCmaiiu3auuu, 4mo yee-
AUYUEACH AKMUEHOCHIL CIEKIONOPOWKOE NPU CNEKAHUU CHEKTOKEPAMUKU 3a cuem 00abuieco
6K1A0a IMana HcUOKOPa3Ho20 CNEKAHUA 8 NPOYECC KOHCOTUOAUUN MAMEPUANA, YO NO360AEH
noayuams npu memnepamype 1300 — 1350 °C kepamuxy ¢ omkpeimoii nopucmocmuio 2 — 4%.
Beeoenue ¢ cocmae wmuuxm 5% TiO: cuusicaem memnepamypy Kpucmaiiu3ayuu Kopouepuma Ha
30 — 50 °C, oonako ne okazvieaem cyuecmeeHHO20 6IUAHUA HA NPOUECCHl CHEKAHUA CHEKI10-
Kepamuxu.
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This article focuses on the production of glasses and glass-ceramic materials with a cordi-
erite (2Mg0-2A1,03-58i0-) composition. The processes of crystallization and sintering of cordierite
glasses, which are based on natural raw materials, pure oxides and pre-synthesized cordierite, have
been investigated. It has been determined that cordierite glasses produced via plasma melting ex-
hibit high structural defects attributed to rapid heating and cooling rates. The relaxation of mi-
crostresses in the glasses takes place within the temperature range of 480 — 490 °C. Glasses based
on synthesized cordierite exhibit a crystallization temperature of 930 — 1020 °C, depending on the
presence and type of nucleating agents. This is approximately 20 — 50 °C lower compared to glasses
based on component mixtures. The primary crystallization product of studied glasses at 900 °C is
the high-quartz solid solution with formula Mg0-Al,03-3Si0,, which is dissociate above 1000 °C
with the formation of cordierite. The addition of 5% ZrO; to the batch increases the viscosity of
softened glasses and their crystallization temperature, resulting in increased activity of glass pow-
ders in the sintering processes due to the higher impact of liquid-phase sintering on the general
densification process of glass-ceramics. This allows for the production of glass-ceramics with open
porosity of 2 — 4% at 1300 — 1350 °C. The addition of 5% TiO: to the batch reduces the glass
crystallization temperature. However it does not significantly effect on the cordierite glass-ceramics
sintering processes.

Key words: cordierite, glass, glass-ceramics, talc, thermal plasma, melting, crystallization, zirconia, ti-
tanium oxide

and dielectric ceramic material. The most common
method to obtaining cordierite and cordierite ceramics
is through conventional solid state synthesis using nat-

INTRODUCTION

Cordierite is a magnesium aluminosilicate

with formula 2MgO-2Al>,03-5Si0,. It has a low ther-
mal expansion coefficient (CTE) of about 1 ppm/°C [1]
and high dielectric properties [2]. This makes it widely
used in science and technology as a thermal resistant
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ural talc Mg38i4010(OH)2, kaolin A|4Si4olo(OH)4, alu-
mina Al,Osz or aluminum hydroxide AI(OH)s along
with other components [3, 4]. The interactions between
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these components in solid state at temperatures above
1200-1250 °C result in the formation of cordierite in
accordance with reaction (1).

4(3Mg0-4Si0,-H,0) + 7(Al,05-2Si02-2H,0) +

+ 5A1,03= 6(2MgO-2AI203~SSiOZ) + 22H20T (1)

The reaction also produces spinel MgO-Al,0s3,
mullite 3AI,03-2SiO,, and clinoenstatite MgO-SiO; as
by-products. These secondary phases reduce the heat
resistance of the material due to their thermophysical
properties, which differ significantly from those of cor-
dierite, including a CTE value of more than 8 ppm/°C.
Additionally, cordierite ceramics has a narrow range of
densely sintered state, approximately 20-30 °C, mak-
ing it necessary to add different fluxes (such as B;Os,
P,0s, feldspar, etc.) to the batch. These additives lower
the melting formation temperature but lead to the for-
mation of a greater quantity of the glassy phase in the
material. This decreases the exploitation properties of
ceramics [5], for example, the electrical breakdown
strength decreases from 16-18 to 6-8 kvV/mm and CTE
increases to 3-4 ppm/°C, reducing the thermal shock
resistance of cordierite ceramics from 600-700 to 350-
400 °C.

Cordierite ceramics with exceptional proper-
ties can be obtained using advanced chemical methods
such as co-precipitation or sol-gel [6-8]. However,
these methods are not widely used in industry doe to
the high cost of reagents, as well as the complexity of
technology and equipment.

Currently, cordierite ceramics with nano- and
micrograin structures and high mechanical and dielec-
tric characteristics are produced using the crystalliza-
tion of glass in the MgO-Al,03-SiO, system [9]. The
addition of different dopants to the composition of the
glass makes it possible to change its technological and
functional properties in wide range, as well as produce
cordierite glass-ceramics based on it [2, 4, 10-12].
Melts in the MgO-Al,03-SiO; system in the composi-
tion fields around the cordierite possess very high vis-
cosity, which determines a high temperature of glass
melting at about 1500-1600 °C. By adjusting the
MgO:Al,O3:Si0; ratio or introducing additives that re-
duce the temperature of melt formation and its viscos-
ity (P20s, B20s, K:O, MnO, etc.) [13-15], an optimal
set of technological properties of glass and functional
properties of cordierite glass-ceramics can be achieved.
During the crystallization of glass, secondary phases of
clinoenstatite MgO-SiO», spinel MgO-Al>O3 and other
compounds can be formed, which have a negative ef-
fect on the physical and mechanical characteristics of
the material.

The prospective and energy-efficient method
for obtaining melts and coatings based on silicates and
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oxides with different composition is through the use of
thermal plasma [16-20]. The application of plasma
thermal treatment allows for the heating and melting of
materials at an average mass temperature of approxi-
mately 7000 °C, which is significantly higher than the
temperature range in conventional furnaces. Many
properties of silicate glasses depend on their micro-
structure, which is influenced not only by the chemical
composition of the glass but also by the component
composition, thermal history of the glass, and the heat-
ing and cooling rate of the melt. There is thermody-
namically non-equilibrium melting of materials in the
plasma flow under conditions of complex (conductive,
convective, and radiative) heat transfer. This influ-
ences on the synthesis processes of silicates and oxides
materials and chemical bonds formation during the
crystallization processes of the corresponding melts
and glasses.

The limited use of plasma installations for the
production of ceramic materials is attributed to the
challenge of predicting and modeling the properties of
the final materials based on the initial component com-
position of the melting batch. The aim of this study is
to investigate the impact of the component composi-
tion of the raw material mixture on the processes of
crystallization and sintering of cordierite glasses ob-
tained through melting in thermal plasma.

MATERIALS AND METHODS

Batches based on natural talc and kaolin
(CGC-1 — Cordierite Glass-Ceramics) and pure oxides
(CGC-2) were utilized as starting materials for the syn-
thesis of cordierite glass. The CGC-1 batch contained
talc TMK-28 (GOST 21234-75), kaolin KAH-1
(GOST 19607-74), brucite powder BleachMag (TU
23.99.19-002-93957848-2020), and aluminum hy-
droxide (analytical grade). The components were
weighed in accordance with the stoichiometric of reac-
tion (2).

3Mg0‘4Si02'H20 + 3(A|203'2Si02‘2H20) +
Mg(OH)z + 2A|(OH)3 =
= 2(2Mg0-2A1,03-5S102) + 10H01 2

The CGC-2 batch contained aluminum hy-
droxide, magnesium carbonate basic aqueous and sil-
ica (all reagents — analytical grade). The components
were weighed in accordance with the stoichiometric of
reaction (3).

MgCOs-Mg(OH).-nH,0 + 2AI(OH)s + 5Si0- =
= 2MgO-2A1,03-58i0; + (n+4)H,01 (3)

The components were mixed in the media of
distilled water in the planetary mill Pulverisette 6
(Fritsch, Germany). A portion of the CGC-1 batch was
granulated and firing at 1300 °C to preliminary synthe-
size the cordierite. The resulting material, which was
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practically monophase cordierite, was crushed and
milled to a particle size of less than 63 um. This mate-
rial was designated as CGC-1T. The formation of cor-
dierite during thermal treatment of the CGC-2 batch is
difficult due to significant structural differences be-
tween reagents, intermediate species, and products of
the solid-state reaction. The phase composition of the
CGC-2 batch fired at 1300-1350 °C consists of spinel,
cristobalite, and cordierite. As a result, the use of firing
products of the CGC-2 batch for the synthesis of cor-
dierite glass ceramics in this study does not seem ap-
propriate. The component composition of the studied
materials is presented in Table 1.

Table 1
Component composition of batches for cordierite glass
synthesis
Tabnuya 1. KOMIIOHEHTHBII COCTaB HccaelyeMbIX cMe-
ceif VISl MOJIy4eHUsI KOPANEPHTOBBIX CTEKOJI

Batch Component composition, wt. %
Talc —27.73
Kaolin —56.61
cee-l Brucite — 4.26
Aluminum hydroxide — 11.40
CGC-1T |Thermal treatment of CGC-1 batch at 1300 °C
Magnesium hydrocarbonate — 22.58
CGC-2 Aluminum hydroxide — 39.44
Silica — 37.98

The nucleating agents for glass crystallization
were TiO. and ZrO,, which were added to the batches
in a 5% concentration. The selection of the type and
amount of TiO, and ZrO, was based on studies [2, 12,
21, 22]. Disks measuring 20x5 mm were pressed from
powders using a binder of 5% aqueous solution of pol-
yvinyl alcohol. The materials were melting using an
electroplasma stand following the method described in
[23]. A series of experiments determined that the opti-
mal melting parameters were: current 100 A, voltage
110 V, plasma gas flow rate 1.5 g/s (nitrogen), and a
melting time of 60 s. All studied cordierite glasses ob-
tained by plasma melting were found to be amorphous
materials without bulk and surface crystalline for-
mations. The obtained glasses were crushed and milled
using a vibratory mill Pulverisette 23 (Fritsch, Germany)
to achieve a powder particle size of less than 63 pm. The
powders of glass were pressed into discs measuring
5x1 mm and fired at temperatures ranging from 900-
1350 °C. The porosity and apparent density of the ma-
terials were determined by Archimedes method using
an ME 235S scales (Sartorius, Germany). The phase
analysis of the materials was determined using a
DRON-3M diffractometer (Burevestnik, Russia), and
thermal analysis of the glasses was carried out on a
synchronous thermal analyzer STA 449 F3 Jupiter
(Netzsch, Germany).

ChemChemTech. 2024. V. 67.N 7
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RESULTS AND DISCUSSION

The melting of materials in plasma flow pro-
ceeds in the following sequence in accordance with
[24, 25]: melting of binary and ternary eutectics, fol-
lowed by the dissolution of refractory components in
the primary melt. Reactions between components in
the solid state are limited due to Kinetics aspects. Ad-
ditionally, the very high speed of heating and cooling
of materials should lead to a high degree of destruction
of silicates and aluminosilicates anion groups in melts,
and consequently, a high degree of disorder in the glass
structure network.

The relaxation processes of microstrains in the
obtained glasses are manifested as a low-temperature
endothermic effect at 480-490 °C on the Differential
Scanning Calorimetry (DSC) curves (Fig. 1). This is
accompanied by the reorganization of the most mobile
chemical bonds in the glass structure. The primary nu-
clei of crystallization are formed in studied glasses at
580-610 °C, as indicated by weak exothermic effects
on the DSC curves. An extended endothermic effect
with a weak peak at 750-850 °C is related to glass tran-
sition, and the onset of this effect corresponds to a sof-
tening temperature of about 760 °C for all studied
glasses. Crystallization of the main phases is observed
at temperatures above 950 °C, resulting in an intensive
exothermic effect. Additionally, characteristic of the
glasses under study is the formation of a melt at tem-
peratures above 1100 °C, as evidenced by the corre-
sponding endothermic effect.

TEXO

606
oA~

Heat flux, W/ig

493 1007

400 600 800 1000
Temperature, °C
Fig. 1. DSC curves of CGC-1 glasses based on natural raw mate-
rials: 1 — without nucleating agents; 2 — 5% TiOz2; 3 — 5% ZrO2
Puc. 1. Kpusbie nuddepeHnpansHoi ckaHUpyIoel KaJopuMeT-
puu a1 crekon CGC-1 Ha 0CHOBE MPUPOIHOTO CHIPbs: 1 — 6e3
no6aBok Hykieatopos; 2 — 5% TiOz; 3 — 5% ZrOz

1200

The glasses exhibit significant variations in the
temperature of nucleation and crystallization of the
main phases (Table 2). Glasses containing TiO> as an
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additive demonstrate lower crystallization temperature
compared to those containing ZrO,. This can be at-
tributed to the fact that ZrO; increases the viscosity of
the softened glasses, thereby restricting the restructur-
ing of the glass network and its crystallization. The cal-
culation in «SciGlass» (using the Priven-2000 method)
indicates that the viscosity of ZrO-containing cordier-
ite glass is 1.1 to 1.8 times higher than the viscosity of
undoped cordierite glass in the temperature range of
900 to 1500 °C. Consequently, in cordierite glasses
with the addition of ZrO, the crystallization tempera-
ture shows minimal dependence on the component
composition of the starting materials and remains
within the range of 1014-1017 °C.

Table 2
Temperatures of nuclei formation and main phases crys-
tallization in cordierite glass ceramics based on glasses
obtained from natural raw materials (CGC-1), pure ox-
ides (CGC-2), and synthesized cordierite (CGC-1T)
Tabnuya 2. TemnepaTypbl 00pa3oBaHus 3apoAbliueii
KPUCTA/UIM3AUMH U OCHOBHBIX (a3 KOpPANePHTOBBIX
CTEKO0JI Ha 0CHOBe MpupoAHOro coipbs (CGC-1), un-
ctbIX okcHa0B (CGC-2) u cMHTe3NpPOBAaHHOTO KOP/IH-
epura (CGC-1T)

Temperature of | Temperature of
Glass nuclei formation,|  main phases
°C crystallization, °C
CGC-1 607 1007
CGC-1 +5% TiO; 602 974
CGC-1 + 5% ZrO; 606 1017
CGC-2 602 1010
CGC-2 + 5% TiO; 594 955
CGC-2 + 5% ZrO; 584 1014
CGC-1T 569 991
CGC-1T +5% TiO; 589 927
CGC-1T + 5% ZrO; 543 1014

The CGC-1T glasses, based on synthesized
cordierite, without additive and with TiO, additive
have a 30-50 °C lower crystallization temperature
compared to the corresponding glasses from batches of
CGC-1 and CGC-2. This is attributed to the similarity
of the glass microstructure (network of atom-specific
structure elements) to the cordierite structure. During
plasma melting of the CGC-1 and the CGC-2 batches,
anionic groups similar in composition to [SisAlOg],
which are characteristic of cordierite melts, do not have
time to form in the melt structure [26].

For all the glasses studied, the primary crystal-
lization product at 900 °C is a solid solution with the
composition MgO-Al,03-3SiO, and the structure of
high quartz [9]. Glasses based on pre-synthesized cor-
dierite (CGC-1T) are characterized by the formation of
cordierite already at 900 °C, which is consistent with
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previously obtained DSC results. As the glass firing
temperature increases to 1000 °C and higher, the
main crystallization product becomes cordierite
2MgO-Al;03-5Si0: (Fig. 2).

For glasses containing TiO-, the by-products
phase magnesium dititanate Mg.Ti.Os crystallizes. X-
Ray diffraction (XRD) patterns of the glasses after
heat-treatment at 1000-1200 °C show low-intensity
peaks of protoenstatite MgO-SiO, and spinel
MgO-Al,Os. Increasing the heat-treatment temperature
to 1250 °C and above result in the formation of cordi-
erite as the main phase in the MgO-Al,05-SiO; system.
The crystallization of secondary phases in TiO-con-
taining glasses is attributed to the fact that during the
crystallization of Mg, Ti,Os in the glass, there is a defi-
ciency of magnesium oxide relative to the cordierite
stoichiometry, allowing for the crystallization of mag-
nesium aluminate and silicate with a simpler structure
[12, 22].

When ZrQ; is present in glasses, the by-prod-
uct phase tetragonal zirconium oxide t-ZrO; crystal-
lizes after heat-treatment at 1100 °C and above, as
mentioned earlier, due to their higher viscosity. Cordi-
erite formation in these glasses is observed after heat-
treatment at 1100 °C and above. The stabilization of t-
ZrO, in cordierite glasses is attributed to the presence
of MgO in their composition, which is capable of form-
ing solid solutions with limited solubility in the MgO-
ZrO, system [27].

The crystallization mechanism of plasma-
melted glasses is independent of the qualitative com-
position of the initial batches. Crystallization nuclei
form in the temperature range of 550-600 °C, and with
a further increase in temperature to 900 °C, a quartz-
like solid solution of MgO-Al;03-3SiO; is formed at
the initial stage of crystallization. At temperatures
above 1000 °C, it dissociates to 2MgO-Al;,03-5Si0O-
and amorphous SiO.. Silica interacts with the residual
glassy phase in glass-ceramics, leading to cordierite
formation in accordance with [9, 11, 12]. This mecha-
nism is typical for glasses of cordierite composition ob-
tained using conventional melt-quenching technology.

The active sintering of glassy powders begins
at 1300 °C. Glass-ceramics without ZrO, and TiO- ad-
ditives have an open porosity of approximately 15-
20% at 1300-1350 °C. The high porosity of the mate-
rials is attributed to the high content of crystalline cor-
dierite and minimal residual glassy-phase, resulting in
sintering through a diffusion solid-state mechanism.

Glass-ceramics based on the TiO- and ZrO,-
containing cordierite glasses exhibit higher activity in
sintering processes compared to glass without addi-
tives (Fig. 3). The CGC-1 glass, which is based on nat-
ural raw materials, contains impurities such as Fe, Ti,
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etc., that generally reduce the porosity of TiO,-contain-
ing glass-ceramics (9-16%) by 2-4% in comparison to
glass-ceramics based on the CGC-2 glasses (12-18%)
made from pure oxides. This reduction in porosity is
likely due to the slightly lower viscosity of the softened
CGC-1 glass. The porosity of ZrO,-containing glass-

CGC-1T

CGC-2

CGC-1

Intensity, a.u.

Cordierite PDF Ne13-0294

N

Magnesium dialuminium trisilicate
PDF Ne25-0511

f

900 °C

1 I ] 1
10 15 20 25 30 35 40 45
2 Theta
a
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ceramics based on both CGC-1 and CGC-2 glasses re-
mains nearly the same (6-9%) and shows little change
with increasing sintering temperature. The higher crys-
tallization temperature of glasses containing ZrO- ena-
bles active sintering of materials by liquid-phase mech-
anism within the temperature range of 1000-1100 °C.

CGC-1T + ZrQ,
5%

CGC-1T + TiO,
5%

CGC-1T

Intensity, a.u.

Cordierite PDF Ne13-0284

L

Tetragonal Zirconia
PDF Ne81-1545

1350 °C

] 1
10 15 20 25 30 35 40 45
2 Theta

b

Fig. 2. XRD patterns of cordierite glasses after sintering at 900 °C (a) and 1350 °C (b) and reference patterns of cordierite
2Mg0-2A12,03-5Si02 (PDF # 13-0294), solid solution with structure of high temperature quartz MgO-A1203-3Si02 (PDF N 25-0511),
tetragonal zirconium oxide t-ZrO2 (PDF N 51-1545)

V - MgTi20s PDF N 79-0832
Puc. 2. PeHTreHOBCKHE AU pPaKTOrpaMMBbl KOPAUEPUTOBBIX CTEKOJ TTOcie o0xura npu Temreparype 900 °C (a) u 1350 °C
(b) u sTanonHbIe WITPUX-AHpakTorpammsl kopaueputa 2MgO-2AI203-5Si0O2 (PDF Ne 13-0294), TBeporo pactBopa Ha OCHOBE BBICO-
kotemmeparyproro kBapua MgO-Al203-3Si02 (PDF Ne 25-0511) u terparonansaoro okcuaa mupkonust -ZrOz (PDF Ne 51-1545)
V - MgTi20s PDF Ne 79-0832
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Fig. 3. Open porosity of cordierite glass-ceramics based on glass
obtained from natural raw materials (CGC-1), pure oxides (CGC-2)
and synthesized cordierite (CGC-1T) with TiOz (a) and ZrO2
(b) additives with sintering temperatures: 1 - 1300 °C, 2 - 1325 °C,
3-1350°C
Puc. 3. 3aBUCHMOCTB OTKPHITON TOPHCTOCTH KOPIHEPUTOBOIT
CTEKIIOKePaMHKH Ha OCHOBE cTekout ¢ gobaskoii TiO2 (a) u ZrO2
(b), mosTy4eHHBIX Ha OCHOBE MPUPOAHOTO ChIpbsi (CGC-1), umcThix
okcnioB (CGC-2) u cuntesuposandHoro kopauepura (CGC-1T), no-
cne obxwura npu Temneparype: 1 - 1300 °C, 2 - 1325 °C, 3 - 1350 °C
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Ceramics based on pre-synthesized cordierite
glasses exhibit lower porosity (2-4% for glass with the
addition of ZrO,) compared to materials made from
CGC-1 and CGC-2 glasses. The results described
above suggest that softened glasses derived from pre-
synthesized cordierite have lower viscosity than
glasses obtained from mixtures of natural and synthetic
raw materials, likely due to microstructural differences
in their composition.

CONCLUSION

Glasses based on pre-synthesized cordierite
exhibit crystallization temperatures approximately 20-
50 °C lower than glasses based on mixes of natural raw
materials or pure oxide. This may be attributed to the
similarity of the microstructure of the silicate melt net-
work of atom-specific units to the cordierite structure.

The addition of ZrO, to cordierite glasses
slightly increases their viscosity and crystallization
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temperature, while TiO, reduces the crystallization
temperature compared to undoped glasses by approxi-
mately 30-50 °C. Powders of ZrO,-containing glasses
sinter more actively due to the delayed crystallization
of cordierite and the increased contribution of the lig-
uid-phase sintering stage, because of the softened glass
during the compaction process of glass-ceramics.
Glass-ceramics based on pre-synthesized cordierite are
sintered at temperatures of 1300-1350 °C to achieve an
open porosity of 2-4%.

The technology for producing silicate glasses
in the MgO-Al,03-Si0O; system by melting in thermal
plasma seems promising for the production of cordier-
ite ceramic and glass-ceramic materials.
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