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Abstract. The aim of this work is to study the structure of magnesium aluminosilicate glasses under heat treatment.
The type and amount of the crystalline phase were determined using XRD (DRON-3M) and petrographic (NU-2E
polarizing microscope) methods. The glass microstructure was studied using an «kEMV 100 AK» electron microscope.
The glass viscosity was determined by the method of stretching the thread.

According to the results of investigations, the mechanism of structure and phase formation of magnesium
aluminosilicate glass-ceramic materials has been established. The initial glasses are characterized by the ratio
MgO:AlL0,:Si0, = 1.0:2.5:5.0, the content of modifying oxides X(CaO, K,0O, B,0;) = 12.5 wt. %, and the nucleation
catalyst TiO, = 2.5 wt. %.

The scientific novelty consists in establishing a three-stage mechanism for the structure formation of magnesium
aluminosilicate glass-ceramic materials under conditions of low-temperature two-stage heat treatment. At the first
stage in the glass secondary drop-shaped inhomogeneities 0.01+0.05 pm in size are formed due to the phase separation.
Their presence and increased viscosity of glass at a temperature of 800 °C leads to agglomeration of spherulites with a
size of 0.5+0.8 um and the appearance of granular aggregates of crystallization nuclei (second stage). It was found that
providing an increased viscosity (n = 108 Pa-s) of experimental glass causes the formation of a developed two-frame
drop structure in a short time. This makes it possible to lower the temperature of formation of the crystalline phase
nuclei. At the next stage, at a temperature of 990 °C, the formation of a sitallized submicron high-strength structure of
the material is observed. It is characterized by the presence of nano-inhomogeneities, a-cordierite crystals in the form
of isometric prisms, and octahedral spinel crystals. These crystalline phases at a temperature of 1050 °C form a fine-
crystalline structure of a glass-ceramic material with a crystal size of 0.5+1.0 um.
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The practical significance of the work lies in the development of compositions of high-strength glass-ceramic materials
and technological parameters for their production.These materials can be used as a basis for the development of
composite protective elements of machinery and equipment.

Key words: magnesium aluminosilicate glasses, glass-ceramic materials, phase formation, structure, viscosity.

AHoTanis. MeToro 1aHoi poOOTH € TOCTIIKEHHS CTPYKTYPU MarHidaTiOMOCHIIIKATHUX CTEKOJI B YMOBaX TEPMIYHOT
00poOku. Bup Ta KUTBKICTh KpACTANIYHOT (ha3u BU3HAYAIN 32 IOTIOMOTOI0 peHTTeHoda3oBoro (audpaxromerp JPOH-
3M) ta nerporpadiunoro (Mikpockorn NU-2E) metozi aHanizy. B’s3KicTh CKiIa BU3HAYAIHU 32 METOJOM PO3TATHEHHS
HUTKU. MIKpOCTPYKTYpPY CTEKOJI IOCIIJDKYBaIN 3 BUKOPUCTAHHAM €JIeKTpOHHOro Mikpockorna «kEMB 100 AK».

3a pesyapraTaMu MPOBEACHUX JIOCHTIHKEHIX BCTAHOBIEHO MEXaHi3M CTPYKTYypo- Ta (a30yTBOPEHHS MarHidaiio-
MOCHIIIKaTHHX CKJIOKepaMiYHHX MarepiamiB 3i crniBBigHomeHHIM MgO:Al,0,4:Si0,= 1,0:2,5:5,0 Ta BMicTOM MOITH-
¢ikyrounx okcunis (CaO, K,O, B,0;) 12,5 mac. % Ta karamizatopy kpucranizauii (TiO,) 2,5 mac.%. HaykoBa
HOBH3HA TOJISATA€ y BCTAHOBJICHHI TPUCTANIHHOIO MEXaHi3My (pOpMyBaHHSI CTPYKTYPH MarHidaaroMOCHIIIKaTHUX
CKJIOKepaMiYyHUX MaTepianiB B yMOBaxX HH3BKOTEMIEpPaTypHOi ABOCTaniiHOI TepMmiuHOi 00pobku. Ha meprmomy
eTari yTBOpEHHs BTOPHHHHX KparieBUIHNX HeogHopigHOocTel po3mipoM 0,01+0,05 mxm mpu Temmeparypi 800 °C
B YMOBax IiJIBUIIEHOI B’SI3KOCTI IPUBOIUTH JI0 aroMmepauii cepouitiB po3mipom 0,5+0,8 MKM Ta mosiBu 3ep-
HUCTHX arperaTiB 3apojKiB KpucTaji3aiii Ha gpyromy erari. BcTaHOBICHO, 10 3a0€3MEUCHHS BUCOKOT B’ I3KOCTI
(m = 10%¢ Ila-c) mocmigHOTO CKiIa 06YMOBIIOE (HOPMYBaHHS PO3BHHEHOI KpaIeJbHOI JBOKAPKACHOT CTPYKTYpPH 32
KOPOTKHUH TePMiH, IO TO3BOJISIE 3HU3UTH TEMIIEPaTypy GOpMyBaHHS 3apOIKiB KpHcTaligHOi azu. Ha yeTBepromy
eTarli crocTepiraerscsi opMyBaHHS CHTaANiI30BaHOI CyOMIKpPOHHOT BUCOKOMIIIHOT CTPYKTYPH, IKa XapaKTePHU3y€eTh-
Csl HASIBHICTIO HAHOHEOIHOPIAHOCTEH, KPUCTATIB O-KOPIIEPUTY Y BUIVISAJII 130METPUYHHUN NIPU3M Ta OKTaeIPUYHHUX
KpucTaiiB mminesni npu temneparypi 990 °C, ski npu temmneparypi kpucramnizanii 1050 °C ¢popMyroTs TOHKOKpHC-
TaJliYHy CTPYKTYpH 3 po3mipom kpucrtaiiB 0,5+1,0 Mkm.

[pakTryHa 3HAUMMICTH POOOTH TOJISITAE y PO3POOLI CKIIaJ[iB BUCOKOMILHUX CKIOKPHUCTAJIIYHUX MaTepialiB Ta TeX-
HOJIOTIYHHX ITapaMeTpiB IX ozepkaHHA. BoHM MOXyTh OyTHBHUKOPHCTaHI SIK OCHOBA IPU PO3POOLI KOMIO3UIIIHHIX
3aXHCHHX €JIEMEHTIB TEXHIKH Ta 00JIaJHAHHS.

KurouoBi cioBa: MarmifiadroMOCHIIIKaTHI CTeKJa, CKIOKPHCTANigyHI MaTepianu, (pa30yTBOpPEeHHs, CTPYKTYpa,
B’S3KICTb.

TASK STATEMENT of nucleation and growth of crystals and phase separa-

Glass-ceramic technology bases on obtaining materi- tion. This topic also includes works related to: evalua-
als from glasses by directed nucleation and crystal growth. ~ tion of various theories of nucleation, growth and phase
Glass-ceramic materials can have high strength and tough- separation in glassy systems; description of advanced
ness, unique electrical, electronic or magnetic properties, microscopic and spectroscopic analytical tools for study-
exceptional optical or unusual thermal or chemical proper-  Ing the structure of glass-ceramics [3]. The production
ties [1]. One of the most promising areas in this field is the of heterogeneous materials containing phases of different
production of materials with a heterogeneous crystalline nature and morphology is of greatest interest in the field
phase. Activation of both heterogeneous surface and het- of glass-ceramics.
erogeneous volume nucleation processes of sintered glass- It has been shown in many glass-forming systems
ceramics is currently gaining importance for armor appli- that the mechanism of formation of separated phases
cations [2]. Magnesium aluminosilicate glass-ceramic is differs according to the initial glass composition. A
one of the most promising materials for producing high- description of the Gibbs free energy variation during the
strength armor elements. However, obtaining high-strength ~ Phase separation process can distinguish between two
materials in this system is complicated by the complexity regions where phase separation occurs by different pro-
of crystallization as a process of formation of solid solu-  C€SS€ES [4].
tions and their transformations, which are not well under- Depending on the composition of the initial glass,
stood. That is why the study of the patterns of structure liquation can proceed by nucleation or spinodal mecha-
and phase formation of magnesium aluminosilicate glasses ~ hisms. In the first case, the energy barrier is overcome
under heat treatment conditions is an urgent task. during the formation of nuclei of crystals of a critical

ANALYSIS OF RECENT RESEARCHES flfe. Inlthe secondhcase, the en(eir%g of formation ott: crys-
AND PUBLICATIONS al nuclei approaches zero, and the appearance of even

o i ) slight composition fluctuations leads to phase separation
The greatest number of scientific articles is devoted

) : with a decrease in the free energy of the system (without
to developments concerning the study of the mechanisms 4 formation of nuclei in the unstable area).



If there is a metastable liquation in the glass melt and
the glass composition approaches the stoichiometric one,
it is possible to envisage a sitallized structure of the mate-
rial, which is a prerequisite for obtaining glass-ceramic
materials. However, obtaining a high-strength nanostruc-
ture is more achievable by implementing the spinodal
mechanism of phase separation.

The problem of the influence of liquid-phase separa-
tion (LPS) on the nucleation of crystals is still an urgent
problem in materials science and causes active scientific
discussions. The authors [5] carried out a broad review
of the latest studies of the project on the kinetic analy-
sis of LPS and simultaneous crystallization of glasses in
the BaO-Si0, and Li,0-Si0, systems. The LPS of high-
silicon glass-ceramics (7.6Na,0-4K,0-8.4Ca0-70Si0,"8
.9CaF, 1.0AlL,0,) based on canasite during heat treatment
has also been extensively studied [6].

It is known [7], that the fluctuation structure is of
a kinetic nature and, therefore, is able to develop most
strongly in systems with low energy barriers to structural-
chemical transformations with a short relaxation time, in
particular, in systems with low viscosity. However, the
high viscosity of glass makes an important contribution
in the kinetics of the process: in the foreseeable time,
the glass cannot separate into two layers, and the glassy
phase that separates forms finely dispersed droplets. This
leads to the formation of a developed drop two-frame
glass structure in a short time by the spinodal mechanism.
Magnesium aluminosilicate glasses are characterized
by high viscosity and the possibility of implementing
the nucleation by the spinodal phase separation mecha-
nism. This will ensure the formation of a high-strength
structure of materials, with high physical, mechanical
and operational properties, capable of withstanding high
dynamic loads.

SELECTING PREVIOUSLY UNSOLVED PARTS
OF THE GENERAL PROBLEM

The study of the mechanism of phase separation and
nucleation in aluminosilicate systems, which are widely
used in the development of multifunctional glass-ceram-
ic materials, is of considerable interest. However, most
studies refer to lithium aluminosilicate systems [5, 7],
while magnesium aluminosilicate systems, which are
characterized by the complexity of the mechanism for the
formation of solid solutions during crystallization, have
not been fully studied.

Analyzing the above data, it should be noted that
the study of the mechanism of complex interdepend-
ence between viscosity and the mechanism of nucleation
under heat treatment conditions is an important step in
the development of high-strength magnesium aluminosil-
icate glass-ceramic materials, which determines the rele-
vance of this scientific work. The study of phase transfor-
mations in magnesium aluminosilicate glasses under heat
treatment conditions will make it possible to establish the
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possibility of obtaining cordierite glass-ceramic spinels
on their basis with an adjustable level of light transmis-
sion for armor protection elements.

The aim of this work is to study the structure of
magnesium aluminosilicate glasses under heat treatment.

METHODS, OBJECT AND SUBJECT
OF INVESTIGATION

The type and amount of the crystalline phase were
determined using XRD (DRON-3M) and petrographic
(NU-2E polarizing microscope) methods. The glass
microstructure was studied using an «<EMV 100 AK»
electron microscope. The glass viscosity was determined
by the method of stretching the thread.

The object of investigation was the previously syn-
thesized CGC-1 magnesium aluminosilicate glass of the
following composition, wt. %: MgO — 10; Al,O; — 25,
SiO, — 50, X(CaO, K,O, B,0;) — 12.5, TiO,— 2.5. The
initial CGC-1 glass was obtained by melting the glass
batch at a temperature of 1550 °C in a corundum crucible
in electric furnace with subsequent gradual cooling in it
for 12 hours. The subject of the study is the processes of
structure and phase formation of a glass-ceramic mate-
rial during heat treatment and their relationship with the
viscosity of glass.

The glass-ceramic material based on this glass was
obtained by two-stage heat treatment (stage | — T =
780 °C, T =5 h.; stage [T - T = 1050 °C, t = 5 h.). After
heat treatment, the glass-ceramic material was charac-
terized by the content of crystalline phases, in vol. %:
a-cordierite — 20, mullite — 10 and spinel — 25.

BASIC MATERIAL

In order to study the formation of crystallization
nuclei and their growth for CGC-1 glass, characteristic
temperatures were chosen according to the data of differ-
ential thermal and gradient thermal methods of analysis
[8] at which phase formation processes are observed.

In accordance with the results of transmission elec-
tron microscopy, the CGC-1 glass material after heat
treatment at 800 °C is a multiphase system. The system
is formed from mother glass, accumulations of spheru-
lites (fig. 1a, I) 0.5+0.8 um in size, granular aggregates
(fig. 1a, IT) and secondary drop-shaped inhomogeneities
(fig. 1a,111) 0.01+0.05 pm in size, which may indicate the
occurrence of phase separation.

When the sample is processed at a temperature of
990 °C, along with the presence of nanoinhomogeneities
(fig. 1b, 1), a-cordierite crystals are observed in the form
of isometric prisms. These inhomogeneities were formed
due to the occurrence of metastable liquation as a phase
transition below the liquidus temperature. The indicated
prisms of a-cordierite have the form of a hexagon with
the base plane of the unit cell with the index «001»
(fig. 1b, 10).

Crystals of high-temperature a-cordierite (idialite)
are short-prismatic in habit. They belong to the rhombic
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Fig. 1. The structure of CGC-1 glass-ceramic material after heat treatment at temperatures: a — 800 °C; b — 990 °C; ¢ — 1050 °C
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Fig. 2. Line-diffractogram of CGC-1glass-ceramic material

system and are sometimes twinned in such a way that
they appear to be hexagonal.

Spinel occurs predominantly in the form of octahe-
dral crystals. In this case, spinel twins with fusion along
the plane with the index «111» (fig. 1b, III) acquire a
characteristic triangular-lamellar shape with bifurcated
corners. Isometric grains and granular aggregates (fig. 1b,
IV) are found separately. Crystals of p-cordierite in the
form of ellipsoids of revolution or hexagonal stars, which
are formed in the temperature range of 935+938 °C, and
X-phase in the form of rhombuses or rectangles, are not
observed in the structure of the material.

Heat treatment at a temperature of 1050 °C leads to
melting of the glass phase of the material and the for-
mation of a fine-grained structure with a crystal size of
0.5+1.0 pm. Crystals of a-cordierite (fig. 1c, I) along the
plane with index «100» and octahedral crystals of spinel

(fig. 1c, II) along the plane with index «111» of the twin
type are clearly observed. Mullite crystals, which are
fixed on the diffractogram (fig. 2) with insignificant inten-
sity, are difficult to identify. Acicular crystals and sheaf-
like aggregates characteristic of mullite are not observed,
and thin hexagonal prisms look like a-cordierite (along
the «001» plane).

According to the results of the study of viscosity
(fig. 3), it was established that a feature of the experi-
mental glass is an anomalous increase in viscosity in the
glass transition interval T,~T;, which is associated with
the formation of fluctuations. As the temperature rises in
the transition region, there comes a moment when the rate
of temperature increase begins to outpace the increase in
viscosity, which leads to a dip in the viscosity curve. This
state is quickly eliminated, since under new temperature
conditions there is a more intense increase in the crystal-
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Fig. 3. Change in the viscosity of CGC-1 glass material during heat treatment
line phase due to a decrease in the amount of the glassy CONCLUSIONS

phase. This determines the re-increase in viscosity before
the end of heat treatment. The increase in viscosity (1 =
1086 Pa-s) in the temperature of about 800 °C indicates
both the intensive formation of nucleators and the growth
of crystals (fig. 3).

It is the high viscosity of the experimental glass
that determines the important contribution in the kinet-
ics of the process: for a certain time, the glass cannot
separate into two layers. However, the glassy phase
forms finely dispersed droplets, which leads to the for-
mation of a developed two-frame droplet structure in
a short time.

It is the provision of phase separation via the spinod-
al mechanism that makes it possible, during further heat
treatment, to create conditions for intensive nucleation
and the formation of a nano- and microheterogeneous
structure of a glass-ceramic material with a crystal size
of up to 0.4 pm. This, along with the presence of cubic
spinel crystals in an amount of up to 50 vol. %, is an
important factor in the formation of a nanosized sital-
lized structure with light transmission up to 70 % and
high strength properties. Therefore, the developed mate-
rial can be used as a basis for the development of high-
strength transparent glass-ceramic materials for armor
protection.

According to the results of investigations, the mecha-
nism of structure and phase formation of magnesium
aluminosilicate glass-ceramic materials has been estab-
lished. The initial glasses are characterized by the ratio
MgO:AlLO;:Si0, = 1.0:2.5:5.0, the content of modifying
oxides £(Ca0, K,0, B,0;) = 12.5 wt. %, and the nuclea-
tion catalyst TiO, = 2.5 wt. %.

At the first stage in the glass secondary drop-shaped
inhomogeneities 0.01+0.05 pm in size are formed due to
the phase separation. Their presence and increased viscos-
ity of glass at a temperature of 800 °C leads to agglom-
eration of spherulites with a size of 0.5+0.8 um and the
appearance of granular aggregates of crystallization nuclei
(second stage). At the next stage, at a temperature of 990
°C, the formation of a sitallized submicron high-strength
structure of the material is observed. It is characterized by
the presence of nano-inhomogeneities, a-cordierite crys-
tals in the form of isometric prisms, and octahedral spinel
crystals. These crystalline phases at a temperature of 1050
°C form a fine-crystalline structure of a glass-ceramic
material with a crystal size of 0.5+1.0 um.

Ensuring the sitallized structure of magnesium alumi-
nosilicate glass-ceramic material allows it to be used as a
basis for the further development of transparent armored
materials for glazing military equipment.
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