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The choice was substantiated and compositions of magnesium aluminosilicate glasses for
the creation of transparent glass-ceramic materials with a self-organized nanostructure for
the obtaining of broadband optical amplifiers were developed. The peculiarities of the struc-
ture formation of magnesium aluminosilicate glass-ceramic materials in relation to their light
transmission have been studied. The influence of the viscosity of glasses on the nature of phase
separation and crystallization under the conditions of low-temperature heat treatment has been
established. The mode of heat treatment is selected for obtaining nanostructured spinel-contain-
ing glass-ceramic materials for laser technology.The results obtained can be used in the develop-
ment of bioactive glass-ceramic materials with shortened resorption periods up to one month for
the replacement of bone defects.

Keywords: transparent magnesium aluminosilicate glass-ceramic materials, spinel, self-
organized structure, structure formation, phase separation, laser technique.

Hocnigsxkenus ¢GopmMyBaHHA  CTPYKTYpU  IIPO3OPUX MIMiHEeJIBBMiCHUX
CKJIOKpUCTANiYHUX marepianie mia jgasepnoi texuiku 0. Cassosa, O. Typ, O. Babiu,
O.®Decenro, 10.Cmuprosa, I. Tumouyyr

OO0rpyHToBaHO BHOIP Ta PO3pPOOJIEHO CKJIAMW  MATHIHATIOMOCHJIIKATHUX CTEKOJ IJIS
CTBOPEHHS IIPO30PUX CKJIOKPHUCTAJIYHUX MaTepiaiB 3 caMOOPraHI30BAHOK HAHOCTPYKTYPOIO
JIII  CTBOPEHHSI IIMPOKOCMYIOBUX ONTHYHMX mifcwurioBadie. Jlocmigkerno ocobsmBocTi
CTPYKTPOYTBOPEHHSI MATHIAAIIOMOCHIIKATHUX CKJIOKPHUCTAIYHUX MATEPIaJIB Y B3a€MO3B SI3KY 3
IX CBITJIOIPOHUKHICTIO. BCTaHOBIIEHO BILIUB B'I3KOCT1 CTEKOJI HA XapakTep (hasoBoro po3alyieHHs
Ta KPHUCTAII3AIlI] B yMOBAX HU3bKOTEMIIEPATyPHOI TepMiuHol 06po0Ku. OOpaHo peskuM TepMIYHOI
00POOKH /IS OfepsKaHHA HAHOCTPYTKPOBAHUX IIIMHEIbBMICHUX CKJIOKPHUCTAIIYHIX MaTepiaJiB
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1. Introduction

The development of modern production leads
to the growing introduction of science-intensive
technologies, in particular, in the field of laser
technology, which received rapid development
thanks to modern laser communication sys-
tems that contributed to the intensive develop-
ment of the information society. The global la-
ser technology market size was valued at USD
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17.82 billion in 2022 and is expected to expand
at a compound annual growth rate (CAGR) of
7.8% from 2023 to 2030 [1].

Effective use of laser radiation sources that
generate pulses of short duration (10610712 s)
allow solving complex tasks of telemetry, atmo-
spheric sensing, in information transmission
and processing systems.

One of the methods of obtaining laser pulses
of short duration is Q-factor modulation us-

163



O. Savvova et al. / Study of structure formation of transparent ...

ing passive shutters based on light-emitting
media. Passive laser gates (saturable absorb-
ers) provide high-power laser pulses without
the use of electro-optical Q-factor modulators,
which allows for reduced package size and
eliminates the need for a high-voltage current
source. Common saturable absorber materials
are certain ion-doped crystals. For 1-um lasers
(e.g., Nd:YAG), Cr**:YAG crystals are mainly
used. As chromium ions integrate less well into
YAG than neodymium ions, for example, and
also exhibit various charge states, the qual-
ity of Cr:YAG is unfortunately more variable
— particularly if high chromium concentrations
are used. This means that choosing a low con-
centration is preferable, unless there is a clear
necessity against it [2, 3]. Absorber crystals for
other wavelengths are also available — for ex-
ample, V3" YAG for 1.3-um lasers. Typically,
these absorber materials have a low saturation
fluence (saturation energy per unit area), and
their use in focused beams can further reduce
the saturation energy (saturation fluence times
beam area).

In recent years, single crystals activated
by tetrahedrally coordinated divalent cobalt
ions [4], in particular single crystals (Co?:
MgAl,O,, Co?*:LiGasOg, Co?*:LaMgAl,O,q),
have attracted special attention as saturable
absorbers for Q-factor modulation of solid-state
lasers operating in the eye-safe spectral region
of about 1.5 um. In these crystals, cobalt ions
have an absorption band in the region of 1.3—
1.6 pm, the absorption cross section in which
is significantly higher than the cross section of
stimulated radiation of erbium ions in active
elements based on glasses activated by erbium
ions. Therefore, the use of such passive shut-
ters is possible without additional focusing of
radiation inside the laser resonator. But the
growth of oxide single crystals is complicated
by the need to use expensive equipment and
equipment under conditions of high tempera-
tures (Tm about 2000 °C), the need to observe
the homogeneity of the distribution of the ac-
tivator in the volume. Alternative transpar-
ent ceramic materials are known [5], including
those containing the crystalline phase of spinel
Co?*:MgAl,0, [6]. However, the production of
such optical ceramics is also limited by its low
optical quality, which prevents its use in laser
devices.

Today, the promising application of nano-
phase glass-ceramics is provided by the set
of necessary nonlinear optical, spectroscopic
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properties and operational characteristics for
the effective use of these materials in lasers in
the spectral region safe for vision [7, 8].

There are well-known compositions of trans-
parent glass-ceramic materials based on gahn-
ite and spinel doped with Co2*, Cr3*, Ni2*, Bi3*,
which are effectively used as broadband optical
amplifiers and tunable lasers (Table 1) [9, 10]
and for electronic equipment, which are char-
acterized by nonlinear absorption in regions
of 1.5-1.6 nm, a high absorption cross section
from the ground state, a low saturation en-
ergy density, recovery of the initial absorption
in about ten to hundreds of nanoseconds, and
high radiation resistance [11]. Glass-ceramic
materials based on magnesium aluminosilicate
glasses have become widely used. Known trans-
parent glass-ceramics are characterized by a
high absorption coefficient at 1.54 pm, which is
explained by the entry of Co?* ions into the na-
noscale crystalline phase in the tetrahedral po-
sition. In the experiments, a Co?*-doped trans-
parent glass-ceramic sample with a thickness
of 0.35 mm was investigated, which was used
as a saturated absorber for 1.54 pm laser oscil-
lations on Er-glass, Q-switched pulses with a
pulse energy of 40 md, a pulse width of 42 ns,
and a peak power of 0.95 mW. However, the ex-
perimental glass-ceramic material, which was
obtained by heat treatment at a temperature of
900 °C for 360 minutes, differed in the content
of the crystalline phase no more than 30 vol. %
[10].

Known glass-ceramic materials obtained on
the basis of MgO—-AIl,0;-Si0, (M—-A-S) system
glasses have a high Vickers hardness of 9-10
GPa and insufficient crack resistance K;-=1.1
MPa ‘m1/2 [12]. For use under significant loads,
the authors [13, 14] obtained high-strength
glass-ceramic materials based on the M-A-S
system with a mullite content of 80 vol. %.
However, the obtained high-strength materi-
als, although they have short heat treatment
times (= 2 hours) and high crack resistance K,
~ 8 MPa ‘m!/2, are opaque and cannot be used to
create optical elements.

The difficulty of obtaining transparent mag-
nesium aluminosilicate glass-ceramic materi-
als is explained by their high melting temper-
atures of = 1600-1650 °C and the duration of
two-stage heat treatment at temperatures of
800—900 °C, which affects the increase in the
size of crystals of more than 0.4 pm. Therefore,
in order to obtain nanostructured transparent
glass-ceramic materials under the conditions of
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Table 1 — Composition and properties of some transparent glass-ceramics [9, 10]

”» N tal |1 i- L
No Composition, wt. % p?II;)SCeIZiSZS ng)el;n Application
xLa,05 (1-x/100) (14.7MgO, 29.5A1,04, MgAl,0,
1 47.48i0,, 5.3TiO,, 3.1Zr0,) Co?* Q-switching
(x=0, 2.5, 5, 7.5, 10) 8.1-10.2 nm
Yb,04 1.8, Er,O5 1.7, MgO 11, MgAI;04 2+ o
2 Al,O, 31.5 SO, 47, IO, 4.5, ZrO, 2.5 1020mm | ©° Q-switching
_ ZnAl,0, Laser material in the
3 Si0, 89, Al,05 5.9, ZnO 4.9 Co?* visible and near-infra-
10-15 nm red (NIR) regions
A Si0, 58, Al,O, 10, ZnO 21, K,0 3, ZnAl;04 NiZ+ Broadband optical
Ga,04 3, TiO, 5 10-15 nm amplification
; ZnAl.O Cr3+/ Broadband optical
5 SiO, 39'I.'?C7)AI€§3322|%7’6220 21.3, 274 - amplifier and tunable
299 29 11.5 nm Ni lasers
(100-x)(55Si0,~18Al,05~18MgO-9TiO,)-xGa,05) MgAI,O, Broadband optical
6 Ni2* amplifier and tunable
(x=0, 2.5, 5, 7.5, 10) mol.% 7.6 nm P lasers
(100-y) (16.7MgO 16.7Al,04 - 8.3Ga,04 508i0, Broadband optical
) 2 X MgAl,O o4 roadband optica
7 8.3TiO, xNIiO)yBi, O3 s '\éli3+/ amplifier and tunable
(y=0, 0.25, 0.5, 0.75, 1, where x=0) mol.% 6 nm lasers
51Si0,-24.5A1,03-23MgO-1.5K;0 doped with 0.5 MgAl,0, o
8 | wt% Co(NO3), and doped with 4 wt.% and 6 wt.% ) CoZ* Q-switching
additional nucleating agents ZrO, and TiO, ZrTi0,

low-temperature high-speed heat treatment, it
is important to study the processes of structure
formation in magnesium aluminosilicate glasses
at the initial stages of nucleation and the forma-
tion of an optical volumetric sitallized structure,
which determines the relevance of this work.

2. Experimental

2.1. Aim setting and research
methodology

The aim of the work 1is to study features of the
structure formation of the glasses in the MgO—
Al,05-SiO, system during heat treatment.

To achieve the aim, the following tasks
were set:

1. Establishment of a set of criteria for glass
as the basis of a transparent glass-ceramic ma-
terial based on spinel,;

2. Substantiation of the glass composition
choice for obtaining a transparent glass-ceram-
ic material;

3. Determining the glass viscosity influence
on the crystallization ability of experimental
glasses;

4. Establishment of the mechanism of struc-
ture formation of magnesium aluminosilicate
materials during heat treatment in relation to
light transmission;
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5. Selection of technological parameters for
obtaining transparent glass-ceramic material.

The crystallization ability of glasses was as-
sessed by the methods of petrographic (EMV
100 AK microscope) and X-ray phase (DRON-
3M diffractometer) analyses. The structure of
the glasses was studied by electron microscopy
(scanning electron microscope SEM with a max-
imum resolution of 1 nm). The viscosity of the
experimental glasses was studied by the thread
elongation method. The light transmittance of
glass-ceramic materials was determined using
a FM-94M photometer.

2.2 Establishment a set of criteria for
the glass matrix as the basis of transpar-
ent glass-ceramic materials

The choice of a system for obtaining trans-
parent glass-ceramic materials was based on
the fundamental principles of designing nano-
structured glass-ceramic materials, taking into
account the requirements for the materials on
chemical composition and properties.

The combination of high operational proper-
ties of transparent magnesium aluminosilicate
glass-ceramic materials as the basis for materi-
als of Q-switches can be ensured by the forma-
tion of a sitallized self-organized nanostructure
of the glass matrix during heat treatment due
to the ability to:
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— the formation of a significant number of
composition and structure fluctuations and,
based on them, stabilized clusters, which are
ordered due to metastable phase separation
through the spinodal mechanism during super-
cooling of the glass melt in the M—A—S system,;

— formation of structurally formed sybotaxic
groups [AlO 4]6‘ at temperatures below tg in a
glass melt with a viscosity of ~108 Pa s;

— the flow of relaxation processes of nucle-
ation and crystallization in the interval of low
temperatures (800 — 1000 °C) during short heat
treatment;

— formation of nanosized spinel doped with
cobalt cation.

It is important to study the phase separation
in glasses and its influence on the structure for-
mation of glass-ceramic materials during heat
treatment [15]. Let us consider in detail the
processes of the structure formation of mag-
nesium aluminosilicate glass for which, upon
reaching the solidus temperature ts, the forma-
tion of solid solutions takes place, the chemical
composition of which is identical to the chemi-
cal composition of the original melt. In these
glasses, during crystallization, a solid solution
with a chemical composition similar to glass is
formed, and in the liquid melt there is a com-
plete “mixing” with respect to the structural el-
ements of the limiting stoichiometric crystals,
so that the most distorted lattices (structural
elements) of the melt near the liquidus tem-
perature have some mixed structure, similar to
the structure of a solid solution. The structures
of melts that crystallize with disintegration
into crystals of different composition x and y,
which are close to stoichiometric D and B are
presented in Fig. 1.

For glass melts of the M—A-S system, re-
crystallization through the melt of the solid
solution x” into more refractory forms with a
composition that shifts in the direction of the
crystalline phase D should occur between the
solidus ts and liquidus t;, temperatures. As the
temperature increases, the average structure
of the crystal lattice also changes, which are in
equilibrium with the melt and the lattice struc-
ture of the melt. At temperatures above the
liquidus temperature (t;), we should expect an
increase in the number of structural elements
characteristic of crystals A and B. In Figure 1,
the liquation maximum is smoothly extended
by a dashed line below the liquidus line LL and
even the solidus S. This entire area is a zone
of metastable liquation, which flows in the su-
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Fig. 1. Phase diagram of the A-B binary system

percooled melt, which, like the liquid phases
formed during liquation, is metastable, is un-
stable with respect to crystallization. Above
the solidus line S, liquid liquation phases are
unstable with respect to the crystallization of
phase A, below the line — with respect to the
crystallization of phases B and D (or x and y).
If the tendency to aggregation of homogeneous
structural elements x and y is not expressed
strongly enough, then the liquation on the dia-
gram may be below the liquidus line and even
below the solidus line, and even be absent,
since the critical structure for the appearance
of metastable liquation tOML (if 1t exists) 1s too
low (tOML < tg).
2.3 Choice of compositions and synthe-

sis of glass materials

For the formation of a dissipative nano-
structure, it is necessary to create a significant
number of stabilized clusters above the liqui-
dus temperature and ensure the occurrence of
metastable spinodal liquation, which is more
energetically beneficial for volumetric crystal-
lization in experimental glasses.

Thanks to the regulation of the nucleation
energy, crystallites in glass-ceramics can self-
organize into heteronanodomains during the
solid-phase reaction [16].

The content of TiO,, ZrO, and TiO, + ZrO,
and the ratio of phase-forming components
Si0,/Al,05 and MgO/Al, O are of particular im-
portance for the structure formation of glass-
ceramics [17, 18]. For experimental glasses,
along with the presence of P,Og, a significant
content of ZnO [18-21], CaO, and MgO en-
hances liquation separation, while the size and
number of droplets increases. SrO and BaO, as
cations with a large ionic radius, on the con-
trary, lead to inhibition of liquation, while the

Functional materials, 31, 2, 2024
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Table 2 — Characteristics of chemical composition of glasses and content of crystalline phase in the
composition of glass-ceramic materials after heat treatment according to modes 1 and 2 and the value
of light transmission (T)

2 Characteristics of chemical composition
cnwé . Type and content Type and content
o = Zn0, of the crystalline T of the crystalline
s o TiO,, | BaO, phase (vol.%) after (y’ phase (vol.%) af-
5 g MgO | AlL,O5 | SiO, | CeO, | SrO, | CoO | the 1st mode of ? | ter the 2nd mode
) ZrO,, | CaO heat treatment of heat treatment
&} P,Og
spinel — 10 Co
PSK-1 | 4 | 20 | 57 | 147 | 3 | 03| aquartz—20 | -* “‘Cor‘ﬁ?ﬂte 5 65
mullite —20 mullite - 20
. - cordierite — 40
spinel — 10 a- corai
PSK-2 | 8 19 | 58 | 107 3 | 03| oquartz—20 | -* mu.lhtle ‘1200
mullite — 20 Spinet —
1 a- cristobalite —10
mullite — 20 mullite — 40
PSK -3 12 20 57 7.5 2.2 0.3 spinel — 20 -* | cristobalite — 20
a-quartz — 10 spinel - 10
PSK-4 | 10 | 25 | 54 | 15 | 19 | 0.1 | cristobalite—20 | - | O cristobalite
PSK-5 | 12 | 20 | 45 | 10 | 1.9 | 0.1 spinel - 20 | mullite - 20
a-quartz — 10 spinel —10
mullite — 20
PSK -6 9 30 45 9.9 1 0.1 spinel — 20 ¥ mullite — 80
a-quartz — 10
PSK-7 | 10 | 30 50 | 7.9 2 0.1 spinel — 40 50 | a- cordierite — 80
a- cristobalite — 20
T 1 psks| 10| 35 | 45| 69 | 2 | o1 spinel =20 | 75 | . cordierite — 20
a- cristobalite — 10
PSK-9 | 15 | 30 | 45 | 69 | 2 |01 | SmeE0 |70 | a cordierite - 30
PSK-10| 15 | 25 | 50 | 49 | 1 | 01 q.sglllgiltz_f?o 72 | a- cordierite — 70
PSK-11| 10 | 25 | 50 | 64 | 2 | 01 Q_S}l’flgiltz‘ 29, | 70 | o cordierite - 40

* opaque material

number and size of drops decrease. Therefore,
when the ionic radius increases in the series
MgO>CaO>SrO>Ba0, the degree of liquid
phase separation decreases.

At the same time, it is important to ensure
metastable phase separation, which occurs
under conditions of increased viscosity in the
glass transition interval, which leads to the
formation of a developed droplet biframe struc-
ture in a short time [20]. The viscosity of the
glass melt of the M—A—S system increases with
an increase in the concentration of CeO, and
ZrO,, while an increase in the content of CeO,
can lead to a decrease in the content of cordi-
erite. In general, the addition of oxides of rare
earth elements to cordierite glass-ceramics of
non-stoichiometric composition will reduce the

Functional materials, 31, 2, 2024

sintering temperature to 900-950 °C and im-
prove the densification process and reduce the
sintering activation energy. It should be noted
that the tendency to crystallization when re-
placing some oxides with others decreases with
an increase in the viscosity of the glass in the
crystallization temperature range. It should be
taken into account that magnesium-containing
glasses have the lowest viscosity during produc-
tion. They also have the smallest temperature
range of viscosity reduction. Calcium and stron-
tium oxides are used along with B,O4 to reduce
viscosity at high temperatures and melting
point, increase tensile, compressive and bend-
ing strength. In general, the influence of RO ox-
ides on reducing viscosity and, accordingly, on
the melting time of glasses increases in the fol-
lowing sequence: BaO<SrO<CaO<ZnO<MgO.
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Taking into account the specified criteria,
compositions with PSK marking in the MgO-
Zn0O-Ca0-SrO0-BaO-Co0-ZrO,-TiO,—CeO,—
Al,03-B,045-P,05-SiO, system were designed
for the glass matrix, which are characterized
by different contents of phase-forming oxides
MgO, Al,O5 and SiO, content (Table 2) for the
crystallization of spinel, as a crystalline phase
that provides high light transmission and me-
chanical strength.

Experimental glasses with PSK marking in
the experimental system were melted in corun-
dum crucibles at temperature range of 1550—
1650 °C in condition of oxidising atmosphere.
In order to crystallization of spinel, the experi-
mental glasses were processed at temperatures
of nucleation T; and growth of crystals T, ac-
cording to mode 1 (T;=850 °C and T4y=1000 °C)
and mode 2 (T;=850 °C and T, = 1150 °C) for
2 hours at each stage for the purpose of iden-
tifying crystalline phases by X-ray phase and
petrographic analysis methods.

2.4 Study of phase formation in magne-
sium aluminosilicate glasses during heat
treatment

The crystallization process in magnesium
aluminosilicate glasses proceeds through the
formation of intermediate phases and can be
represented by the following scheme of phase
transformations: glass — 800-1000 °C (solid
solutions + MgO ‘Al,O5+ 4MgO 5Al,05 2Si0,)
— >1100 °C (mainly a-cordierite and solid solu-
tions)— >1150-1200 °C (mullite).

However, the change in the disproportion-
ation mechanism of stoichiometric cordierite
to spinel and silica up to 1227 °C and to sap-
phirine and silica at a higher temperature and
the influence of the glass phase and possible
additional oxides on the course of the reactions
require further studies of the crystallization
features of glasses in the M-A-S system.

The peculiarity of PSK-1, PSK-2, PSK-3
glasses of group I, which belong to the high-
silica region with a SiO, content > 50 wt. %, is
the presence of a crystalline phase of mullite al-
ready after melting in the amount of 30 wt. %,
which will contribute to the intensification of
phase formation in experimental glasses with
the subsequent growth of crystals > 1 ym when
the temperature is increased to 1000 °C. This
leads to the formation of solid solutions based
on high-temperature quartz, spinel, and mull-
ite in the amount of 50% in the structure of ex-
perimental glasses and their opacification dur-
ing heat treatment according to mode 1. PSK-4
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glass after melting is transparent and retains
opalescence up to 1000 °C with the presence of
a-cristobalite. For this glass, beginning at 900
°C, a-quartz intensively transforms into a-cris-
tobalite. When the heat treatment temperature
for these glasses is increased > 1000 °C, the
rate of crystallization of cordierite primarily
depends on the amount of mullite formed after
melting, since the formation of nuclei acceler-
ates the crystallization of cordierite.

Volumetric finely dispersed crystallization
with a crystalline phase content of 70—85 vol
%. with a predominant a-cordierite content of
40-65 vol. %, mullite 20—40 vol. % and spinel
10 vol. % is characteristic of the glasses of the
I group, when mode 2 is implemented (Table
2). For experimental glasses, the temperature
increase to 1050 °C leads to cordierite first for-
mation from mullite as a result of the reaction:
AgS, 2MA + 3S = 3A +M,A,S;, which, when
the temperature is increased to 1150 °C, in-
teracts with alumina to form mullite and spi-
nel according to the reaction: 15A + 2M,A,S;
= 4MA + 5A4S,, which is consistent with data
[18]. The thermodynamic stability of cordierite
is ensured in the low-temperature range (up to
927 °C) by the reaction 4MA + A5S, = 15A +
M,A,S;,, then (up to 1227 °C) by the reaction
AgS, + MyASS, = 12A + M,A, S, [13].

For glasses of group II, which are transpar-
ent after melting, during heat treatment ac-
cording to mode 1, crystallization of a-quartz
and spinel occurs in the amount of 30 to 50 vol.
% with a predominant content of spinel, which
correlates with the light transmission of mate-
rials, which decreases with an increase in the
content of the crystalline phase (Table 2). The
formation of solid solutions based on a-cordi-
erite according to mode 2 is realized in these
glasses due to chemical interaction according
to the reaction: 2MA + 55 = MyA,S;. Accord-
ing to petrographic analysis, sapphirine, which
is disproportionate to spinel and silica, is not
fixed in the structure of glasses during heat
treatment. This indicates the speed of the re-
action 4 MA + A;S, = 3A + M,A;S, with the
participation of sapphirine and is extremely
important for the self-organization of the
structure of materials. Taking into account the
possibility of ensuring light transmission dur-
ing the formation of a self-organized structure
followed by volumetric crystallization of spinel
the glasses of group II were selected for further
research.

Functional materials, 31, 2, 2024
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2.5 Study of the viscosity influence on
the mechanism of structure formation in
glasses

In order to obtain a uniform fine-crystalline
structure of sitall, it is necessary to create a high
concentration of evenly distributed crystalline
nuclei in the glass in a significant amount. It
is obvious that the pre-crystallization metasta-
ble phase separation of supercooled glass melt
with the formation of phase separation bound-
aries initiates the formation of nuclei. Meta-
stable liquation of glass is a special state of a
non-equilibrium system with separated glassy
phases (droplet and matrix), their compositions
are close to crystalline phases or eutectics, in
the crystallization fields of which liquation oc-
curs. The uniformity of the distribution of nu-
clei, their number and size in the glass depend
on the rate of cooling of the melt and the rate
of diffusion of ions. At low temperatures, the
high viscosity of the melt and insufficiently in-
tensive movement of ions lead to a decrease in
the size of the liquation regions and an increase
in their number.

The confirmation of the metastable phase
separation in experimental glasses of the PSK
series 1s that these processes take place rela-
tively slowly in conditions of increased viscosity
of both the original melts and crystalline phas-
es in a narrow temperature range (Fig. 2).

The growth of the crystallization viscosity
n = 107-7-1082 Pas in the temperature range
of 750-800 °C for the experimental glasses of
the PSK series of the group II indicates both
the intensive formation of nucleators and the
growth of crystals (Fig. 2). The high viscosity of
glass determines the important contribution of
the kinetics of the process: in the time available
for observation, the glass cannot be divided
into two layers, the glass phase that is released
forms finely dispersed droplets, and this leads
to the formation of a developed droplet biframe
structure in a short time [22]. Anomalous in-
crease In viscosity at elevated temperature in
the glass transition interval Tg — T, for glasses
that are capable of sitallization is associated
with a high rate of temperature increase in the
area of the glass transition interval, which pre-
cedes the increase in viscosity, which leads to a
dip in the curve in viscosity. This state 1s quick-
ly eliminated, because in the new temperature
conditions there is a more intense increase in
the crystalline phase due to a decrease in the
amount of glassy phase, which determines the
repeated increase in viscosity before the end
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Fig. 2. Viscosity of experimental glasses

of heat treatment [22]. At a temperature of
850 °C, the maximum increase in viscosity is
observed, which is 107-9-108-3 Pa s. For the for-
mation of a sitallized structure, such a course
of the curve of viscosity dependence on temper-
ature should be considered optimal, when its
maximum is shifted to the temperature range
below the softening point, that is, to the range
of viscosity values above 108 Pa's. It is more
important that at low temperatures, the high
viscosity of the melt and the insufficiently in-
tensive movement of ions lead to a decrease in
the size of the liquation regions, an increase in
their number, and a shift in their appearance
to the region near Tg. These data not only de-
termine the dependence of the sample viscosity
change as a function of crystallization, but also
determine the direction of controlling the ther-
mal history during crystallization to manage
the optical properties of materials.

The difference in the nature of the viscos-
ity curve for PSK-10 glass is that the formation
of fluctuations is observed at a viscosity from
1079 to 1081 Pa's in the temperature range
of 750-850 °C, which is realized due to a de-
crease in the content of X TiO, and ZrO, = 1 wt.
% and the content of SiO, = 50 wt.%, which is
an important factor in limiting the growth and
appearance of new types of crystals, which are
different in properties from the main crystals.

In order to determine the formation of the
structure at the initial stages of nucleation,
PSK-10 glass was chosen, which is character-
ized by the highest light transmission (72%) and
spinel content (40 vol.%) (Table 2). The follow-
ing characteristic temperatures were chosen:
the temperature in the phase separation region
t1; temperature in the region of nucleation t2;
temperature of appearance of the first crystal-
line phase t3; final crystallization temperature
t4. To identify the structure of the glass ma-
terial at the initial stages of nucleation, areas
free from crystallization were selected. The du-
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Figure 3 — Structure of PSK-10 experimental glass-ceramic material during heat treatment: a — 800 °C; b

— 850 °C; ¢, d — 900 °C; e — 950 °C; £ —1000 °C

ration of exposure of the experimental samples
at each stage was 0.5 h.

According to the results of electron micros-
copy, the PSK-10 glass material at t1= 800 °C
represents a multiphase system formed from
the mother glass, with spherulites = 50 nm in
size (Fig. 3 a, I) with clearly defined boundaries
and densely placed inhomogeneities of 10 nm
in the material structure ( Fig. 3 a, II), which
may be nuclei of crystallization. An important
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influence on the uniformity of the distribution
of crystals, their number is = 50 vol. % and na-
noscale in glass, has a cooling rate of the melt
and a rate of diffusion of ions.

It is obvious that the pre-crystallization
metastable phase separation of supercooled
glass melt significantly affects the formation of
phase boundaries and the formation of nano-
sized crystals. The formation of a significant
number of spherulites prevents the further

Functional materials, 31, 2, 2024
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growth of crystals > 0.4 pm at increasing tem-
peratures, which can lead to a decrease in light
transmission. At low temperatures, high vis-
cosity reduces the intensity of diffusion and in-
hibits the growth of crystalline phases and the
formation of new crystalline phases different in
composition from the main phase.

When the temperature is increased to t2 =
850 °C, the growth of nanoinhomogeneities in
the glass structure and their combination in
ridges 100-200 nm in size and the formation
of crystallization nuclei on their faces are ob-
served. This self-organization of the structure
is characteristic of phase separation by the
spinodal mechanism and is manifested in the
presence of nanoinhomogeneities of the order of
100 nm, which form spherical rings 50-100 nm
in size (Fig. 3 b), which merge and aggregate
into aggregates with clear boundaries (Fig. 3 ¢)
when the temperature rises to 900 °C against
the background of a dense structure of inhomo-
geneities (Fig. 3 d). It is due to spinodal phase
separation with a decrease in the free energy
of the system as a result of low-temperature
heat treatment of glass that thermodynami-
cally favorable conditions are created for the
appearance of a significant number of compo-
sition fluctuations, followed by the formation
of a significant number of nanocrystals. It is
important that the composition of nano-sized
crystals of quartz-like solid solutions and ma-
trix magnesium aluminosilicate glass are simi-
lar, therefore, in the formed heterogeneous sys-
tem, sharp boundaries of the separation of two
phases are not formed, which is important for
ensuring the light transmission of the material
due to the approximation of the refractive indi-
ces of the crystalline and glass phases [23].

The intensification of the formation of solid
solutions with the structure of high-tempera-
ture quartz and spinel is observed when the
temperature rises to t3= 950 °C, more developed
crystals are formed, which are evenly distribut-
ed (Fig. 3 e). The self-organization of spherical
inhomogeneities of 100 nm into spherical aggre-
gates with clear architecture along the planes
is characteristic of the research material. The
combination of these aggregates with each oth-
er and merging into drusen is observed. Such
twins along the (111) planes are characteristic
of spinel, which crystallizes in cubic syngonia
and occurs in the form of octahedra or flat tri-
angular plates bifurcated at the corners. The
expressiveness of the change in the structure
of the experimental glass is explained by the

Functional materials, 31, 2, 2024

possibility of realizing many stationary states
of the structure during the thermal evolution of
the phase composition of magnesium alumino-
silicate glasses in the M—A—S system with the
possibility of a reverse solid-phase reaction of
the exchange type [24].

Further structural self-organization at an
increase in temperature to t4=1000 °C leads to
a decrease in the size of inhomogeneities and
their merging, alignment of the structure, and
formation of the faces of spinel crystals of an
octahedral habit (Fig. 3 f). This indicates the
possibility of obtaining, on the basis of experi-
mental glass the glass-ceramic material with
a high concentration of uniformly distributed
crystalline nuclei of crystallization. The regu-
lar nature of the distribution of nanocrystals
in the residual glass phase leads to interfer-
ence effects in the process of scattering X-rays
and visible light, which creates conditions for
obtaining a highly transparent glass-ceramic
material.

Taking into account the conducted research
and previous studies on the development of
transparent glass-ceramic materials, the fol-
lowing heat treatment mode was chosen for ob-
taining transparent nanostructured spinel-con-
taining glass-ceramic materials: (I st. — T=800
°C, ©=30 min; II st. — T=900 ° C, t=30 min, III
st. — T=1000 °C, t=5 -15 min).

4. Conclusions

The peculiarities of compositions and prop-
erties of glass-ceramic materials for passive la-
ser shutters were analyzed. A set of criteria has
been established for the glass matrix as the ba-
sis of transparent glass-ceramic materials. The
choice was substantiated and compositions of
magnesium aluminosilicate glasses with a de-
fined content of phase-forming and modifying
components were developed. The regularities of
the structure formation and phase composition
of magnesium aluminosilicate glasses under
the conditions of high-speed low-temperature
heat treatment have been established, which
consist in the following sequential processes:
the formation of composition fluctuations when
providing }’ Al,05,MgO= 40 wt. % and content of
SiO, = 50 wt. % by phase separation according
to the spinodal mechanism (T= 800 °C); self-or-
ganization of the structure by the formation of
nucleators at 1 = 1089 Pa s, which merge into
ridges and interpenetrating phases with a con-
tent of = 50 vol. % (T= 850 °C; t= 0.5 h); forma-
tion of solid solutions with the structure of high-
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temperature quartz and spinel (T=900-950 °C;
©= 0.5 h); formation of a dissipative sitallized
structure due to nanostructuring with the pres-
ence of spinel of an octahedral habit (T= 1000

°C,

t= 10 min). The technological parameters

were chosen for obtaining a transparent glass-
ceramic material based on spinel were selected
and nanostructured sitalls with a light trans-
mission of 72% and with a content of 40 vol. %.
of submicron spinel crystals as a basis for func-
tional elements of optics and laser technology.
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