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The main conditions for the formation of the sitallized nanostructure of
glass-ceramic materials based on spinel containing Co?' ions with high ab-
sorption in the range of 1.6—1.7 um for laser shutters operating in the
mode of passive @-switched are determined: the presence of phase-forming
oxides X(MgO, Al,0;)=40.0 wt.%, glass-forming oxides X(B,0;, SiO,) =
=54.0 wt.%, crystallization catalysts X(P,0;, ZnO, ZrO,, TiO,, CeO,, Sb,05;) =
=4.9 wt.%, modifying additives X(SrO, BaO, CaO, CoO)=1.1 wt.%.; glass
melting at a temperature of 1550°C for 6 hours; three-stage heat treat-
ment (I stage—800°C, t=1 h; II stage—900°C, t=30 min; III stage—
950°C, t=5 min). As established, ensuring high values of light transmis-
sion (T =74%) and crack resistance (K;,=5.0 MPa-m"?) of glass-ceramic
material is realized due to the following stages: metastable phase immisci-
bility by the mechanism of spinodal decomposition (800°C), intensification
of nucleation (850°C) while keeping the bidispersity of the system and
providing the structural stability of the glass with kinetic inhibition of
the crystal growth process under conditions of high viscosity, formation
of solid solutions with the structure of high-temperature quartz in the
low-temperature region (900°C) and spinel crystals of 50 nm in size in the
amount of 50 vol.% (950°C) with a regular distribution of nanocrystals in
the residual glass phase.

Busnauerno ocHOBHI ymMoBu (OpMyBaHHSA CHTAJi30BAaHOI HAHOCTPYKTYpPU
CKJIOKPUCTANIUHIX MAaTepidiiB Ha OCHOBi mimiHexi, mo micrars ifiorn Co?',
3 BHUCOKUM BOUpaHHAM y mismasoHi 1,6—1,7 MKM g JasepHUX 3acCJiHOK,
AKI QYHKIIOHYIOTH y PERKUMi MacUBHOI MOAYJIAIIl JOOGPOTHOCTH: HAABHICTH
dasoyrBoproBansaux oxcugis X(MgO, Al,0,) =40,0 mac.%, ckJI0yTBOpIOBa-
apaux okcugiB X(B,0;, SiO,) = 54,0 mac.%, karaigisaTopiB Kpwucramisarii
2(P,0;, ZnO, Zr0O,, TiO,, Ce0,, Sb,05) = 4,9 mac.%, moaudikyBadbHUX [O-
6aBok X(SrO, BaO, CaO, CoO)=1,1 mac.% ; BapuBO CTEKOJ 3a TeMIlepaTypu
y 1550°C yupomoB:k 6 rox; Tpucrazmiiiie tepmoodOpobsenHa (I cragmis sa
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800°C, t=1 roxm; II cragia 3a 900°C, t=30 xB; III cragia sa 950°C, t1=5
xB). BecranoByieHo, 110 3a0e3meyeHHA BUCOKUX 3HAUEHb CBiTJIONPOHUKHOCTH
(T=74%) i mokasHmMka Tpimunocrifikoctu (K,;.= 5,0 MIla-Mm"?) ckroxpuc-
TAJiYHOTO MAaTepifAJy peali3yeThCs 3a PaxXyHOK CTafiii: meracTabiJbHOTO
¢dazoBOr0 HE3MIITyBAaHHS 3a MexaHisMoM chIuHomaJibHOTo posmanxy (800°C),
inTencudikaiii sapoagkoyrBoperHa (850°C) iz s6eperkeHHSM OigumcriiepcHoOC-
TH CHUCTEMH Ta 3abe3lMeueHHSIM CTPYKTYPHOI CTiMKOCTH CKJa 3 KiHeTHUYHUM
raJbMyBaHHAM IIPOIIECY POCTY B yMOBaxX MigBUINleHOI B’sA3KOCTH, (hopmy-
BaHHA TBEPAUX PO3UMHIB 3i CTPYKTYPOIO BUCOKOTEMIIEPATYPHOT'O KBapIly B
Hu3bKoTeMmOepaTypHiit obsacti (900°C) Ta KpucTayiB ImimiHenai posamipom y
50 eM y kimskocti 50 06.% (950°C) 3 peryasipHUM XapaKTepoM PO3MOAiTYy
HAHOKPUCTAJIB Y 3aJUIIKOBi# cKJo(dasi.
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1. INTRODUCTION

Nanotechnology is of great importance for both fundamental science
and advanced technology [1]. The creation of glass-ceramics based
on very small crystallites with volume percent of nanocrystals in it
up to more than 90 vol.% was as an example of nanotechnology.
Glass-ceramics is a material that consists of a nanocrystalline phase
dispersed within the glass matrix. This microstructure can be
achieved via controlled crystallization of a glass, but the crystal
growth rate must be limited [2].

The use of a certain composition of glass and a defined mode of
its heat treatment make it possible to synthesize a glass-ceramics
with such important properties as chemical, thermal, optical, me-
chanical and dielectric tailored to particular values [3].

An important class of photonic materials is transparent glass-
ceramics, activated by luminescent elements, due to their specific
structural, optical and spectroscopic properties [4]. Glass-ceramics,
consisting of nanocrystals in a glass phase, become the most promis-
ing photonic material for use in tuneable solid-state lasers, lumines-
cent solar concentrators, optical amplifiers and up-conversion lumi-
nescence devices, etc. [5]. Alternative matrices are spinel crystals of
magnesium aluminate (MgAl,O,) with high thermomechanical prop-
erties [6].

Cobalt-doped magnesium—aluminium spinel is an effective mate-
rial for passive solid-state lasers with a @-switched output operat-
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ing in the near-infrared range [7]. To obtain transparent
Co:MgAl,0, ceramics with a high absorption cross-section and a
high linear transmittance, nanopowders of cobalt-doped magnesium-
aluminium spinel with a pure phase were synthesized by the co-
precipitation method. The 0.05 at.% Co:MgAl,O, highly transparent
ceramics were obtained after vacuum sintering and hot isostatic
pressing (HIP). The HIP post-treated ceramic at 1800°C for 3 h
demonstrated the best optical qualities, which were of 81.4% at 400
nm and of 85.9% at 900 nm, as well as the average grain size was
of 16.8 ym. Co?" was incorporated into the spinel lattice, as evi-
denced by broad absorption bands in the wavelength range of 500—
700 nm and 1200-1600 nm. However, the limitation of the applica-
tion of such ceramics is related to the low absorption in the transi-
tion range *A,(4F) — ,T,(*F) of Co*" ions and, therefore, the low sat-
urated absorption contrast at the generation wavelength [9]. The
difficulty of obtaining spinel ceramics is related to the fact that it
is very hard to inhibit the growth of the particle size during solid-
phase sintering, which significantly affects the change in the opti-
cal properties of the materials. In addition, when using pure na-
nooxide powders for the production of spinel, which allows to re-
duce the formation temperature and activation energy, the for-
mation of MAS-based materials occurs at high temperatures from
1000°C to 1400°C [10]. Thermoplastic magnesium—aluminate spinel
(MAS) nanocomposite developed in Ref. [11] can be shaped via pol-
ymer injection moulding at high rate and precision. The nanocom-
posite becomes dense MAS by means of debinding, pre-sintering,
and hot isostatic pressing obtaining transparent ceramics with high
mechanical strength and high optical transmission up to 84%.
However, the limitation of thermoplastic moulding for the produc-
tion of ceramic materials is the difficulty of obtaining large-size
materials and the presence of total porosity (of = 3-5%), which can
significantly affect the reduction of optical characteristics. In addi-
tion, the use of nanooxide powders significantly increases the cost
of such materials, and the use of complex technological equipment
requires significant changes in the production of ceramic materials.
All this inhibits the market entry of nanostructured ceramic mate-
rials and limits their competitiveness. Therefore, an important sci-
entific and technical task is the development of new high-tech
nanostructured materials based on spinel containing Co®" ions with
high absorption in the range of 1.6—1.7 um.

The prospective use of transparent glass-ceramics is determined
by the possibility of providing high light transmission (T =72%)
due to nanostructuring according to the traditional technology of
glass production under conditions of low-temperature heat treat-
ment [12]. The high manufacturability and relatively low cost of
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glass-ceramics allows it to be effectively used in many fields of sci-
ence and technology, including photonics, given the fact that their
structural or functional elements, namely, clusters, crystallites or
molecules, are in the size range from 1 nm to 100 nm [13].

Thus, the authors of Ref. [14] studied thermal, mechanical, and
optical properties, in addition to the electron paramagnetic reso-
nance (EPR) spectra and microstructure, for MgAl,0,:Cr®" spinel
glass and glass-ceramics. The presence of uniform cubic crystals
with a size of 10—15 nm in the glass-ceramics was shown by the
TEM images. The obtained glass-ceramic samples were characterized
by high wvalues of microhardness (6.0 GPa), 3-point flexural
strength (of 100 MPa), elastic modulus (of 55 GPa), and fracture
toughness (of 5.0 MPa-m'/?).

Homogeneous crystallization of crystallites with a size of about 9
nm and not great spherulitic structures consisting of small crystal-
lites ensure the transparency of spinel glass-ceramics with increas-
ing crystallinity. The total amount of nucleating agents
(ZrO, + Ti0,) in the parent glass composition should exceed 5 mol.%
for obtaining such a uniform microstructure [15].

For the synthesis of protective transparent high-strength glass-
ceramic materials, a methodological approach has been developed
that provides transparency in the visible spectral range and high
ballistic resistance by fine volumetric crystallization of glass with
the formation of a high-strength lithium-disilicate phase of =50
vol.% with a size of crystal of <0.4 ym [12]. The lithium-silicate
system was chosen as the initial. The low-temperature two-stage
heat treatment was established. It comprises annealing at 723 K for
30 min; stage I—903 K, 30 min; stage II—1123 K, 5 min. The fac-
tors that influence on the formation of a fine volumetric crystal-
lized structure under the chosen heat-treatment mode were deter-
mined. The ratio of phase-forming oxides is Li,O/SiO,=4.0. There
were given the type and quantity of modifying additives SrO, MgO,
and CaO, crystallization catalysts ZnO, P,0,;, and ZrO, and fining
agents CeO, and Sb,O; for the crystallization of glass. The high
strength (HV =8.74 GPa, K,;=3.1 MPa-m'?) and light transmission
in the visible spectrum (T'=72%) of the developed glass-ceramics
were achieved via fine volumetric crystallization of glass with the
lithium-disilicate content of 45 vol.% and the B-spodumene content
of 5 vol.% . However, to create compact lasers on Yb:Er glass, it is
necessary to use glass-ceramics, which are characterized by the best
parameters of pulses in the passive @-switched mode (PQS). In the
model of a laser on Yb:Er glass with lateral diode pumping, this
was demonstrated by glass-ceramics based on Co®*:Mg(Al,Ga),0,
nanocrystals and based on Co®*':y-Ga,0; nanocrystals [16]. An im-
portant drawback is that these glass-ceramic materials differ in
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high and long-term temperatures of melting and heat treatment.
Ensuring high performance characteristics (Vickers hardness of
10.4 GPa, fire resistance of 1350°C) and reduced cost due to a two-
stage heat treatment at temperatures of 850°C and 1150°C is real-
ized by the determined content and ratio of modifying, glass-
forming, and phase-forming components and the introduction into
the composition of the combined crystallization catalyst X(TiO,, ZrO,,
Ce0,, P,0;) with the aim of forming a sitallized structure based on
solid solutions of mullite [17]. It has been established that ensuring
phase separation at temperatures of 800-850°C by the spinodal
mechanism for experimental magnesium—aluminosilicate glass in the
pre-crystallization period is an important stage in the formation of
solid solutions with the structure of high-temperature quartz in the
low-temperature region (850-900°C) with the simultaneous for-
mation of a-quartz and spinel (850—-1000°C), which contributes to
their recrystallization into a-cordierite (1000-1050°C) and the for-
mation of mullite from a-cordierite at 1100°C [18]. However, alt-
hough these materials are nanostructured and characterized by a
significant spinel content (>50vol.%), they are opaque due to the
mismatch of the refractive indices of the glass phase and the crys-
talline phase and the presence of spinel-crystal growth of 1 um.
Therefore, in order to develop optically transparent nanostruc-
tured spinel-containing glass-ceramic materials, it is important to
study the features of their structure formation at the initial stages
of nucleation under conditions of low-temperature heat treatment.

2. EXPERIMENTAL PART
2.1. Aim Setting and Research Methodology

The purpose of the work is to study the structure formation of
magnesium—aluminosilicate glasses in the process of nucleation and
growth of crystals under the conditions of high-speed low-
temperature heat treatment.

Investigation of phase transformations in glasses and determina-
tion of their heat-treatment temperatures was carried out using
gradient-thermal (gradient furnace), petrographic (NU-2e optical
microscope with a magnification of 25-1200 times in transmitted
light in opaque sections), x-ray phase analysis (DRON-3M diffrac-
tometer, Siemens small-angle x-ray diffractometer (radiation
source—CukK,, voltage—30 kV, current—18 mA, set at a point—
200 seconds), electron microscopy (Tesla 3 LMU scanning electron
microscope with a resolution of 1 nm). The light transmission T [% ]
of the glass-ceramic material was determined on a FM-94g photome-
ter. The stress intensity coefficient of materials K,, (MPa-m'?) was
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determined according to the calculation method [19], which was
based on measuring the hardness of samples using PMT-3.

2.2. Rationale for the Selection of Compositions and Synthesis
of Glasses for Obtaining Transparent Glass-Ceramic Materials

A glass-ceramics can be transparent in the visible range if it meets
one or a combination of the following requirements: the sizes of
crystals must be much smaller than the wavelength of visible light
(i.e., less than 200 nm); the birefringence must be very low or the
difference between the refractive indices of the residual glass ma-
trix and the crystals must be negligible. This applies to most exist-
ing transparent glass-ceramics, because they have crystals smaller
than 200 nm and a crystallized phase of 1-to-70% [3].

In order to ensure high light transmission (7 > 74% ) and mechan-
ical strength (HV >8.0 GPa, K, >3.0 MPam'? of transparent
glass-ceramic material, it is necessary to provide the following con-
ditions during low-temperature heat treatment:

— the metastable phase separation of glass by the spinodal mecha-
nism in the glass-transition interval;

— the formation of a developed droplet biframe structure near the
softening point in a short period of time (=1 h);

— the formation of evenly distributed crystalline nuclei in the
amount of (10'-10%)/cm? in the pre-crystallization period;

— the formation of a significant number of crystals > 50 vol.% at
the temperature crystallization;

— the inhibition of crystal growth due to high viscosity > 10® Pa:s;
— the formation of a self-organized sitallized nanostructured tex-
ture of glass with the size of spinel crystals <200 nm.

Taking into account the specified criteria to the glass matrix,
compositions with PSK marking in the magnesium—aluminosilicate
system, which are characterized by a certain content of glass-
forming, phase-forming, modifying components and crystallization
catalysts (Table 1), were designed with the aim of forming spinel as
a crystalline phase that provides high light transmission and me-
chanical strength.

The choice of phase-forming components in the composition of
magnesium—aluminosilicate glasses was based on the classical prin-
ciples of the sitallized-structure formation of materials and the re-
sults of previous developments [18]. In addition, the liquid phase-
separation of glass can give an opportunity to control the glass
properties and obtain new unique optical materials [20]. Traditional-
ly, to ensure the nucleation and the formation of crystalline phases
in the region of lower temperatures, ZnO is introduced into the
glass composition, which, along with CeO, and P,0;, will contribute
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TABLE 1. Features of the chemical composition of the PSK series experi-
mental glasses and the crystalline-phase content after heat treatment at
temperatures of 850°C and 1000°C for 2 hours.

Phase-forming and glass- 4 & -
£ . 0 @) 0 @)
orming components, > = © 3
wt. % -S El o E Li
5 f.eES
g ESSIIERES Crystalline
= % SS 2y 9‘: phase content
= | sio, | B,0, | MgO | ALLO, = §8|& A
< 2 '-5' S
" O s <
N
@)
o S < < inel 40 vol. %
v =) ) spine vol.%,
ge 3 — S 2 7.9 2.1 a-cristobalite 20 vol.%
9 s 9 inel 20 vol.%
v ) o ) spine vol.%,
g_.) 3 — =~ o 7.9 2.1 a-cristobalite 10 vol.%
NV S 9 inel 20 vol.%
v ) S ) spine vol.%,
ge 3 A = 2 7.9 2.1 a-quartz 10 vol.%
=
' < o < < spinel 40 vol.%,
E% 3 ~ = Q 4.9 1.1 a-quartz 10 vol.%
an
i
D < 10 < < spinel 20 vol.%,
?ﬁ 3 - S Q 74 2.1 a-quartz 10 vol.%
oo

to the phase separation of glass and the formation of a nanodis-
persed structure of glass during its heat treatment. The propensity
for phase separation of the experimental glasses is determined by
the presence of B,0,, refractory compounds Al,O; and ZrO,, and the
regulated content of CaO, MgO, SrO, and BaO [18]. As the ionic ra-
dius increases in the series MgO > CaO > SrO > BaO, the degree of
liquid-phase separation decreases.

It is known that the crystallization temperatures (T.) of liquid
MAS system decreased with the addition of B,0; or P,O, from 764°C
to 726°C and 764°C to 750°C, respectively [21]. In order to increase
the refractive index of the glass phase, zirconium oxide was intro-
duced as a crystallization catalyst. According to Ref. [22], the vis-



740 0.V.SAVVOVA, O. H. TUR, M. M. HOZHA et al.

cosity of the glass melt of the MAS system increases with an in-
crease in the concentration of ZrO, and CeO,; so, they were intro-
duced to increase the transparency of the glass.

Experimental glasses with PSK marking in the chosen system
were melted in corundum crucibles at temperatures of 1600-1650°C
in condition of oxidising atmosphere.

2.3. Study of the Crystallization Nature of Experimental Glasses
under Heat Treatment in Relation to Their Light Transmission and
Crack Resistance

In order to determine the possibility of spinel crystallization, exper-
imental glasses were treated at the temperatures of nucleation
(T,=850°C) and crystal growth (7T,=1000°C) for 2 hours at each
stage, which were chosen based on the results of previous studies of
the crystallization ability of magnesium—aluminosilicate glasses [12,
17, 18]. After heat treatment, the light-transmission index for
PSK-7 glass-ceramics is of 560% ; for PSK-8, PSK-9, PSK-11, it is of
70%, and for PSK-10, it is of 72% and is due to the type (Table 1)
and the content of the crystalline phase, which was determined us-
ing scanning electron microscopy. To obtain optically transparent
glass-ceramic materials with high-strength characteristics, which
are distinguished by a high crystalline-phase content of =80 vol.%
and crystal size of <0.4 ym, an important condition is the optimiza-
tion of the heat-treatment mode of the experimental glasses.

The mechanism of nucleation and crystallization of PSK-7 and
PSK-10 glasses, which were previously heat-treated at the ‘manifes-
tation’ temperature (T,,..i¢), namely, at 800°C for 1 hour with sub-
sequent holding at temperatures of 850°C, 900°C, 950°C, and
1000°C (Table 2) for 2 hours, were studied to optimize the heat-
treatment regime. The ‘manifestation’ method is based on the crys-
tal growth at the temperature T,,,; which originated under heat
treatment at lower temperatures. The application of this method is
especially valuable for designing the regime of heat treatment of
transparent glass-ceramic materials, for which the presence and
content of the crystalline phase cannot be determined using tradi-
tional methods of gradient—thermal and petrographic methods of
analysis and temperatures of crystal formation and growth (Fig. 1).

The influence of the preliminary heat treatment of PSK-7 and
PSK-10 glasses at T,,,,;; = 850°C made it possible to confirm that the
pre-crystallization treatment allows to intensify the crystallization
and to form a sitallized structure with a crystalline-phase content
of 80 vol.% . An important manifestation of the possible phase sep-
aration with subsequent nucleation in glasses is the presence of
opalescence already at 850°C. This character of phase formation is
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TABLE 2. The crystallization ability and the crack resistance of experi-
mental glasses PSK-7 and PSK-10, which were previously ‘manifested’ at a
temperature of 800°C for 1 hour.

ol Marking o Marking
OL) o = © >, a <
8 +~ O o — —
=] = g . g
= S5 EE Nature of crystalliza- pc':s
2 o8 tion"/degree of trans-
< 2| pSK-7 2 2 S | PSK-10 /deg =
0 = °o'g & . parency R
2w 5o S S
% E B S NS ]
m C‘S
RS > N

not identified crystal- not identified crystal-
800 I:l line phase/clear glass 1'5|:| line phase/clear glass 1.5
850 IE' opalescence 1.5 @l opalescence 1.5
not identified crystal-
900 IE' opalescence 2'0|:| line phase/clear glass 2.4
surface crystalliza- not identified crystal-
tion/opaque glass line phase/clear glass
950 light transmission co- 2'0|:| light transmission 4.8
efficient 50% coefficient 72%
_volume crystallization

80 vol.% /opaque 4.3
glass

7% volume crystallization

1000 g3 4 80 vol.% /opaque glass

Notes: no crystals were detected by x-ray diffraction.

confirmation of the existence of precrystallization liquation and the
formation of an optically transparent crystallized structure of PSK-
10 glass in the temperature range of 850—-900°C. The presence of a
crystalline phase in this temperature range is evidenced by the sig-
nificant content of the crystalline phase at 1000°C. For PSK-7 glass
in the temperature range of 850—-900°C, there is opalescence, which
indicates intensive nucleation and crystal growth already at 950°C.

Confirmation of the transparent sitallized-structure formation is
a change in the crack resistance of the experimental materials from
1.5 MPa-m'? under heat treatment in the temperature range of
800—-850°C, when the glasses retain their amorphous structure, to
4.0—4.8 MPa-m'? under heat treatment in the temperature range of
950-1000°C, when a sitallized structure forms in the glass. Some
decrease in the crack-resistance index at a temperature of 1000°C
for PSK-10 indicates the crystal growth and destrengthening of the
glass structure. In general, the developed glass-ceramic materials
are characterized by a higher coefficient of crack resistance com-
pared to spinel-based ceramic materials (= 2.0 MPa-m'/?) [22], that is
possible due to the formation of nanostructured glass.
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2.4. Study of Structure Formation

The structure of PSK-7 and PSK-10 glasses at characteristic tem-
peratures was studied to determine the features of phase formation
of glasses in relation to performance properties. According to the
results of electron microscopy, the PSK-7 glass material at
t; =800°C (t=1 h) represents a multiphase system formed from a
mother glass with spherulites with well-defined boundaries = 100
nm in size (Fig. 1, a, I), which combine into agglomerates and rib-
bons on the general background of nanoinhomogeneities with a size
of 10-50 nm (Fig. 1, b, II), which may be nuclei of crystallization.
The uniformity of the distribution of inhomogeneities in the entire
volume of = 50 vol.% is characteristic. The glass material PSK-10,

, i

Fig. 1. Structure of experimental glass-ceramic materials after heat treat-
ment: a—PSK-7, b—PSK-10 at 800°C; ¢c—PSK-7, d—PSK-10 at 850°C; e
PSK-7, f—PSK-10 at 900°C; g—PSK-10, h—PSK-7 at 950°C.
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which was treated according to the same regime, is characterized by
an increase of up to 80 vol.% in the number of spherical inhomoge-
neities with sizes of 50-100 nm, which are formed based on
nanoinhomogeneities with sizes of 10—20 nm. The formation of a
significant number of spherulites is an important condition that
prevents the further crystal growth with increasing temperature,
which can lead to a decrease in light transmission.

When the temperature is increased to t,=850°C for the PSK-7
glass material, there is a slight increase in nanoinhomogeneities in
the glass structure and their combination in ridges with a size of
100-200 nm (Fig. 1, ¢, II), and the formation of crystallization nu-
clei on their faces. The difference in the formation of the structure
at the initial stages of nucleation for PSK-10 glass material is the
increase in the number and the decrease in the size of spherical in-
homogeneities with sizes of 50-100 nm (Fig. 1, d, II), which form a
single interconnected structure. The crystal growth is a characteris-
tic difference of phase separation by the spinodal mechanism, which
is manifested in the merging into druses and the coarsening of ag-
gregates (Fig. 1, d, III), when the temperature is increased to
t;=900°C (Fig. 1, e, f, III). The formation of quartz-like solid solu-
tions and matrix magnesium—aluminosilicate glass are close.

Therefore, in the formed heterogeneous system, sharp boundaries
of separation of two phases are not formed that is important for
ensuring the light transmission of the material due to the approxi-
mation of the refractive indices of the crystalline and glass phases.
The dissipative structure of experimental glasses at the stages of
nucleation is the main reason for the formation of spinel crystals of
an octahedral habit already at t,=950°C (Fig. 1, g, I). A character-
istic feature of PSK-10 glass material is the uniform nature of the
distribution of nanocrystals of ~ 50 nm size with a content of = 80
vol.% in the residual glass phase (Fig. 1, g, III), which is decisive
for ensuring high strength and optical indicators of the glass mate-
rial. For PSK-7 glass material, some clusters > 200 nm are observed
against the background of nanosize crystals (Fig. 1, h, III), which
can lead to crystal growth and loss of transparency.

The study of the curves of small-angle x-ray scattering (SAXS)
phase analysis of PSK-10 and PSK-7 glasses allows us to trace in
detail the process of phase separation and nanostructure formation
depending on the heat-treatment temperature (Fig. 2).

A significant increase in the intensity ¢(¢) of SAXS and, accord-
ingly, the values of the mean square of the difference in the elec-
tron densities of the coexisting phases is observed before the ap-
pearance of crystalline phases recorded by the x-ray diffraction
method (XRD). The formation of a nanoinheterogeneous structure
at the initial stages of nucleation is associated with the processes of
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Scattering angle, min

Fig. 2. Dependence of ¢I(¢) on ¢ (SAXS) during heat treatment of PSK-10
and PSK-7 glasses in the area of metastable liquation and nucleation: 1,
2—initial glasses PSK-10 and PSK-7; 3, 4—PSK-10 and PSK-7 glasses af-
ter heat treatment at a temperature of 800°C; 5, 6—PSK-10 and PSK-7
glasses after heat treatment at a temperature of 850°C; 7, 8—PSK-10 and
PSK-7 glasses after heat treatment at a temperature of 900°C.

metastable liquid-type phase separation. A weakly expressed maxi-
mum is observed on the curves of the SAXS of the initial glasses,
which indicates the presence of inhomogeneities—sybotaxic groups
after the glass melting (Fig. 2, curves 1, 2).

In the process of heat treatment, an increase in the intensity of
the SAXS and a sharpening of the maximum on the SAXS curves
with the highest peak for PSK-10 (Fig. 2, curves 7, 8) were ob-
served. This character of SAXS is usually observed with the spi-
nodal mechanism of phase separation, which is associated with the
regularity of the distribution of the concentration of the compo-
nents of the phase that is formed and occurs in the early stages of
decomposition. After heat treatment at 800°C, the SAXS curves
(Fig. 2, curves 3, 4) have two maxima each, which indicate the co-
existence of two types of inhomogeneity regions: for PSK-10 glass,
a significant number of nanoinhomogeneities is observed near the
scattering angle of 50 min, while, for PSK-7, nanoinhomogeneities
are concentrated at higher scattering angles near 100 min.

The areas under the curves make it possible to estimate their part
in the total volume of the inheterogeneous sample. The observed
bidispersity results from metastable separation.

When the processing temperature is increased to 850°C, the ten-
dency to bidispersity is observed after high-temperature heat treat-
ments at the stage of relative stability of the structure (Fig. 2,
curve 5). This means that a relatively stable state of the structure
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is achieved at each temperature under the conditions of long-term
heat treatment. Thus, in PSK-10 glass, the values and sizes of re-
gions of inhomogeneity grow rapidly up to 850°C and change uni-
formly at higher temperatures. When the temperature rises to
900°C for PSK-10 glass, the presence of only one phase is recorded,
while the structure remains stable (Fig. 2, curve 7). This may be as-
sociated with an increase in the viscosity of the silicate matrix dur-
ing the separation of phases containing magnesium and aluminium
oxides, i.e., with a kinetic inhibition of the phase growth process.
Therefore, this structural stability of PSK-10 glass determines the
formation of its nanoscale structure during further heat treatment
and ensuring high light transmission. For the composition of PSK-
7, the SAXS curves have a gentler slope, which indicates an in-
crease in the size of nanoinhomogeneities and the manifestation of
monodispersity, when the temperature is increased to 850°C (Fig. 2,
curve 6), that leads to the crystal growth at a temperature of 900°C
(Fig. 2, curve 8) and the decrease in light transmission (Table 2).

Therefore, in the temperature range of 800-850°C, which pre-
cedes the crystallization of glass, the metastable liquation immisci-
bility by the mechanism of spinodal decomposition is observed,
which will allow the formation of a finely dispersed structure of
glass during heat treatment. Keeping the bidispersity of the system
in this interval leads to the structural stability of the glass and the
kinetic inhibition of the phase-growth process. The regular nature
of the distribution of nanocrystals in the residual glass phase leads
to interference effects in scattering x-rays and visible light that al-
lows 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 obtaining transparent
nanostructured spinel-containing glass-ceramic materials: (I stage—
T =800°C, t=60.0 min; II stage—T =900°C, =30 min; III stage—
T =950°C, T =5 min).

A transparent nanostructured sitall based on PSK-10 glass with
content of 50 vol.% of spinel crystals, which is characterized by
light transmission of 72% and a stress-intensity index of 4.8
MPa-m'/?, allows it to be considered promising in obtaining of opti-
cal materials for laser technology.

4. CONCLUSIONS

The main criteria for ensuring high light transmission and, at the
same time, mechanical strength of the magnesium—aluminosilicate
glass-ceramic material by forming a self-organized sitallized
nanostructured glass texture with a size of spinel crystals of 50 nm
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under conditions of low-temperature heat treatment have been de-
termined.

The peculiarities of the formation of optically transparent
nanostructured spinel-containing glass-ceramic materials have been
established. They consist in: the formation of two types of inhomo-
geneities with sizes of 10—-50 nm and 50-100 nm based on sybotaxic
groups by phase separation via the spinodal mechanism (7 = 800°C);
stimulation of nucleation during the combination of bidisperse
spherulites in the ridge (T'=850°C) and the stabilization of the
nanostructure by limiting the growth of monodisperse spherulites
and their fusion into druses (T =900°C); the formation of a dissipa-
tive sitallized structure (T = 950°C) due to nanostructuring with the
presence of spinel of an octahedral habit with a size of = 50 nm and
a content of =50 vol.% in the residual glass phase, which is deci-
sive for ensuring high strength and optical indicators of the glass
material.

The technological parameters for obtaining of a transparent
glass-ceramic material based on spinel were selected (stage I—
T =800°C, t=60.0 min; stage II—T7T =900°C, 1t =30 min; stage III—
T =950°C, t=5 min) and a transparent nanostructured sitall with a
content of 80 vol.% of spinel crystals, with a light transmission of
72% and a stress-intensity index of 4.8 MPa-m'? as a basis for
functional elements of optics and laser technology was developed.
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