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Influence of reducing conditions of glass melting on phase
transformations in zinc aluminosilicate glasses nucleated by titania
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The influence of strongly reducing conditions of glass melting on phase transformations in titanium-containing
glasses of the zinc aluminosilicate system has been investigated. The glass was melted with the addition of
aluminium powder as a reducing agent. The glass-ceramics were obtained by heat treatments at temperatures
ranging from 720°C to 1350°C. The processes of liquid phase separation and crystallization occurring in this glass
during its secondary heat treatment were studied using structurally sensitive methods. The results are compared
with the data for materials obtained under oxidizing conditions. It is shown for the first time that the sequence
of phase transformations in glasses melted under strong reducing and oxidizing conditions is similar, but reducing
conditions accelerate the gahnite crystallization and slow down the rutile and cristobalite crystallization, which
indicates the entry of Ti** ions into the liquid phase separated zinc alumotitanate and zinc aluminate amorphous
regions, as well as into the residual glass at the initial stages of phase decomposition. Broadband absorption of
glass-ceramics in the visible and near-IR regions of the spectrum is caused by Ti*" ions and Ti** —Ti*" pairs in
gahnite, rutile crystals and in the residual glass. Broadband luminescence of glass-ceramics was found to be due to
Ti** ions and Ti*t —Ti** pairs in gahnite nanocrystals rather than impurity Cr** ions, which was observed in glass
melted under oxidizing conditions.
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Introduction in them [9]. The influence of neutral [16] and weakly

reducing [17] conditions of melting of these glasses on phase

Glass-ceramics are composite materials obtained by con-
trolled crystallization of glasses of special compositions,
often with the addition of a nucleating agent (a glass
component that promotes the formation of a functional
crystalline phase in a residual glass) [1]. The first suggested
nucleating agent is titania, and it remains the one most
commonly used to this day [2]. Titanium is an ion
of variable valence; therefore, a change in the redox
conditions of glass melting, which is often needed to
obtain optically active components in the required oxidation
state, may affect the phase transformations initiated by the
nucleator. Transparent glass-ceramics based on gahnite are
a convenient object for investigating the influence of redox
conditions of glass melting on the structure and properties
of glass-ceramics, since one main phase crystallizes in them:
zinc aluminate spinel (i.e., gahnite) [3—15]. The patterns of
phase separation and crystallization in these glasses melted
under oxidizing conditions have been studied in detail, and
the phenomenon of three-phase immiscibility, which enables
development of transparent glass-ceramics, was discovered
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transformations in them and on the phase composition of
the obtained glass-ceramics has also been examined. It
was found that a change in the redox conditions of glass
melting does not lead into a change in the structure of glass-
ceramics, but causes a redistribution of Ti** and Ti*t ions
between the evolved phases, altering the optical properties
of the obtained materials [16,17].

The aim of the present study is to examine the influence
of strong reducing glass melting conditions on phase trans-
formations in ceramizing glasses of the zinc aluminosilicate
system. Such studies have not been conducted to date.
This research is important for understanding the patterns
involved in production of photonic materials that require
different redox synthesis conditions.

Objects and methods

Glass of the following composition was chosen for study:
23 ZnO, 23 ALO;, 455 SiO;, 8.5 TiO,mol% [9]. It
was melted under strong reducing (with added aluminum
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Figure 1. Photographs of transparent polished samples of the initial glass and glass-ceramics obtained by single and two-stage heat
treatments 720°C, 6h; 720°C, 6 h + 750°C, 6 h; 720°C, 6 h+ 1000°C, 6 h (the sample thickness is 1 mm) and opaque samples obtained
by the following heat treatments: 720°C, 6 h 4+ 1200°C, 6 h; 720°C, 6 h+ 1300°C, 6 h; and 720°C, 6 h+ 1350°C, 6 h.

powder) and oxidizing (with added arsenic oxide) condi-
tions. A detailed description of the synthesis procedure was
provided in [17]. The prepared glasses were transparent,
homogeneous, and free of bubbles and inclusions. Glass
denoted as ZASa; (melted under reducing conditions)
was violet colored (Fig. 1). Glass denoted as ZASy
(melted under oxidizing conditions) was light yellow in
color [16]. These glasses were subjected to heat treatment
in a Nabertherm annealing furnace with process parameters
chosen based on the results of earlier studies [16).

Glass-ceramics obtained by heat treatment at temper-
atures up to and including 1050°C remained transpar-
ent. Transparent ZAS,; glass-ceramics were colored black
(Fig. 1), while transparent ZAS,s materials were light
yellow [16]. Heat treatment at higher temperatures resulted
in loss of transparency. Opaque ZAS,; samples were blue
in color and had a thin white crust. The ZAS,; material
produced by heat treatment at 1350°C was white in color,
and its surface had a slight bluish tint (Fig. 1). All
opaque ZAS,, samples were colored white [16]. Phase
transformations in glass of the ZAS,s composition were
discussed in detail in [16] and will be used here for
reference.

Differential scanning calorimetry (DSC) curves were
obtained using a Netzsch STA 449 F3 Jupiter calorimeter.
See [17] for the details of the measurement procedure.

X-ray diffraction analysis of the samples was carried
out using a Shimadzu 6000 diffractometer with Cu Ka
(1 = 1.5406 A) radiation and a Ni filter. The measurement
details were listed in [17). To determine the lattice
parameters of rutile (stable modification of TiO;) crystals,
a special measurement was carried out within the range
of angles 20 = 26.9—27.6° and 20 = 53.8 — 54.6° with a
pitch of 0.05° and scan speed of 2°/min with a preset time
of 100 s. The experimental details for measurement of lattice
parameter a of gahnite were presented in [17]. The lattice
parameters of rutile nanocrystals were determined from the
diffraction peaks with Miller indices (hkl) (110) and (211)
at 20 ~ 27.27° and 26 ~ 54.2°, respectively [16]. The
average size of gahnite and rutile crystals was determined by
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examining the line with indices (hkl) = (440) 20 = 65.5°
(for gahnite) and the line with indices (hkl) (110) at
20 ~ 27.27° (for rutile) using the Scherrer formula [18]
with an accuracy of 5—10%.

An InVia Renishaw micro-Raman spectrometer was used
to record Raman spectra (see [17] for procedure details).
Photoluminescence spectra were measured with the same
instrument and the same samples at Aexc = 457nm. Ab-
sorption spectra were recorded with a Shimadzu UV 3600
spectrophotometer within the 190—3300nm wavelength
range with a pitch of 1nm. The polished plates in these
measurements were the same as those used to record the
Raman and photoluminescence spectra. The methods for
determining the absorption coefficient and the position of
the absorption edge were outlined in [17].

Results

The DSC curves of quenched glass ZAS,; and the same
glass heat-treated at 720°C for 6 h are shown in Fig. 2. The
DSC curves of quenched and heat-treated glass ZASys are
shown in the same figure to reveal the influence of redox
conditions of glass melting on the crystallization kinetics.

Glass ZASa; heated in the DSC furnace to 1200°C
is characterized by the presence of a single exothermic
peak originated from the crystallization of zinc aluminate
spinel [16,17]. A peak associated with the crystallization
of the nucleating agent, TiO,, was not detected in the
DSC curve (apparently, due to the weak thermal effect of
its crystallization from the liquid phase of phase-separated
glass). The temperature parameters of glass transition and
crystallization derived from the DSC data are presented
in Table 1. According to the DSC data (Fig. 2), the
crystallization of gahnite in the preliminary heat-treated
sample proceeds at lower temperatures than in the initial
glass; its glass transition temperature Ty also decreases.
The shape of the exothermic crystallization peak changes
(Table 1).

The DSC curves of ZAS,, glass samples melted under
strong reducing conditions differ from those of glass ZASx



364 0O.S. Dymshits, K.N. Eremeev, I.P. Alekseeva, M.Ya. Tsenter, L.R. Basyrova,...

Ty

Heat flow, arb. units

=692 °C

T, =800 °C

Exo

200 400 600

800 1000 1200

Temperature, °C

Figure 2. DSC curves of the glass ZAS,x (/) and the ZAS glass heat-treated at a temperature of 720°C for 6h (1); glass ZASa (2)
and the glass-ceramic obtained by the heat-treatment of glass ZASy; at 720°C for 6h (2').

Table 1. Glass transition temperature (Tg), crystallization onset
temperature (Tx), and temperature of the crystallization peak
maximum (Tp) of quenched and heat-treated ZASs and ZAShs
glasses determined by analyzing the DSC curves

Heat ZAS ZASes [16]

treatment- Tos T, To, T, T, Tp,
schedule °C °C °C °C °C °C

— 702 820 832 704 822 844
720°C,6h | 692 766 800 699 764 800

melted under oxidizing conditions (Fig. 2). The intensity
of the exothermic peak of gahnite crystallization in the
ZASy; glass is lower than in glass ZASa,. This may be
attributed to a reduction in the concentration of titania,
which is the nucleator of gahnite crystallization, in this glass.
The emergence of a weaker peak of gahnite crystallization
in the ZAS,, sample obtained by heat treatment at 720°C
(compared to the peak in a similar ZAS,, sample) may be
associated with partial precipitation of gahnite nanocrystals
in the ZAS,; sample in the course of this heat treatment
(see below). The ZASss sample remained X-ray amorphous
after heat treatment [16]. Thus, the influence of redox

conditions of the initial glass melting on the kinetics of its
crystallization was revealed.

Figure 3 shows the XRD patterns of the initial ZASy;
glass and glass-ceramics obtained by single- and two-stage
heat treatments.

Crystals of the main crystalline phase (gahnite) 3.5nm
in size with lattice parameter a = 8.079 A, which is some-
what lower than the reference value of this parameter
a=28.086A (ICDD PDF card #74-1136), form in glass
as a result of heat treatment at a temperature of 720°C.
Thus, heat treatment at this temperature leads to formation
of a glass-ceramic, which explains the above-discussed
features of the DSC curve. Gahnite crystallization in this
sample is accompanied by a shift of the maximum of
the amorphous halo from angle 20 = 25.4° in the XRD
pattern of the initial glass to angle 26 = 24.3°. No peaks
of gahnite nanocrystals and no shift of the maximum of
the amorphous halo are seen in the diffraction pattern
of the heat-treated sample melted under oxidizing and
weak reducing conditions [16,17]. This suggests that the
precipitation of the main crystalline phase is accelerated
in glass melted under strong reducing conditions. Lattice
parameter a of gahnite increases sharply to 8.100A after
heat treatment at the second stage at 750°C and varies in
a complex manner with a further increase in heat treatment
temperature (see Table 2).

Optics and Spectroscopy, 2025, Vol. 133, No. 4
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Figure 3. XRD patterns of the samples of initial glass (1) and glass-ceramics (2—7). Heat treatment schedules: 2 — 720°C, 6h; 3 —
720°C, 6h+750°C, 6 h; 4 — 720°C, 6h+1000°C, 6h; 5 — 720°C, 6h +1050°C, 6h; 6 — 720°C, 6h +1300°C, 6h; 7 — 720°C, 6h
+1350°C, 6h. Legend: o — gahnite crystals; v — rutile crystals; x — crystals of a-cristobalite.

Table 2. Lattice parameters of gahnite and rutile nanocrystals and the average size of these crystals in glass-ceramics ZASs; and ZASx;

Heat ZASy ZASw [16]

treatment- ZnAl,Oy4 TiO, ZnAl,O4 TiO,
schedule
°C/6h |a+0.0003,A | D,nm|a+0.0003,A |c£0.0003,A | D,nm|a+0.0003, A | D,nm [ a=0.0003, A | c£0.0003, A | D,nm

glass - - - - - - - - - -

720 8.079 35 - - - - - - - -
720 + 750 8.100 6 - - - 8.085 5 - - -
720 + 800 8.102 7 - - - 8.105 6 - - -
720 + 850 8.116 7 - - - 8.111 7 - - -
720 + 900 8.118 8 - - - 8.109 8 - - -
720 + 950 8.115 9 - - - 8.108 9 - - -
720+ 1000| 8111 11 4618 2945 8 8.105 11 - - 11
720 +1050|  8.108 14 4618 2949 19 8.105 16 4613 2959 14
720+ 1100|  8.108 17 4623 2947 21 8.108 23 4611 2961 24
720+ 1200|  8.108 31 4616 2947 30 8.110 40 4611 2957 38
720 +1300|  8.105 30 4620 2952 40 8.109 47 4612 2955 51
720 4+ 1350|  8.090 31 4613 2947 46 8.105 49 4613 2958 51

It increases to a maximum value of 8.118A (heat
treatment at 900°C), decreases to 8.108 A as a result of heat
treatment at 1050°C, remains virtually unchanged as the
temperature grows to 1200°C, and drops to 8.090A after
heat treatment at 1300°C (Fig. 4,a). The increase in lattice
parameter of gahnite is attributable to the fact that Ti**
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ions occupy octahedral sites in the lattice, substituting Al3*
ions [16,17]. This is verified by the absorption spectra of
these samples (see below). The lattice parameter of gahnite
crystals in the ZASas samples (Table 2) changes in a similar
fashion, suggesting that these crystals contain not only
Ti** ions, but also Ti** ions. A similar lattice parameter
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Figure 4. XRD data characterizing gahnite crystals in glass-ceramics ZASy; with temperature increasing at the second stage of heat
treatment: (a) lattice parameter a of gahnite; (b) intensity of the diffraction peak of gahnite with Miller index (hkl) (311); and (c) average

size of gahnite crystals. See text for heat treatment schedules.

reduction after heat treatment at temperatures above 900°C
has been detected in earlier studies and was associated
with the additional crystallization of gahnite during the
decomposition of amorphous zinc aluminotitanate regions.
One can assume that gahnite crystals precipitating from
amorphous regions are noticeably depleted in titanium ions
due to the crystallization of rutile [16]. The dependences of
the volume fraction of gahnite crystals and their average size
on the heat treatment temperature are presented in Fig. 4, b
and Fig. 4, ¢, respectively, and in Table 2.

Traces of rutile (a stable modification of titania) were
found in the sample heat-treated at a temperature of 1000°C
(Fig. 3). The amount of rutile and the average crystal size
increase as the heat treatment temperature increases from
1000°C to 1300°C; the average crystal size grows from
~ 8§nm to ~ 46nm in the process. The lattice parameters
and average crystal sizes of gahnite and rutile are listed in
Table 2.

Rutile has a chain structure. Straight chains are formed
by TiOg octahedra. Octahedra are edge-linked in the rutile
structure, and a chain is formed by the interlocking of
edge-linked octahedra at their vertices. These chains are
extended along axis C. Parameter C of the rutile cell is
thus related to the length of an octahedron edge in a chain,
and parameter a is the double thickness of an octahedron.
The values of rutile parameters may change as a result of
distortion of octahedra and changes in their sizes and as a
result of changes in the coupling of octahedra in a chain
due to isomorphic substitutions. For example, when Ti* is
substituted with Ti™3 in rutile octahedra, parameters a and c
are doubled, chains transform into zigzag ones, and even a
reduction in symmetry (ie. the formation of brookite) is
observed. The values of parameters a and c of the rutile
cell obtained in the present study do not depend on the
heat treatment temperature. However, their values deviate
from the reference ones and differ in glasses obtained

Optics and Spectroscopy, 2025, Vol. 133, No. 4
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Figure 5. Raman spectra of the samples of initial glass (/) and glass-ceramics (2—7). Heat treatment schedules: 2 — 720°C, 6h; 3 —
720°C, 6h +750°C, 6h; 4 — 720°, 6h +850°C, 6h; 5 — 720°C, 6h +900°C, 6h; 6 — 720°C, 6h +950°C, 6h; 7 — 720°C, 6h
+1000°C, 6 h. The excitation wavelength is indicated in the figure.. Legend: o — vibrations in gahnite crystals; @ — vibrations in anatase

crystals; v — vibrations in rutile crystals.

under different redox conditions. According to ICCD card
#82-0147 for rutile, parameter a = 4.593A, ¢ = 2.957A.
Notably, parameters C of rutile in the ZAS,s samples are
close to the reference ones, while the values of parameters a
are ~ 0.02A higher. In the ZAS,; samples, parameters a
are ~ 0.01 A lower, and parameters C are ~ 0.025 A higher
than the reference ones. The difference in parameter values
exceeds the error of their determination. Therefore, it is
worth saying that redox conditions of glass smelting affect
the structure of rutile.

The position of the amorphous halo continues to shift
with increasing heat treatment temperature, reaching a
diffraction angle 260 = 22.0° in the XRD pattern of the
sample obtained by heat treatment at 900°C at the second
stage. A further increase in heat treatment temperature has
no effect on the halo; it shifts to angle 20 = 21.8° only after
heat treatment at 1300°C. This position of the amorphous
halo indicates that the composition of high-silicate residual
glass is close to that of quartz glass [9]. The amorphous
halo vanishes during crystallization of a-cristobalite at a
temperature of 1350°C, when the phase composition of the
ZAS, material is represented by stable phases of gahnite,
rutile, and a-cristobalite.

Since the processes of liquid phase separation in titanium-
containing glasses cannot be probed by X-ray diffraction
analysis, Raman spectroscopy is an indispensable method
for their monitoring. This is especially true for ceramizing
glasses of the zinc aluminosilicate system [9,12,16,19-
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22], wherein the zinc aluminotitanate amorphous phase
crystallizes only at heat treatment temperatures upward of
1000°C. The lack of titanate crystalline phases and the
impossibility of monitoring of liquid phase separation in
the titanium-containing amorphous phase due to the lack
of Raman data forced researchers to assume that titanium
ions in such glass-ceramics are contained in noticeable
amounts in gahnite crystals, which form solid solutions
ZnA1204—Zn2TiO4 [7]

In the present study, the development of liquid phase sep-
aration was examined using Raman spectroscopy (Fig. 5).
The Raman spectrum of the initial glass contains broad
poorly resolved bands at ~ 290cm™!, ~ 450cm~!, and
~ 800cm™!, which correspond to vibrations of the alu-
minosilicate matrix, and an intense band with a maxi-
mum at ~ 916cm~! induced by [TiOy4] tetrahedra in this
aluminosilicate matrix [9,19]. A significant change in
the Raman spectrum of the initial glass as a result of
heat treatment at a temperature of 720°C is indicative of
liquid phase separation [9,19]. The spectrum features two
broad bands with maxima at ~ 438cm~! and 792cm~!,
and a high-frequency band in the region of 940cm™! is
also discernible. The data from [9,19] suggest that the
intense band with a maximum at ~ 792cm~! may be
associated with vibrations of groups of octahedrally and
pentacoordinated Ti** ions in the liquid phase separated
zinc aluminotitanate regions [9,19]. Note that the emergence
of gahnite crystals under heat treatment, which was detected
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Figure 6. Absorption spectra of the initial (/) and heat-treated (2—4) glass ZASy; samples: (a) within the spectral range from 270 nm
to 3200 nm; (b) within the spectral range from 320nm to 380 nm; and (c¢) within the spectral range from 2600 nm to 3200 nm. Heat
treatment schedules: 2 — 720°C, 6h; 3 — 720°C 6 h +750°C, 6h; 4 — 720°C, 6 h +1000°C, 6 h.

by XRD analysis, is not revealed by Raman spectroscopy,
since this method is less sensitive to the formation of
crystals with a spinel structure. Note also that the liquid
phase separation detected by Raman spectroscopy and the
onset of gahnite crystallization, which was detected by XRD
data, provide an explanation for the significant changes in
characteristic temperatures and the shape of the gahnite
crystallization peak in the DSC curve of this sample (Fig. 2).

The Raman spectra of samples heat-treated at the second
stage at temperatures within the 750—1000°C range are
indicative of further development of processes that were
initiated during single-stage heat treatment. This implies
that structuring proceeds in already formed liquid phase
separated regions and residual glass. Gahnite bands emerge
and grow, which is evidenced by the bands with maxima
at 417cm™!, 658cm™!, 721cm™!, and 782cm~!. It has
been demonstrated earlier that the formation of bands with

maxima at ~ 720cm~! and ~ 780cm™! may be attributed
to the entry of titanium ions, which occupy octahedral
sites, into gahnite crystals [22]. A broad weak band with
a maximum at ~ 155cm~! corresponding to the most
intense vibration in anatase crystals [23], which cannot be
revealed by XRD study due to the small amount of this
phase, emerges in the spectrum of the sample heat-treated
at 850°C. Note that this band was not observed in the
Raman spectra of the sample obtained under weak reducing
conditions [17]. The intensity of the anatase band does not
change with heat treatment temperature, but this band is
not detected in the spectrum of the sample obtained by
heat treatment at 1000°C. This spectrum features vibrations
of rutile crystals [9] at 146cm~!, ~ 238 cm™!, 441 cm~!,
and 605cm~!, which agrees with the XRD data. The
broad band with a maximum at 792cm~! gets weaker
gradually. It is almost indiscernible in the spectrum

Optics and Spectroscopy, 2025, Vol. 133, No. 4
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Figure 7. (a) Luminescence spectra of the initial ZAS,; glass (/) and glass-ceramics. Heat treatment schedules: 720°C, 6h (2), 720°C,
6h +1000°C, 6h (3). (b) Luminescence spectra (plotted on a reduced scale) of the initial ZAS,; glass (/) and the glass-ceramic produced
by heat treatment at 720°C, 6h (2). The excitation wavelength is indicated in Fig. 7,a.

of the sample obtained by heat treatment at 1000°C in
which the precipitation of rutile nanocrystals was detected.
The gradually intensifying broad bands with maxima at
~937cm~! and ~ 1108 cm™! correspond to [TiO4] groups
in high-silicate residual glass [19]. Thus, in accordance with
the XRD data and in addition to these data, the spectrum
of the sample obtained by heat treatment at 1000°C, was
found to contain vibrations induced by crystals of titanium-
containing gahnite, rutile, and [TiO4] groups in residual
glass. The sequence and nature of phase transformations
in the titanium-containing amorphous phase during the
crystallization of gahnite and in the residual glass phase are
close to those reported for glasses melted under oxidizing,
neutral, and weak reducing conditions [9,16,17]. We failed
to find any features associated with Ti** ions in the Raman
spectra. The authors of [24] made a similar conclusion:
they found only an intense band in the region of 935cm™!
caused by vibrations of Si—O—Ti bonds in the Raman
spectra of quartz glasses doped with Ti** and Ti** ions.
According to Figs. 6, a, b, the absorption edge in the spec-
trum of glass of the ZASy composition is at a wavelength
of 346 nm. The position of the absorption edge in titanium-
containing glasses is often associated with charge transfer
bands between titanium ions in various oxidation states
and oxygen ions. The charge transfer band between Ti**
and O~ ions is located in the ultraviolet spectral region
within the ~ 240—260nm wavelength range [25,26]. The
charge transfer band between Ti** and O?~ ions is usually
localized in the region of 300 nm, and its long-wavelength
edge extends to 400 nm [27]. Thus, the absorption edge of
glass ZAS,, is largely determined by the O—Ti** charge-
transfer band. An intense asymmetric absorption band
with a maximum at ~ 503 nm, which extends into the near
IR region of the spectrum and is induced by absorption
of Ti** ions in distorted octahedral (*T,g — Eg transition)
coordination [16,17,26-28] and in Ti**—Ti*" ion pairs, is

24 Optics and Spectroscopy, 2025, Vol. 133, No. 4

found in the spectrum of glass ZASy; [17,29-31]. A broad
unstructured absorption band of OH groups is located in the
2650—3300 nm region.

The absorption edge in the spectrum of the glass-
ceramic obtained by single-stage heat treatment at 720°C
is positioned at a wavelength of 351nm. The spectrum
is dominated by a broad and intense absorption band with
a maximum at 744nm and its long-wavelength absorption
edge extending to ~ 2000nm. Since the XRD data
revealed gahnite nanocrystals precipitation in this sample
and, according to the Raman spectroscopy data, titanium-
containing liquid phase separated regions did also form
in it, the observed spectral changes may be associated
with the entry of Ti* ions in octahedral coordination
(*Tag — Eq transition) and in the form of Ti**/Ti** pairs
into these phases [16,17]. The absorption band of OH
groups undergoes structuring, which is a spectral sign of
gahnite crystallization [16].

Following heat treatment at the second stage at a
temperature of 750°C, the absorption edge shifts further
toward longer wavelengths (to 360 nm; see Fig. 6,b). The
absorption band in the visible and near IR spectral region
broadens (Fig. 6,a), while the position of its maximum
apparently remains unchanged. The structuring of the
absorption band of OH groups continues (Fig. 6,c). These
spectral changes correlate with the ongoing formation of
titanium-containing gahnite nanocrystals (Figs. 3 and 5),
and the amorphous zinc aluminotitanate phase (Fig. 5).
The absorption of the sample obtained by two-stage heat
treatment with a temperature of 1000°C at the second
stage extends over the entire recorded spectral region (up
to 2200nm). Since the XRD and Raman data reveal
additional crystallization of rutile in these samples, this band
may be formed not only by the absorption of octahedrally
coordinated Ti** ions and Ti**/Ti** pairs [28] in gahnite
nanocrystals, but also by the absorption of Ti** ions in rutile
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nanocrystals. Indeed, according to [32] and the references
therein, the spectrum of dark blue rutile, the color of which
is due to impurity Ti** ions and Ti**/Ti** pairs, has an
absorption edge at ~ 412nm, weak bands in the visible
region, and intense absorption in the IR region of the
spectrum within the wavelength interval from ~ 800 nm to
~ 3300 nm with a maximum at 1400—1660 nm (with the
absorption of OH groups superimposed on it).

According to Fig. 6,a, a structured absorption band of
OH groups is seen on the wing of the absorption band
of the ZAS,; glass-ceramic sample that decreases smoothly
in the 2200—3200nm spectral region. The measured
luminescence spectra of the initial glass, glass heat-treated
at a temperature of 720°C (single-stage heat treatment), and
glass processed at 1000°C at the second stage (Fig. 7) differ
fundamentally from the ones recorded earlier for samples
of this composition obtained from glasses melted under
oxidizing, neutral, and weak reducing conditions [16,17].
The very weak broad luminescence band of the initial
glass has maxima at ~ 566 nm, ~ 612nm, ~ 709 nm, and
~ 790nm. The luminescence intensity of the glass-ceramic
obtained by heat treatment at 720°C does not change
relative to the luminescence intensity of the initial glass,
although the band gets slightly narrower due to a reduction
in its intensity in the 760—900 nm region. A broad intense
luminescence band in the region from 555nm to 900 nm
with narrow peaks on its profile at wavelengths of 676,
680, 687, 699, 709, and 724 nm was recorded in the ZASy,
glass-ceramic obtained by crystallization at a temperature of
1000°C at the second stage.

Discussion

The phase transformations in glass of the studied com-
position (ZASss) melted under oxidizing conditions have
already been examined using a set of structure-sensitive
methods in [9,19]. It was found that the high content
of titanium ions in the highest oxidation state in all
melted glasses makes the nature of crystalline phases in
them independent of the melting conditions, since the
concentration of the nucleating agent sets the sequence and
nature of the phase transitions in the process of ceramization
of these glasses. The results obtained in the present study
verify the validity of these patterns. A comparison of the
Raman spectra of the initial ZASas and ZAS,; glasses (not
shown here) reveals that the intensity of the band in the
region of 900 cm™~! is higher in the spectrum of ZAS,, and
its position is shifted slightly toward the region of higher
wave numbers relative to this band in the spectrum of glass
ZAS,;. This is indicative of acceleration of the processes
of liquid phase separation in glass melted under reducing
conditions. Nevertheless, it may be assumed that titanium
ions in the highest oxidation state are also dominant in the
ZASy, glass, establishing the traditional sequence of phase
transformations during heat treatment of the initial glass.

A comparison of the results of DSC, XRD, Raman, and
absorption and luminescence spectroscopy studies of phase
transformations, structure, and optical properties of glasses
melted under reducing and oxidizing conditions and glass-
ceramics based on them revealed that the sequences of
phase transformations in glasses melted under reducing and
oxidizing conditions are similar; however, reducing synthesis
conditions accelerate the crystallization of gahnite (Fig. 8,a)
and slow down the crystallization of rutile (Fig. 8,5) and a-
cristobalite (Fig. 8,c¢), which indicates that Ti** ions enter
the liquid phase separated zinc aluminotitanate and zinc
aluminate amorphous regions and residual high-silicate glass
at the initial stages of phase separation. It is demonstrated
in Fig. 8 that the precipitation of gahnite nanocrystals is
accompanied by structuring of the absorption band of OH
groups, which is indicative of their localization on the
surface of these crystals [16].

It has been reported earlier that chromium ions present
in glass in the form of uncontrolled batch impurities
demonstrate noticeable luminescence both in the initial
glasses melted under oxidizing, neutral, and weak reducing
conditions and in the corresponding glass-ceramics and are
incorporated into the structure of gahnite crystals [16,17].
The ZASa; materials obtained in the present study differ
significantly from those prepared earlier in that they contain
more titanium ions in the oxidation state of 34, which
is attributable to the strong reducing conditions of their
melting.  This difference is evident not only in the
absorption spectra of glass and glass-ceramics, but also in
their luminescence spectra, which differ fundamentally from
those presented in [16,17]. The luminescence spectrum
of the initial glass is close in shape to the luminescence
spectrum of titanium-containing calcium aluminosilicate
glass obtained in [33] that features a band with a maximum
at 673nm, which is induced by the 2E —2 T, transition
in octahedrally coordinated Ti** ions [33], and a band
with a maximum at 790 nm, which is associated with the
interaction of Ti*" ions with structural defects, Ti*t ions, or
impurity (e.g., iron) ions [33]. It is the first time that the
luminescence of Cr3* ions in the initial ZASa; glass and the
glass-ceramic obtained by heat treatment at 720°C has not
been detected. The narrowing of the luminescence peak of
titanium ions after heat treatment at a temperature of 720°C
and the emergence of intense broadband luminescence in a
glass-ceramic containing a large volume fraction of gahnite
nanocrystals are indicative of the luminescence of Ti**
ions [27-31,33-37] in these crystals. Such results have
never been reported before. Weak narrow peaks seen
against the background of a broad band correspond to weak
luminescence of chromium ions at octahedral Oy sites in
gahnite nanocrystals [16,17], which was dominant in ZASx
glass-ceramics melted under oxidizing conditions and got
suppressed in ZASy; glass-ceramics obtained under strong
reducing conditions. The mechanisms of this phenomenon
will be the subject of further study.
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Figure 8. XRD patterns (a—c) and absorption spectra (d) of glass-ceramics: 1 and I’ — ZASy;; 2 and 2° — ZASas. Heat treatment
schedules (a,d): 1,2 — 720°C, 6h; I’, 2’ — 720°C, 6h +750°C, 6h; (b) 720°C, 6h +1000°C, 6h; (c) 720°C, 6h+1300°C, 6h.
Legend: o — gahnite crystals; v — rutile crystals; x — a-cristobalite crystals.

Conclusions

The influence of strong reducing melting conditions on
phase transformations in titanium-containing ceramizing
glasses of the zinc aluminosilicate system was studied.
It was found that the strong reducing conditions of the
initial glass melting do not lead to a change in the
phase composition of the resulting glass-ceramics, which
is potentially beneficial for the production of glass-ceramics
containing ions of variable valence in lower oxidation states.

It was found out that the strong reducing conditions of
the initial glass melting affect the kinetics of phase transfor-
mations, lowering the temperature of gahnite crystallization
and raising the temperature of rutile and a-cristobalite
crystallization. This is attributable to the entry of Ti3* ions
into the liquid phase separated zinc aluminotitanate and zinc
aluminate amorphous regions and into residual high-silicate
glass at the initial stages of phase separation.

The increase in lattice parameter of gahnite crystals
precipitating during heat treatment of glass within the
temperature range of 720—1350°C indicates entering of
titanium ions Ti** and Ti** in their composition.

24" Optics and Spectroscopy, 2025, Vol. 133, No. 4

The absorption spectrum of the initial glass is indicative of
the presence of Ti** ions in the octahedral ligand field and
Ti3*/Ti** pairs. The absorption spectra of glass-ceramics
revealed an increase in absorption intensity, which is caused
by these color centers in the crystalline and amorphous
phases of these multiphase materials.

Intense broadband luminescence in the 550—900nm
spectral region, which is induced by Ti’* ions in the
crystalline phase of gahnite, has been observed for the first
time in glass-ceramics based on gahnite nanocrystals with a
spinel structure.
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