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ABSTRACT This study explores optical tuning of nanostructured transparent lithium aluminosilicate glass-
ceramics nucleated by titania and doped with Fe** ions. The glass was melted at 1620 °C and heat-treated
between 660 °C and 800 °C, yielding nanocrystals of v-Al;O3 (2 — 23 nm) and $-quartz solid solutions (8 —
40 nm). Fe?" ions in octahedral coordination in the initial glass are responsible for absorption in the 1000 —
1400 nm range. Tetrahedrally coordinated Fe*" ions in 4-Al,O5 are responsible for absorption at 1550 —
2300 nm. Crystallization of 3-quartz solid solutions leads to decreasing the -Al,O3 fraction and corre-
sponding decrease of absorption at 1550 — 2300 nm. Differential scanning calorimetry, scanning electron
microscopy, X-ray diffraction, Raman and optical spectroscopy reveal the relationship between heat-treatment
regimes, crystalline phase development, and optical performance, highlighting the potential of Fe?"-doped LAS
glass-ceramics for advanced photonic applications. The glass-ceramics exhibit customizable optical proper-
ties, promising for saturable absorbers in passive Q-switching lasers.
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1. Introduction

Transparent nanophase lithium aluminosilicate (LAS) glass-ceramics based on nanocrystals of lithium aluminosili-
cates with the structure of S-quartz were invented by Stookey more than sixty years ago [1], and they still remains the
most commercially successful ones due to a combination of transparency, near zero thermal expansion coefficient, high
mechanical strength and durability [2-5]. The LAS system remains the subject of numerous studies [6-25]. On the one
hand, complex devices and new research methods are emerging, allowing one to reconsider previously formulated ap-
proaches to the development of these materials, their structure and the regularities of their formation [6—14]. On the other
hand, even small changes in the basic composition, as well as the nature and concentration of nucleating agents, and the
introduction of modifying, coloring, and luminescent ions make it possible to develop new transparent, heat-resistant and
durable materials that meet new needs [15-20,22,22-25]. Precise control of the phase composition of glass-ceramics of
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the LAS system allowed us to develop transparent glass-ceramics based on spinel and S-quartz solid solutions (ss) and
doped with Ni?* and Co?" ions intended for thermal shock resistant color filters and saturable absorbers of Er lasers [23].
The aim of the present study is the development of transparent spinel-based glass-ceramics with selective doping of ferrous
ions into tetrahedral positions in the crystals with spinel structure ensuring broadband absorption in the spectral range of
2 pm, which is promising for saturable absorbers in the near IR spectral range.

2. Experimental
2.1. Preparation of glass and glass-ceramics

The reagent grade lithium carbonate, alumina, silica, titania, and ferrous oxide were thoroughly mixed to prepare the
glass with the composition 12 LisO, 24 Al,O3, and 64 SiO, (mol%) [26] nucleated by 6 mol% TiO» and doped with 0.1 %
FeO added on top of the main components. The batch to produce 400 g of glass was placed into a crucible made of quartz
ceramics and melted in a laboratory electric furnace at a temperature of 1620 °C with stirring, cast onto a cold metal plate
and annealed at 640 °C for 0.5 h. The pieces of transparent pale-yellow glass were heat-treated by single and two-stage
schedules in the temperature range of 660 to 1200 °C for 6 h at each stage. The samples obtained by heat-treatments
up to 1000 °C were transparent and brown-colored. The complex character of the color variation with heat-treatment
temperature is in relation to precipitated crystalline phases and will be discussed elsewhere. The glass-ceramic obtained
by heat-treatments at 1100 °C was translucent, and that obtained at 1200 °C was opaque, see Fig. 1.
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FIG. 1. Images of glasses and glass-ceramics. Transparent samples are polished plates with thickness
of 1 mm.

2.2. Methods

Differential scanning calorimetry (DSC) of the initial as-quenched and heat-treated glasses with the weight
of ~ 15 mg was performed in a temperature range from 35 to 1300 °C in a flow of Ar using the simultaneous ther-
mal analyzer NETZSCH STA 449 F3 Jupiter at a heating rate of 10 °C/min.

Raman spectra were recorded using a confocal InVia Renishaw Raman microscope equipped with a x50 Leica
objective (N.A. = 0.75), a TE cooled CCD camera and an edge filter. The spectra were excited by an Ar' ion laser line at
488 nm. The spectral resolution was 2 cm ™. Every spectrum was averaged over 10 acquisitions with duration of 10 s.

The Tescan Vega 3 SBH scanning electron microscope was used to study the morphology of the materials. To obtain
the scanning electron microscopy images, the surfaces of the samples were cleaned using isopropyl alcohol and benzene,
then etched in a hydrofluoric acid for about 2 s and washed in distilled water. The particle size was estimated using ImagelJ
software [27].

The X-ray diffraction (XRD) experiments were performed on the Shimadzu XRD-6000 diffractometer operating with
Cu Ko radiation and a Ni filter (A = 1.5406 A). The average crystal sizes were calculated from broadening of X-ray peaks
according to Scherrer’s equation [28]. The average size of y-AlsOg crystals was estimated from the peak with indices hkl
(440); the size of tieilite crystals, AlsTiOj5, from the peak with indices hkl (020). The average size of crystals of [-quartz
ss was determined from the (220) peak, while the average size of crystals of 5-spodumene ss was calculated using the
(102) peak. The error in the estimation of the average crystal size is ~ 5 — 10 %. The lattice parameter a of y-AlsOg
nanocrystals was estimated from the position of the peak with Miller’s indices hkl (440), those of Al;TiOs from the peaks
with indices (002), (020), (110), (023) and (200). The lattice parameters of 3-quartz ss were estimated from the positions
of the peaks with indices (110) and (211), while those of S-spodumene ss were estimated using the peaks with Miller’s
indices (111) and (102). The error is +0.003 A.

Absorption spectra of polished flat-parallel plates with a thickness of ~ 1 mm were measured using a Shimadzu
UV-3600 spectrophotometer in the spectral range from 200 to 3300 nm.

Density was measured by the hydrostatic weighing in toluene at room temperature.

3. Results and discussion

The DSC traces of as-quenched and heat-treated glasses demonstrate a pronounced influence of preliminary heat-
treatments on the character of phase transformations and the nature of crystalline phases, see Fig. 2. The DSC curve
of the as-quenched glass is typical for glasses of the lithium aluminosilicate (LAS) system [29] nucleated by titanium
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oxide. It shows the onset of the glass transition (Ty) at 698 °C. At higher temperatures, the DSC curve exhibits a strong
exothermic peak with crystallization onset temperature T, = 852 °C and crystallization peak temperature, 7, = 873 °C,
which is explained by the crystallization of the lithium aluminosilicate with S-quartz structure [29]. Indeed, the XRD
pattern of the as-quenched glass heated in the furnace of the DSC instrument up to 885 °C, which is the temperature at
the end of the first exothermic peak, presents the lines of the S-quartz ss, the main crystalline phase characteristic of these
glass-ceramics, see Fig. 3(a). There are also traces of tieilite, aluminum titanate, the crystalline phase of the nucleating
agent [30]. Small peaks in the temperature range from ca. 950 to 1150 °C can be assigned to traces of minor phases and
will not be discussed here. The second rather prominent peak also of low intensity is seen at ~ 1177 °C, Fig. 2. This
peak is usually attributed to the appearance of S-spodumene ss [29], the high-temperature crystalline phase characteristic
of LAS glass-ceramics [1,2]. The preliminary heat-treatment at 660 °C for 6 h predictably leads to a decrease in the
crystallization peak temperature, 7}, by about 20 °C, see Fig. 2 and Table 1. The peak becomes broader and has a lower
intensity at the maximum as compared with the exothermic peak of the as-quenched glass. The XRD pattern of this glass
heated in the furnace of the thermal analyzer up to 900 °C, also demonstrates crystallization of 3-quartz ss (not shown
here). We observed the similar character of the gahnite crystallization peak behavior after preliminary heat-treatment in
glasses of the zinc aluminosilicate system nucleated by titania [31]. The DSC curve of glass heat-treated at 680 °C for
6 h has quite a different shape. Instead of one sharp peak in the temperature range from 800 to 900 °C, it presents two
peaks in the temperature range from ca. 800 to ca. 950 °C. The first peak with T), = 829 °C is caused by crystallization
of v-Al;O3 with cubic spinel structure, see Fig. 3(b), while the second peak is assigned to S-quartz ss, see Fig. 3(a).
An additional proof of the attribution of the first peak on the DSC curve of the sample preliminary heat-treated at 680 °C
to spinel crystallization is the DSC trace of the sample, in which spinel has already crystallized. Fig. 3(b) shows the
XRD pattern of the glass-ceramic obtained by the two-stage heat-treatment at 680 and 750 °C for 6 h at each stage, which
demonstrates a distinct spinel peak at 26 = 66.7°. The DSC thermograph of this sample is presented in Fig. 2. It shows
all the DSC peaks with the exception of the low-temperature exothermal peak assigned to spinel crystallization. Thus, we
unambiguously attribute the first prominent peak on the DSC curve of the sample preliminary heat-treated at 680 °C to
spinel crystallization and the second intense peak to crystallization of 5-quartz ss.
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F1G. 2. DSC thermographs for the as-quenched and heat-treated glasses. The heat-treatment schedules

are listed in figure. The curves are shifted for convenience of observation.

TABLE 1. Characteristic temperatures of the as-quenched and heat-treated glasses derived from DSC
traces presented in Fig. 2.

Heat-treatment schedule, °C/h | T, °C | Tpp1, °C | Tjpo, °C

— 69842 — 873=£1
660/6 70242 — 854+1
680/6 702+£2 | 829+1 | 905+1

680/6+750/6 71642 | 84841 | 895+1
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F1G. 3. XRD patterns of: (a) the as-quenched and heat-treated glasses heated in the furnace of the DSC
instrument; (b) heat-treated glasses heated in the furnace of the DSC instrument and glass-ceramics
obtained by the heat-treatment at 680 °C for 6 h and at 750 °C for 6 h added for comparison. The
heat-treatment schedules are listed in figure. The curves are shifted for convenience of observation.

Taking into account the results of the DSC study, two-stage heat-treatments were conducted with the first stage at
680 °C for 6 h and the second stage in the temperature range of 720 to 800 °C for 6 h.

The Raman spectrum of the initial annealed glass shows a broad band with a maximum at 482 cm™ ~, a band at
800 cm ™! and a broad band with maxima at ca. 917 cm ™! and ca. 1003 cm ™!, see Fig. 4. The wing of this band extends
to 1200 cm . The detailed arguments in favor of the attribution of the bands at 482 cm ™", at 800 cm ! and at 1003 cm ™!
to the aluminosilicate glass network and the band located at ca. 917 cm™! to titanium-oxygen tetrahedrons (TiO,) built
into this network can be found elsewhere [30]. Only minor changes are observed in the Raman spectrum of glass after its
heat-treatment at 660 °C for 6 h. The peak in the range of wavenumbers from 850 to 1200 cm™! becomes broader and
has a flatter top, see Fig. 4.
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FIG. 4. Raman spectra of the initial and heat-treated glasses. Aexc = 514 nm. The heat-treatment
schedules (°C/h) are shown above the curves. The sign “+” designates the preliminary heat-treatment
at 680 °C for 6 h. Numbers denote the position of the Raman peaks in cm~!. The curves are shifted for
the convenience of observation.

The maximum at 907 cm ™! becomes prominent in the Raman spectrum of the sample heat-treated at 680 °C for 6 h,
and no other changes can be found in this spectrum as compared with the spectrum of the initial glass. The two-stage
heat-treatment with the second stage at 720 °C results in significant modification of the Raman spectrum. The new band
with two well-resolved maxima appears in the spectral range from 820 to 890 cm ™! and is assigned to (TiO5) and (TiOg)
groups in aluminotitanate amorphous regions [30]. The high wavenumber wing of the broad band exhibits maximum at

ca. 1050 cm™!. The middle-range band becomes somewhat narrower, and its position slightly changes to 474 cm™".
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These changes develop in spectra of the samples heat-treated at 750 and 780 °C at the second stage. The distinct feature
of the Raman spectrum of the sample obtained by heat-treatment at 780 °C is a narrow band, which appears at 482 cm ™!,
It is assigned to B-quartz ss [30]. In the Raman spectrum of the sample heat-treated at 800 °C at the second stage, there
are bands with maxima at ca. 114, 482, and 1099 cm ™!, characteristic of solid solutions with [B-quartz structure [32,33].
A small peak at ca. 145 cm™! is at the position of the strongest peak of metastable titania modification of anatase [32].
Two distinct maxima at 250 and 312 cm™! are seen in a weak broad band located in the low wavenumber spectral
range. Together with a strong and broad band with a maximum at ca. 890 cm ™!, they manifest crystallization of tieilite,
Al TiOs [30].

The SEM images of all these samples demonstrate their inhomogeneous structure. This structure develops with an
increase in the heat-treatment temperature, see Fig. 5. Fig. 5(a) shows that the annealed glass has a bimodal structure with
smaller particle sizes of 5 — 10 nm and larger particle sizes of ca. 15 — 30 nm. The average particle size is 14 nm. The
morphology of the glass heat-treated at 680 °C for 6 h demonstrates a broader particle size distribution with a somewhat
smaller average particle size of 12 nm, see Fig. 5(b). The morphology of the sample obtained by a two-stage heat-
treatment with a temperature of 720 °C at the second stage is composed of large particles with sizes ranging from 15 nm
to ca. 60 nm and an average size of 31 nm, see Fig. 5(c). After heat-treatments at 750 °C, see Fig. 5(d), the particle sizes
are similar to those in materials obtained by heat-treatments at 720 °C. Agglomerated particles are clearly seen in SEM
images of samples obtained by heat-treatments at 780 °C, Fig. 5(e), and 800 °C, Fig. 5(f), at the second stage.

(b)

G)) (e) (®

FI1G. 5. SEM images of the samples under study: (a) the initial glass; (b) the glass after heat-treatment
at 680 °C for 6 h; (c — ) the glasses ceramized at 680 °C for 6 h and at: (c) 720 °C for 6 h; (d) 750 °C
for 6 h; (e) 780 °C for 6 h; (f) 800 °C for 6 h.

XRD patterns of glasses and glass-ceramics presented in Fig. 6(a,b) demonstrate that the initial glass and the glass
heat-treated at 680 °C are X-ray amorphous. The nanocrystals with spinel structure evolve starting from the two-stage
heat-treatment with a temperature at the second stage of 720 °C, while 3-quartz ss and Al;TiOg nanocrystals appear
additionally during heat-treatments at 780 and 800 °C. The spinel lattice parameter a changes from 7.915 to 7.979 A with
an increase in the heat-treatment temperature at the second stage from 720 °C to 800 °C, while the crystal size increases
more than ten times from ca. 2 to 23 nm, see Table 2. Note that according to ref. [34], the standard lattice parameter a
for v-AlyO3 is in the range of ¢ = 7.900 — 7.908 A. The lattice parameters and sizes of 3-quartz ss are also presented
in Table 2. The sizes increase from 29 to 39 nm with an increase of the heat-treatment temperature at the second stage
from 720 to 800 °C. Table 3 shows the lattice parameters a, b, and ¢, and average sizes of AlyTiO5 crystals. The unit cell
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of tieilite has three parameters. The XRD pattern of the glass-ceramic obtained by the heat-treatment at 780 °C for 6 h
clearly shows only the line of Al;TiO5 with Miller’s indices ikl (110). It is the evidence of a small fraction of AlsTiO5.
Therefore, it is not possible to determine the lattice parameters. The lattice parameters b and ¢ of AlsTiO5 crystals in the
sample obtained by the heat-treatment at 780 °C for 6 h are lower than those listed in the standard ICDD card # 26-0040.
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F1G. 6. XRD patterns of the initial and heat-treated glasses. Labels denote heat-treatment schedules
(°C/h). The curves are shifted for the convenience of observation.

TABLE 2. Lattice parameters and average sizes of y-Al2Og3, and S-quartz ss crystals

~v-Al; 03 B-quartz ss
a,A D, nm a,A c,A D, nm

Heat-treatment schedule

680°C,6h+720°C,6h | 7915 | <2 — —
680 °C,6h+750°C,6h | 7.905 5 — —
680°C,6h+780°C,6h | 7.949 8 5.220 | 5.439 29
680 °C,6h+800°C,6h | 7.979 23 5.199 | 5.433 39

TABLE 3. Lattice parameters a, b, and c, and average sizes of AlsTiOj crystals

Heat-treatment schedule a b c D, nm

680°C,6h+780°C,6h traces 20
680 °C,6h+800°C,6h | 3.593 | 9.384 | 9.617 26

Density variation with the heat-treatment schedule presented in Fig. 7 shows that the densities of samples prelimi-
narily heat-treated at 660 and 680 °C are only slightly higher than the density of the initial glass. The density increases
rapidly when glasses are heat-treated by two-stage schedules with crystallization of dense spinel (at 720 °C and at 750 °C
and then with spinel and 3-quartz ss at 780 °C and at 800 °C).

Figure 8(a,b) shows absorption spectra of glasses and glass-ceramics under study. The detailed designation of absorp-
tion bands due to titanium and iron ions in different oxidation states and absorption bands assigned to interaction of these
ions was performed in ref. [35] describing spectroscopy of Fe?™:MgAl,O, transparent ceramics and glass-ceramics. We
will use the interpretation of absorption spectra developed in ref. [35] to explain the absorption spectra of our glasses and
glass-ceramics.

The spectrum of the glass heat-treated at 680 °C for 6 h is similar to the spectrum of the initial glass, with the only
exception that the position of the absorption edge shifts by about 20 nm to longer wavelengths, from 335 to 354 nm.
We believe that the interaction of Fe> and Ti*™ ions is mainly responsible for the position of the absorption edge. The
nature of the so-called ilmenite brown coloration in glasses of the LAS system nucleated solely by TiOs was discussed
in [10] and assigned to an Fe>T—O-Ti*" charge transfer. The shift of the absorption edge after preliminary heat-treatment
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FIG. 8. (a) Absorption spectra of the initial and heat-treated glasses. (b) A closer look on spectra.
Labels denote heat-treatment schedules (°C/h).

implies that Fe3>T ions together with titanium ions participate in the development of liquid-liquid phase separation and
enter the aluminotitanate amorphous regions. The similarity of the absorption spectra of the initial glass and glass heat-
treated at 680 °C testifies that Fe>* ions in octahedral coordination, that are responsible for a broad absorption band with
a maximum at about 1100 nm, do not participate in the development of liquid-liquid phase separation that occurs during
heat-treatment at 680 °C. With an increase in the heat-treatment temperature at the second stage, there is a gradual shift of
the absorption edge to longer wavelengths. In this case, absorption in the visible spectral range has multiple reasons. It is
mainly caused by heterovalent charge transfer band between iron and titanium ions [10], as well as by homovalent charge
transfer bands between Fe?T/Fe** ions and Ti**/Ti3" ions [35]. The gradual shift of this absorption edge to the visible
and even near IR spectral range confirms that the iron and titanium ions participate in liquid-liquid phase separation and
crystallization of the glass during two-stage heat-treatments. Raising the heat-treatment temperature at the second stage
from 720 to 780 °C leads to a gradual increase in intensity of the absorption band with a maximum at ca. 1900 nm.
The position of the maximum shifts from 1824 nm (the glass ceramized at 720 °C) to 1930 nm (the glass ceramized at
780 °C). The increase in the intensity of this band corresponds to the growth of the crystallinity fraction of 4-AlsO3. The
heat-treatment at 800 °C at the second stage results in a decrease in the intensity of this absorption band, while the position
of the maximum remains unchanged. Thus, based on XRD data, we may conclude that with crystallization of S-quartz ss
the crystallinity fraction of y-Al,O3 begins to decrease, which results in the decrease in the intensity of absorption band
assigned to Fe*" ions in crystals of -Al;O3. The iron ions begin to enter the structure of 3-quartz ss.
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4. Conclusions

The model glass and transparent glass-ceramics of the lithium aluminosilicate system nucleated by TiO» and doped
with 0.1 % FeO were developed. The initial glass is structurally inhomogeneous yet X-ray amorphous. Fe*' ions are
octahedrally coordinated, which gives raise to the band with a maximum at about 1100 nm due to the °Ty — °E (°D)
transition.

According to DSC data, the secondary heat-treatment at 660 °C for 6 h influences the glass structure but does not
result in the development of three-phase immiscibility. The preliminary heat-treatment at 680 °C for 6 h significantly
modifies the glass structure, which is clearly revealed in the DSC scan. It is interesting that the DSC method appears to
be a powerful tool for studying the structural changes in liquid-liquid phase separated materials. It is more sensitive to
structure variation than SEM, Raman, and absorption spectroscopy data for phase separated glasses of the LAS system.

Crystallization of y-AlsO3 with spinel structure occurs from the phase separated amorphous regions. The average
crystal sizes change from ca. 2 to 23 nm, while the lattice parameter @ increases from 7.915 to 7.979 A. Ferrous ions
enter the structure of spinel crystals in tetrahedral position giving rise to a broad band absorption in the spectral range of
1930 nm due to the °E — 5T, (°D) transition.

The precise control of the heat-treatment schedule allows tailoring the absorption properties of the developed trans-
parent nanophase glass-ceramics.
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