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ABSTRACT Transparent glass-ceramics of magnesium aluminosilicate system based on Fe?™:MgAl,O, spinel
nanocrystals nucleated by a mixture of TiO, and ZrO, and doped with 0.6 mol% FeO were developed. The
glass was melted at 1580 °C with stirring and heat-treated in the temperature range from 800 to 1300 °C. The
structure and spectroscopic properties of the glass and glass-ceramics were studied by DSC and XRD meth-
ods, Raman and absorption spectroscopy. ZrTiO, nanocrystals 6 nm in size precipitate during the nucleation
heat-treatment at 800 °C. Spinel nanocrystals 9—14 nm in size are formed during heat-treatments at 850—
1000 °C. Intense absorption at ~2 um is observed due to Fe?™ ions in tetrahedral positions in these crystals.
Iron-doped sapphirine crystallization in transparent glass-ceramics at 1000-1050 °C results in a decrease of
absorption in this spectral range. The glass-ceramics are important for the development of saturable absorbers
for the spectral range of 2-3 um.
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1. Introduction

Nanosecond lasers emitting in the short-wave infrared spectral range of 2—3 pum can be used for range finding, remote
sensing, medical applications, and meteorology. ZnS and ZnSe crystals doped with Fe> ions located in tetrahedral
(T,) sites are employed as saturable absorbers of such lasers [1]. Crystals of magnesium aluminate spinel with promising
thermo-mechanical properties are alternative matrices for the accommodation of Fe?T ions [2]. Glass-ceramics for optical
applications are more cost efficient than corresponding single crystals and optical ceramics. They are easy and flexible
in manufacturing and demonstrate high optical quality. Glass-ceramics, in contrast to glasses, have optical properties
similar to those of the single crystals [3]. Magnesium aluminate spinel nanocrystals doped with Fe>* ions were recently
obtained in transparent glass-ceramics nucleated by titania, TiOy [4]. The drawback of glass-ceramics is that in these
multiphase materials active ions are not only located in the desired crystal phase, but may also be distributed between and
at the interfaces of different crystalline and amorphous phases. In [4] we demonstrated that in spinel-based magnesium
aluminosilicate glass-ceramics, iron ions are distributed between the target spinel phase, the phase of the nucleating agent,
magnesium aluminotitanate crystalline phase, and the residual highly siliceous glass. For the development of spinel-based
glass-ceramics selectively doped with ferrous ions, Fe**, it is important to know how the nature of the nucleating agent
influences the structure, phase composition and absorption properties of transparent spinel based glass-ceramics. The role
of these agents was previously studied in the MgO-Al»O3-Si0, ternary system [5], in which nucleation and internal bulk
spinel crystallization is achieved using TiO5 [6] or a mixture of TiO2 and ZrO, [5,7].

The aim of the present study is the development of transparent glass-ceramics of magnesium aluminosilicate system
based on Fe?":MgAl,0, spinel nanocrystals nucleated by a mixture of TiO, and ZrO- and the study of their structure and
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spectral properties. In future, we are planning to compare the properties of these glass-ceramics with those nucleated by
titania. These glass-ceramics are important for the development of saturable absorbers for the spectral range of 2-3 pm.

2. Experimental
2.1. Sample preparation

Model magnesium aluminosilicate glass with the composition (mol%) 20 MgO, 20 Al2O3, 60 SiO5 [6] was prepared
with the addition of two nucleating agents, TiOy and ZrOs, [5,7] and FeO. The nominal glass composition was (mol%)
18.1 MgO, 18.1 Aly03, 54.2 SiO3, 4.5 TiOg, 4.5 ZrO,, and 0.6 FeO.

The raw materials were reagent grade. The batch for producing 400 g of glass was melted in a crucible made of quartz
ceramics at 1580 °C for 4 hours (h) with stirring. The glass was poured onto a cold metal plate and annealed at 660 °C.
The transparent yellow glass, Fig. 1, was subjected to one- and two-stage secondary heat-treatments. The first nucleation
stage was at 800 °C for 6 h and the temperature of the second stage ranged from 850 to 1300 °C with the same holding
time of 6 h. As a result, transparent glass-ceramics were prepared by heat-treatments with the temperature of the second
stage from 850 to 1050 °C, Their color changed with the heat-treatment temperature from the yellow to the brown, see
Fig. 1. The glass heat-treated at the second stage at 1100 °C becomes translucent. The glass-ceramics prepared at 1200
and 1300 °C are opaque.

glass 800/6 800/6+ 800/6+ 800/6+ 800/6+ 800/6+ 800/6+ 800/6+ 800/6+
850/6 900/6 950/6 1000/6 1050/6 1100/6 1200/6  1300/6
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FIG. 1. Photographs of the polished glass, glass produced by the heat-treatment at 800 °C and glass-
ceramics produced by two-stage heat-treatments with the first hold at 800 °C and the second hold from
850 to 1300 °C. Holding time at each stage is 6 h. The thickness of the polished samples is 1 mm.

2.2. Methods

XRD patterns of powdered samples were measured with a Shimadzu XRD-6000 diffractometer with nickel-filtered
Cu Ko radiation. The average crystal sizes were estimated from broadening of X-ray peaks according to Scherrer’s
equation [8]. The error in the average crystal size estimation is about 5%. The average size of ZrTiO4 nanocrystals was
estimated using the peak with Miller’s indices (111); the size of magnesium aluminate spinel was estimated using the peak
with indices (440). The average size of petalite-like phase was estimated using the peak with indices (211) and (210).
The size of sapphirine of the 2M modification was estimated using the peaks with indices (122) and (1 10 0). The size of
indialite crystals was estimated using the peak with Miller’s indices (211), the size of cristobalite crystals was estimated
using the peak with the indices (111). The unit cell parameter a was estimated from the position of the (440) plane of the
spinel crystal.

Bulk samples of about 15 mg in weight were used for differential scanning calorimetry (DSC) study with help of
a simultaneous thermal analyzer NETZSCH STA 449 F3 Jupiter with a dynamic flow atmosphere of Ar. The heating
rate was 10 °C/min. The samples were the initial glass and the glass heat-treated at 800 °C for 6 h. For assigning the
exothermic DSC peaks to certain crystalline phases, bulk samples of about 90 mg in weight were heated in the DSC
furnace with the same heating rate of 10 °C/min up to the temperature of an appearance of a certain exothermic peak,
cooled down to room temperature and subjected to powder XRD analysis.

Unpolarized Raman spectra were measured in backscattering geometry on an InVia (Renishaw, England) Micro-
Raman spectrometer equipped with the multichannel detector cooled up to —70 °C. The spectra were excited by Ar+ CW
laser line of 514 nm. Leica 50x (N.A. = 0.75) objective was used for illuminating the sample; the scattered light was
collected by the same objective. Edge filter was placed before the spectrograph entrance slit; a spatial resolution was of
2 cm™ !, Every spectrum was averaged over 30 acquisitions with duration of 20 s.

Room-temperature absorption spectra were recorded by using a double-beam spectrophotometer Shimadzu UV 3600
in the range from 250 to 3300 nm. The samples were polished plates with a thickness of 1 mm. Absorbance spectra were
normalized to the sample thickness.
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3. Results and discussion

Figure 2 shows the DSC curve of the quenched glass and the curve of the same glass heat-treated at 800 °C for
6 h (the nucleation stage). From the DSC curve of the initial glass, the glass transition temperature, Ty = 765 °C, is
determined. Several exothermic peaks associated with appearance of different crystalline phases are also observed. In the
low temperature region, two exothermic peaks are formed, the crystallization onset temperatures, 7,,,, of which are 7,1
=845 °C and T,,2 = 918 °C, and the crystallization maximum temperatures, Ty,ax, are Tnax1 = 877 °C and Tipaxo =
965 °C. High-temperature exothermic peaks have complex shapes, the temperatures of their crystallization maxima are as
follows: Tinax3 =1101 °C, Trnaxa = 1212 °C, and Tk 5 =1290 °C.

The glass transition temperature of the glass heat-treated at 800 °C for 6 h is higher than that of the initial glass,
T, =793 °C. On the DSC curve of this sample, there is no peak in the range of 900 °C, observed on the DSC curve of the
initial glass. In the region of high temperatures, the shapes and temperatures of maxima of exothermic peaks on the DSC
curves of the initial and heat-treated glasses are near similar.

We determined the origin of the peaks for both DSC curves. After the crystallization maximum temperatures were
found, the samples of the quenched glass and the glass preliminary heat-treated at 800 °C for 6 h, ~90 mg in weight, were
heated in the DSC instrument up to the temperatures of the appearance of exothermic peaks. According to the XRD data,
Fig. 3(a), the first exothermic peak in the DSC curve of the initial glass is associated with crystallization of zirconium
titanate, ZrTiO4, with orthorhombic structure. The sample heat-treated up to the temperature of the second exothermic
peak (969 °C) has the phase composition of zirconium titanate and magnesium aluminate spinel, MgAl;Oy4, with the
cubic structure, see Fig. 3(a).

An absence of the exothermic peak of ZrTiO4 at ~880 °C on the DSC curve of the sample preheated at 800 °C
for 6 h, see Fig. 2, suggests that almost all of ZrTiO4 that crystallized during the heating of the initial glass in the DSC
furnace, evolves during the preliminary heat-treatment of this glass at 800 °C for 6 h. This suggestion is confirmed by the
similarity of the XRD patterns of the quenched glass heated in the DSC furnace up to 878 °C and the glass heat-treated
in isothermal conditions at 800 °C for 6 h, see Fig. 4. The sample preheated at 800 °C for 6 h and heat-treated up to the
temperature of the peak at 965 °C had the same phase composition as the quenched glass heated up to 969 °C. It is a
mixture of zirconium titanate and magnesium aluminate spinel, see Fig. 3(b).

Taking into account the similarity of the high-temperature parts of the DSC curves of the both samples, we determined
phase compositions only of the materials preheated at 800 °C for 6 h and heated in the DSC furnace to the temperatures
of near 1300 °C, see Fig. 3(b). We believe the phase compositions of both materials heated up to these temperatures are
similar.
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FIG. 2. DSC curves of the quenched glasses and the glass heat-treated at 800 °C for 6 h. T}, stands for
the glass transition temperature, 7}, stands for the maximum crystallization temperature. The curves
are shifted for the convenience of observation

According to XRD data presented in Fig. 3(b), the broad exothermic peak in the temperature range from ~1100 to
~1200 °C is related to the transformation of magnesium aluminate spinel into sapphirine, the magnesium aluminosilicate
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with monoclinic structure, which is in accordance with our previous study [4]. The preheated sample heat-treated up
to the temperature of the T4 (1212 °C) has a rich phase composition of the ZrTiO4, sapphirine, and magnesium
aluminosilicate with a quartz-like structure. The minimum on the DSC curve at about 1255 °C is related to the beginning
of decomposition of the magnesium aluminosilicate with a quartz-like structure and appearance of traces of indialite,
a high-temperature modification of cordierite. The sample also contained the crystals of ZrTiO4 and sapphirine. The
material heated to 1290 °C has the phase composition of ZrTiOy, indialite, sapphirine, and traces of the magnesium
aluminosilicate with a quartz-like structure.

The heat-treatments in isothermal conditions were conducted based on the results of the DSC —XRD study. According
to the XRD patterns presented in Fig. 5, nanocrystals of zirconium titanate, ZrTiO,, are formed during the heat-treatment
at 800 °C for 6 h. Their average size is 6 nm, see Table 1. During heat-treatments at the second stage at temperature in
the range from 850 to 1000 °C, magnesium aluminate spinel with average size of 8.5 — 13.5 nm is additionally formed.
The variation of its unit cell parameter with heat-treatment is presented in Table 1. Traces of magnesium aluminosilicate
with petalite structure with the average size of 16 nm are detected on the XRD pattern of the sample obtained by the
heat-treatment at the second stage at 850 °C. In the temperature range from 1000 to 1100 °C, sapphirine crystals with the
average size from 17 to 25 nm are formed at the expense of spinel, the intensity of zirconium titanate peaks increases.
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F1G. 3. XRD patterns (a) of the initial glass heat-treated in the DSC furnace up to 878 and 969 °C; (b)
of the samples preheated at 800 °C for 6 h and heat-treated in the DSC furnace up to 955, 1076,1130,
1212, 1255, and 1290°C. The patterns are shifted for the convenience of observation
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TABLE 1. The average crystal sizes D and spinel unit cell parameter a in glass-ceramics

Heat-treatment schedule Spinel ZrTiO4 | Sapphirine | Indialite | Cristobalite
D,nm | a, £0.003, A | D, nm D, nm D, nm D, nm
800 °C/6 h - - 6.0 - - -
800 °C/6 h + 850 °C/6 h 8.5 8.068 6.0 - - -
800 °C/6 h + 900 °C/6 h 9.5 8.098 6.5 - -
800 °C/6 h + 950 °C/6 h 12.0 8.099 8.0
800 °C/6 h + 1000 °C/6h | 13.5 8.093 9.5 17.5 - -
800 °C/6 h + 1050 °C/6 h - - 14.5 24.0 - -
800 °C/6 h + 1100 °C/6 h - - 22,5 25.0 - -
800 °C/6 h + 1200 °C/6 h - - 30.5 29.0 31.5
800 °C/6 h + 1300 °C/6 h - - 26.0 25.0 34.5
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FIG. 4. (a) XRD patterns of the quenched glass heated in the DSC furnace up to 878 °C and the glass
heat-treated at 800 °C for 6 h; (b) the standard pattern of ZrTiO4

In the high temperature range of heat-treatments, at 1200 and 1300 °C, the residual glass crystallizes with the forma-
tion of crystals of stable phases of indialite, 2MgO-2Al503-55105, and cristobalite, SiO2, while preserving sapphirine and
zirconium titanate, see Fig. 5(a). Crystals of magnesium aluminosilicates with the quartz-like structure, which is observed
in the DSC run, are not observed in glass-ceramics prepared in isothermal conditions. It is probably related to the selected
heat-treatment schedules. We speculate that this phase will crystallize during heat-treatments in the temperature range
from 1100 to 1200 °C.

Figure 5(b) shows the details of the formation of crystalline phases in transparent glass-ceramics. The position of the
maximum of amorphous halo is located at 26 = 24.3° in the XRD pattern of the initial glass. With increasing the heat-
treatment temperature, it constantly shifts to 26 = 21.8°, the position of the maximum of amorphous halo in quartz glass,
see Fig. 5(b). The characteristics of the crystalline phases formed during the heat-treatments are presented in Table 1.

Figure 6 demonstrates the Raman spectra of the initial glass and transparent glass-ceramics. The spectrum of the
initial glass is typical for aluminosilicate glasses nucleated by a mixture of TiOy and ZrO5 [9] and contains three broad
Raman bands at ~ 450, 800 and ~ 920 cm™!. The band at ~ 920 cm™! is related to [TiO4] tetrahedra in the alumi-
nosilicate network, while the bands with lower frequencies are the characteristics of the vibrations of the aluminosilicate
network itself. After the heat-treatment of the initial glass at 800 °C for 6 h, intensity of the ~ 920 cm ™" band in its Raman
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FI1G. 5. (a,b) XRD patterns of the initial glass and glass-ceramics. (a) The heat-treatment temperature is
from 800 to 1300 °C; (b) The heat-treatment temperature is from 800 to 1000 °C. Labels 850-1300 °C
indicate the heat-treatment temperature at the second stage. Holding time at the second stage is 6 h. The
nucleation stage is at 800 °C for 6 h

spectrum diminishes while intensity of the ~800 cm ™! band goes up; the spectral features of ZrTiOy crystals [10-12] are
clearly seen in the spectra (the characteristic bands locate at ~ 154, 269, 334, 416 and 645 cm ™). The redistribution of
intensities of the bands located in the high-frequency region in favor of the band centered at ~ 790 cm ™" is the evidence of
the development of phase separation [12]. In Raman spectra of glass-ceramics, the heat-treatment temperature increasing
causes a further rise of the band at ~ 800 cm™! and bands related to the continuous precipitation of ZrTiO,4. The Raman
bands typical for spinel nanocrystals with a partly inverse structure appear at 414, 488, 657, 724, and 796 cm ™! [10, 11].
In the spectrum of glass-ceramics prepared by the two-stage heat-treatment with the second stage at 1000 and 1050 °C,
the Raman bands of sapphirine appear at 457, 564, and 684 cm™* [13]. Appearance of weak high-frequency bands at 940
and 1100 cm ™! in spectra of all glass-ceramics prepared by high-temperature heat-treatments is related to the vibrations
of [TiO4] groupings in the residual highly siliceous glass [14].

Absorption spectra of the initial and heat-treated glasses are formed by an absorption edge located in the UV region
of the spectrum, a broad intense unstructured band in the visible spectral range, a broad weak unstructured band with a
maximum at ~ 1000 nm, a strong band with a maximum at ~ 2000 nm, and an absorption band in the region from 2700
to 3300 nm, see Fig. 7(a). In the spectrum of the glass, the position of the absorption edge corresponds to A = 362 nm. A
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FIG. 6. Raman spectra of the initial glass and transparent glass-ceramics. Labels 850-1050 °C indicate
the heat-treatment temperature at the second stage. The first stage is at 800 °C. The holding time at each
stage is 6 © h. Aeye = 514 nm. Numbers denote the position of the Raman peaks in cm™*. The curves
are shifted for the convenience of observation

broad band with a maximum at ~ 1100 nm has absorption coefficient of ~ 5.2 cm™!. This absorption is mainly due to
the Ty —°E(°D) transition of ferrous ions, Fe?>*, in octahedral ligand field (LF). The spectrum of the sample obtained
by the heat-treatment at 800 °C for 6 h is similar to that of the initial glass, which means that crystallization of ZrTiO4
does not involve iron ions. The absorption spectrum changes with spinel crystallization in the temperature region from
850 to 1000 °C. The absorption in the visible spectral range is caused by the oxygen to metal charge transfer (OMCT)
0% —Fe?t, 0?7 —Fe?t, 0 —Ti*T, 02~ —Ti'", as well as intervalent charge transfer IVCT) Fe?*/Fe®** and Ti*T-Fe?"
bands. We cannot rule out a weak absorption of Fe*™ and Ti®" ions in octahedral ligand field. A broad band at 1500
2200 nm with a maximum at ~ 1.90 ym appears and grows with increasing the heat-treatment temperature while the band
with a maximum at ~ 1100 nm decreases in intensity. An appearance and growth of the band at 1500-2200 nm is due to
the entry of Fe?* ions into spinel nanocrystals in the tetrahedral positions (7};) (the SE—°T,(°D) transition).

With the increase of the heat-treatment temperature up to 1050 °C, in the spectrum of glass-ceramics a noticeable drop
in the intensity of the absorption band in the region of 2000 nm associated with Fe?™ ions in T} sites in spinel is observed.
This correlates with the decrease in the amount of spinel nanocrystals and appearance of sapphirine. In sapphirine, Mg®*
ions are in sixfold coordination while AI*>* ions are in four-and sixfold coordinated sites [15]. Sapphirine is known to
accommodate iron ions. There are the substitutions Mg®™ —Fe®" (predominantly) and AI** —Fe3" with Fe*" ions
assigned to tetrahedral positions [16]. Thus, upon sapphirine formation from spinel and residual highly siliceous glass,
iron ions are present as the V' Fe®T and V/Fe?" species [4]. It is reflected in the absorption spectrum of glass-ceramic
obtained by the heat-treatment at 1050 °C, see Fig. 7. The structuring of the spectrum of OH-groups is due to their
incorporation into spinel nanocrystals [17].

4. Conclusions

Model glass of the MgO — Al,O3 — SiOs ternary system intended for the development of transparent glass-ceramics
based on the Fe?T:MgAl,0y spinel nanocrystals was nucleated by a mixture of TiO5 and ZrO and doped with 0.6 mol%
FeO. The glass was melted at 1580 °C for 4 h with stirring and heat-treated in the temperature range from 800 to 1300 °C.

The structure, phase composition and spectroscopic properties of the initial glass and glass-ceramics were studied by
the differential scanning calorimetry and X-ray diffraction analysis, Raman and absorption spectroscopy.

ZrTiO4 nanocrystals 6 nm in size precipitate in the glass during its nucleation heat-treatment at 800 °C. Similar
crystal fraction of ZrTiO4 appears during heating of the initial glass to the temperature of ~880 °C. Spinel nanocrystals
appear during two different heat-treatment protocols, i.e., in the course of heating of the initial glass up to the temperature
of 970 °C and by the two-stage heat-treatments with temperature from 850 to 1000 °C at the second stage. Spinel
nanocrystals with average size ranging from 9 to 14 nm and with unit cell parameter a = 8.068 — 8.099 A are formed
in glass-ceramics during heat-treatments at temperatures from 850 to 1000 °C. A broad absorption band spanning from
~1.5t0 2.5 um is assigned to the "E—°T, (°D) transition of Fe*>" ions in T} sites in spinel nanocrystals.
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FI1G. 7. Absorption spectra of the glass and transparent glass-ceramics in different scales along the Y-
axis. Labels 850-1050 °C indicate the heat-treatment temperature at the second stage. The first stage
of the heat-treatment is always at 800 °C for 6 h

Iron-doped sapphirine nanocrystals with average sizes ranging from 18 to 25 nm appear in glass-ceramics during heat-
treatments from 1000 to 1100 °C. Appearance of iron-doped sapphirine nanocrystals results in a decrease of absorption
in the spectral range from ~ 1.5 to 2.5 ym. The obtained regularities are important for the development of saturable
absorbers for the spectral range of 2-3 pm.
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