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Abstract. Transparent glass-ceramics based on Fe?":Mg-petalite and/or Fe?*:MgAl.O4 nano-
crystals were obtained from the initial glass by single and two-stage heat-treatments at tem-
peratures from 800 to 1000 °C. ZrTiO4 and spinel crystallized during the DSC scan up to
1000 °C. Spinel nanocrystals 9-12 nm in size also appeared during single and two-stage heat-
treatments at temperatures of 850 - 1000 °C. Mg-petalite crystallites ~30 nm in size evolved in
the narrow temperature range from 850 to 900 °C during single-stage holding periods. A max-
imum fraction of Mg-petalite crystallized at 850 °C. Once formed, Mg-petalite is preserved upon
further heating and holding even at 1000 °C for 6 h. Mg-petalite and spinel transformed into
sapphirine and highly siliceous residual glass during heating at 1100 °C. Competing crystalli-
zation mechanisms are discussed. In materials with a weakly developed liquid-liquid phase-
separated structure, crystallization of Mg-petalite from the magnesium aluminosilicate glass
predominates, and spinel becomes an additional phase. Spinel crystallizes as the main phase
from glasses with the developed liquid-liquid phase-separated structure. Its crystallization is
accompanied by the formation of highly siliceous glass, from which Mg-petalite crystallization
is impossible. Intense absorption band with maximum at ~1.9 ym due to fourfold coordinated
Fe?* ions in spinel nanocrystals is used as a spectral indicator of spinel formation. Glass-ce-
ramics are relevant for the development of saturable absorbers intended for lasers operating
at 1.6-2.4 ym.

Keywords: Mg-Petalite, Spinel, Ferrous lons, Transparent Glass-Ceramics, Nucleating
Agents, Nanocrystals

1. Introduction

Petalite, a lithium aluminosilicate with the formula LiAISisO1o, is a rare mineral, which was found
and first described by d’Andrada in 1801 [1]. It is a commercially important ore for Li recovery.
Petalite crystallizes in a monoclinic crystallographic system and has the space group P2/a [2].
It can be considered either as a layered silicate with a structure built of folded [SisO1¢] layers
connected by AlO4 and LiO4 tetrahedra or as a three-dimensional framework of corner-shared
LiO4, AlO4 and SiO4 tetrahedra [3]. According to Cerny and London [4], the stability field of
petalite is limited by B-spodumene at high temperatures and by eucryptite at low temperatures
and pressure. Recently, glass-ceramics based on petalite and lithium silicates were developed
[5].
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In 1961, Schreyer and Schairer [6] described surface crystallization of a metastable phase
with a petalite structure that crystallized along with other phases from the magnesium alumi-
nosilicate glass with the composition (wt%) 20.5 MgO, 17.5 Al>Os, 62 SiO2 by the heat-treat-
ment at 900 °C for up to 5 days. Its X-ray pattern resembled that of the petalite, LiAlISi4O10, and
lithium disilicate, while its composition was located in the region of the excess content of MgO
over Al,Os in the triangle between MgO-2SiO,, MgO-Al;03-3SiO2 and MgO-Al,03-8SiO; [7]. It
is interesting to note that, according to ref. [7], in spite of the similarity with petalite, Mg-petalite
was never obtained from any composition having equimolar contents of MgO and Al.Os. The
main difficulty in characterization of the physical properties of Mg-petalite is that it always crys-
tallizes accompanied by other crystalline phases and often by a residual glass [7].

Addition of nucleating agents (ZrO;, TiO», their mixture, MoOs, and/or WO3) changes the
mechanism of crystallization of Mg-petalite and promotes its volume crystallization [8-18]. It is
worth mentioning that, in this case, compositions of initial glasses can lie not only in the com-
position range suggested by Schreyer and Schairer [7] but also along the line SiO, — spinel,
and even to the right of this line in the mullite crystallization field, in the region of the excess
content of Al,O3 over MgO.

For instance, with the addition of ZrO, as a nucleating agent, Mg-petalite crystallizes in
glasses that belong to the silica - cordierite join [8-10]. Holmquist [8] reported that crystalliza-
tion of Mg-petalite was enhanced in glasses with compositions MgO-Al.03-nSiO- as the silica
content increases. Indeed, the glass with the composition 90 wt% (MgO-Al203-4.3 SiO,) + 10
wt% ZrO, heat-treated at 845 °C for 70 h contained only Mg-petalite and ZrO, nanocrystals.
The B-quartz solid solution appeared in the material at 1000 °C during holding for 2 h, and the
transformation to B-quartz solid solution was irreversible. This finding was confirmed by Conrad
[9], who studied one of the glasses suggested by Holmquist [8], with the composition
MgO-Al,O3-3SiO2, and demonstrated that at low temperatures and long times of heat-treat-
ments Mg-petalite evolved after crystallization of tetragonal ZrO,. Alekseeva et al. [10] studied
phase transformations in the glass of the same base composition, also nucleated by ZrO,, and
observed the crystallization of Mg-petalite along with B-quartz solid solutions during the heat-
treatment at 850 °C for 48 h. Mg-petalite decomposed with the formation of B-quartz solid
solutions and spinel. The authors noted that spinel crystallized only in those glass-ceramics
that earlier contained Mg-petalite [10].

The mechanism of liquid-liquid phase separation in glasses nucleated by TiO5, resulting
in three-phase immiscibility and crystallization of Mg-petalite, was suggested by Varshal et al.
[11]. Glass compositions yielding Mg-petalite during heat-treatments at early stages of glass
transformations at 900 — 1000 °C were found in the region with a high content of MgO and low
content of SiO near the liquid-liquid phase separation field. This region is similar to the region
of glass compositions described by Schreyer and Schairer [7]. Varshal et al. [11] considered
Mg-petalite as a solid solution formed as a result of the substitution of 2Si** by 2AP* + Mg?* in
the layered silicate structure or due to the incorporation of (AlO4)Mgos groups between silicate
layers.

Pinkney and Beall [12] described the crystallization of Mg-petalite and a MgTi.Os solid
solution in the titania-containing glass with the composition (wt%) 15 MgO, 1.8 ZnO, 24.8
Al;O3, 46.9 SiO. nucleated by 11.5 TiO2 during its heat-treatment at 850 °C for 30 min. The
phase composition of glass-ceramics obtained at higher temperatures included also spinel and
a B-quartz solid solution.

Bortkevich et al. [13] described the crystallization of Mg-petalite with crystal sizes ranging
from 23 to 60 nm in glass-ceramics of the magnesium aluminosilicate system with excess
content of MgO over Al;Os3, nucleated by TiO, and obtained by heat-treatments in the temper-
ature range from 850 to 950 °C for 6 h. In these materials, the crystallization of Mg-petalite
was accompanied by magnesium aluminotitanates, spinel and enstatite. Mg-petalite did not
crystallize in glass-ceramics obtained by heat-treatments in the same temperature range from

46



Bukina et al. | Glass Europe 3 (2025)

glasses with the same silica content located in the mullite crystallization field [13]. Only traces
of Mg-petalite were found in glass-ceramics obtained from the glass located on the SiO; —
cordierite join and heat-treated at the second stage at 950 °C [13].

Mg-petalite also crystallizes in magnesium aluminosilicate glasses containing mixed nu-
cleating agents, TiO2 and ZrO.. Barry et al. [14] have studied the effect of the TiO2/ZrO- ratio
on phase transformations in glass with the cordierite composition. They demonstrated that
formation of Mg-petalite depends on the preceding phase separation and, therefore, on the
content and ratio of nucleating agents, being the greatest for the equimolar ratio of TiO, and
ZrO,. Mg-petalite was assigned a composition MgO-Al,O3-3SiO.. It was found to decompose
to nanocrystals of B-quartz solid solution, cordierite and cristobalite upon heat-treatment at
1050 °C.

Buch et al. [15] obtained transparent glass-ceramics nucleated by a mixture of 6 mol%
TiO2 and 3.2 mol% ZrO,, containing Mg-petalite as the major phase, with B-quartz solid solution
and ZrO; as minor phases, by two-stage heat-treatments of glass with the composition (mol%)
21.9 MgO, 19.7 Al,O3, 49.1 SiO,. Suggesting that the mechanism of liquid-liquid phase-sepa-
ration resulted in crystallization of these phases, the authors referred to the findings of Varshal
etal [11].

Early stages of phase transformations in a glass with composition close to cordierite nu-
cleated by ZrO, and TiO; were also investigated by Lembke at al. [16]. According to ref. [16],
large Mg-petalite crystals appeared during heat-treatment at 820 °C for 4 h, followed by crys-
tallization of high-quartz (i.e., B-quartz) solid solution and ZrO; as the heat-treatment time was
increased beyond 6 h. Lembke at al. [16] also determined the stoichiometry of Mg-petalite as
MgO-Al;03-3Si0.. This stoichiometry was previously predicted by Schreyer and Schairer as a
result of substitution of Mg + Al for Li + Si [7]. It is also in accordance with findings of ref. [14].

Carl et al. [17] studied phase transformations in a glass with an alumina excess over MgO
nucleated by ~5 mol% TiO2 and ~3 mol% ZrO: using single and two-stage heat-treatments.
Besides ZrTiO4, they detected Mg-petalite crystallization during single-stage heat-treatment at
850 °C. The maximum crystallization of Mg-petalite occurred during the heat-treatment at
875 °C, accompanied by B-quartz solid solution.

Recently, crystallization of Mg-petalite with sizes of about 100 um was observed in the
glass of the model composition 20 MgO, 20 Al>O3z, 60 SiO2 (wt%) containing 0.8 wt% WO3 and
melted under reducing conditions [18].

From the literature mentioned above, devoted to the crystallization of Mg-petalite in
glasses of the magnesium aluminosilicate system, one may conclude that the mechanisms
and kinetics of phase separation, as well as the phase assemblage of the resulting glass-
ceramics, depend on the composition of the initial glass, the nature and amount of the nucle-
ating agent and the heat-treatment schedule.

Recently, we have developed transparent spinel-based glass-ceramics doped with Fe?*
ions and nucleated by TiO, [19] and a mixture of TiO2 and ZrO; [20]. We proposed them as
possible saturable absorbers for nanosecond lasers working in the spectral range of 1.8-2.4
um. These eye-safe lasers find applications in medicine and meteorology, in range finding and
remote sensing, in gas analysis, etc. When we studied the formation of transparent glass-
ceramics based on Fe?":MgAl,O4 nanocrystals nucleated by a mixture of TiO2 and ZrO; using
two-stage heat-treatments, traces of Mg-petalite were found in the glass-ceramic prepared by
the heat-treatment at 800 °C for 6 h + 850 °C for 6 h [20]. The aim of the present research is
to study the conditions of Mg-petalite crystallization in the same initial glass and the properties
of the Mg-petalite-based glass-ceramics. The mechanisms resulting in crystallizations of Mg-
petalite and spinel are discussed.
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2. Experimental

2.1 Sample preparation

The model glass of the same composition as studied by Holmquist [8] and Conrad [9], i.e., 20
MgO, 20 Al;O3, 60 SiO2 (mol%), was nucleated by a mixture of 5 mol% TiO2 and 5 mol% ZrO
[20], and doped with 0.6 mol% FeO. The raw materials were reagent grade oxides. The glass
melting procedure was described elsewhere [20]. The image of the transparent yellow-colored
glass is shown in Fig. 1.

The glass was subjected to single and two-stage heat-treatments in a Nabertherm muffle
furnace in the temperature range from 800 to 1100 °C with a heating rate of 5 Kmin™ and
holding times from 0 to 24 h. After the heat-treatment, the samples were either cooled as the
furnace cooled, or quenched and allowed to cool to room temperature. Their color changed
with the heat-treatment temperature from yellow to deep brown. An increase of the holding
time at 850 °C from 6 to 24 h led to a deeper brown coloration. For the two-stage heat-treat-
ments, the first stage was either at 800 °C, or at 850 °C for 6 h. As a result, transparent glass-
ceramics were obtained by all heat-treatments (Fig. 1).

glass 800°C/6h |['825°C/6h | 850°C/6h | 875°C/6h | 900°C/6h | 950°C/6h |

=

—

|
|

——] .-

850°C/6h | 850°C/24h | 800°C/6h+ 800°C/6h+ 800°C/6h+ 850°C/6h | BS0°C/6h+ | 850°C/6h+
850°C/6h 900°C/6h 950°C/6h 900°C/6h | 850°C/feh

Figure 1. Photographs of the polished samples with thickness of ~1 mm. The heat-treatment sched-
ules (°C/h) are written above corresponding images.

2.2. Methods

Powder XRD patterns were obtained using a diffractometer Shimadzu XRD-6000 with Ni fil-
tered Cu Ka radiation (A = 1.5406 A). The mean crystallite sizes were calculated according to
Scherrer’s equation (1) [21]

KA
Dyrp = Acos0 (1)

where K is the constant assumed to be 1 [21], A is the wavelength of the X-ray radiation,
A is the width of the peak at half of its maximum, and 6 is the diffraction angle. The error in
determining the mean crystallite size depends on their size and equals 5-10%. The mean size
of ZrTiO4 nanocrystals was estimated from the peak with Miller’s indices (hkl) = (111), while
the mean size of spinel was estimated from the peak with indices (440). The indexing of XRD
patterns of Mg-petalite nanocrystals was made according to the data given in the ICDD
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card #75-1716 for Li-petalite, space group P2/a. The mean size of Mg-petalite nanocrystals
was estimated from the peak with indices (hkl) = (002).

The spinel unit cell parameter a was estimated from the position of the (440) peak with an
error of £0.003 A. The unit cell parameters a, b, and c¢ of Mg-petalite were estimated from the
positions of the (002), (400) and (020) peaks, respectively, with an error of £0.02 A. The B8
angle was determined from the (211), (211), (112), and (112) peaks with an error of £0.1°. The
unit cell parameters a, b, and ¢ of sapphirine (space group P2+/a) were estimated from the
positions of the (200), (002) and (040) peaks, respectively. The 8 angle was determined from
the (114) and (114) peaks with an error of +0.1°. The unit cell volumes of Mg-petalite and
sapphirine were determined by the equation V = a-b-c-sing.

A NETZSCH STA 449 F3 Jupiter simultaneous thermal analyzer with a dynamic Ar flow
atmosphere was used for the study by differential scanning calorimetry (DSC). Bulk samples
of the initial and heat-treated glass with a weight of about 15 mg were used. The heating rates
were 5 and 10 K min™.

Raman spectra were acquired in backscattering geometry on an InVia (Renishaw, Eng-
land) Micro-Raman spectrometer with a multichannel detector cooled up to -70 °C. The sam-
ples were polished plates with a thickness of ~1 mm. The spectra were excited by Ar* CW
laser line at 488 nm. A laser power of 0.5 mW was used, which allowed obtaining high-quality
spectra without causing local structural changes in the sample. Leica 50x (N.A. = 0.75) objec-
tive was used to illuminate the sample and collect scattered light. An edge filter was used.
Each spectrum, ranging from 60 to 1400 cm™', was averaged over 30 acquisitions with duration
of 10 s. The spatial resolution was of 2 cm™.

Optical absorption spectra were recorded on a Shimadzu UV-3600 spectrophotometer in
the spectral range from 200 to 3300 nm. The samples were the same polished plates with a
thickness of ~1 mm that were used for Raman spectra recording. The absorption coefficient a
was estimated taking into account light losses.

The morphology of the samples was studied by Tescan Vega 3 SBH scanning electron
microscope (SEM). Before the study, the surface of the aforementioned polished samples was
etched in a hydrofluoric acid for ~2 s and washed in distilled water in an ultrasonic bath.

Densities of the initial and heat-treated glasses were determined by the toluene displace-
ment method. The experimental error was within £0.0005 g.cm™.

Linseis model L 75 VS 1000 dilatometer was used to measure the coefficients of thermal
expansion of the initial and heat-treated glasses from room temperature to 330 °C at a heating
rate of 5 °C-min™'. The samples were rods with a length from 40 to 50 mm and a square section
of ~4x4 mm. The error in estimating the coefficients of thermal expansion was +2%.

3. Results

3.1. Differential Scanning Calorimetry, DSC

The heat flow DSC signal of the initial glass as a function of temperature (heating rate
10 Kmin™) is shown in Fig. 2. The glass transition temperature, Ty, is 765 °C. Three exother-
mic peaks are observed on the DSC curve in the selected temperature range. Their crystalli-
zation onset temperatures, Ton, not shown in the figure, are Tont = 843 °C, Tonz = 925 °C, and
Tonz = 1055 °C. Their maximum crystallization temperatures, Tmax, are Tmaxt=870 °C, Tmaxe=
959 °C and Tmax3=1086 °C. The exothermic peak at 959 °C is more intensive and sharper than
the other peaks.
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Figure 2. DSC curves of the quenched glass. The heating rates are 5 and 10 K-min'. T4 stands for
the glass transition temperature, Tmax Stands for the maximum crystallization temperature.

In ref. [20], we have found that crystallization of zirconium titanate, ZrTiO4, with an ortho-
rhombic structure, is responsible for the appearance of the first peak on the heat flow curve,
while the second peak is caused by crystallization of spinel with a cubic structure, and the third
peak is associated with appearance of sapphirine.

3.2 X-ray diffraction, XRD

Fig. 3a shows XRD patterns of the initial glass and glass subjected to single-stage heat-treat-
ments at temperatures from 800 to 950 °C for 6 h. The initial glass is X-ray amorphous. Nano-
crystals of the nucleating agent, ZrTiO4, ~6 nm in size, appear in glass heat-treated at 800 and
825 °C (Table 1). The position of the amorphous halo does not change and remains at
20 =~ 24.3 °, the same value as in the XRD pattern of the initial glass. XRD patterns of all glass-
ceramics prepared in the temperature range from 850 to 950 °C contain peaks of ZrTiO4 crys-
tallites, with mean sizes increasing from ~6.0 to ~7.2 nm, and spinel with sizes ranging from
9.5 to 11.8 nm (Fig. 3a and Table 1). The spinel unit cell parameter a increased from 8.068 A
to 8.091 A with increasing the heat-treatment temperature from 850 to 950 °C (Table 1).

Mg-petalite crystallizes during isothermal holdings in the temperature range from 850 to
900 °C, while the XRD pattern of the sample obtained by the heat-treatment at 950 °C does
not show peaks assigned to Mg-petalite. The maximum intensity of Mg-petalite peaks is ob-
served in the XRD pattern of the sample obtained by the heat-treatment at 850 °C for 6 h (Fig.
3a). The size of Mg-petalite crystallites is ~29 nm (Table 1). The unit cell parameters of Mg-
petalite are listed in Table 2. As a result of this heat-treatment, the amorphous halo disappears,
which indicates a high degree of volume crystallization of the magnesium aluminosilicate glass
matrix.
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Figure 3. XRD patterns of the initial glass and glass-ceramics obtained by single-stage (a) and two-

stage (b) heat-treatments. The values 800-950 °C indicate the temperature of heat-treatment, the du-

ration of which is 6 h at each stage. The dashed lines show the position of the maximum of the amor-
phous halo.

With increasing the heat-treatment temperature from 850 to 900 °C, the intensity of the
Mg-petalite peaks decreases, while the mean size of crystallites remains nearly unchanged
(Table 1). The spinel crystallinity fraction increases accompanied by the amorphous halo of
the residual glass with the maximum at 26 = 21.2 ° (Fig. 3a). The spinel crystallite sizes remain
near constant and equal to 9.5 - 9.8 nm (Table 1).
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In the XRD pattern of the sample heat-treated at 950 °C, only spinel nanocrystals with a
mean size of 11.8 nm and ZrTiO4 nanocrystals with a mean size of 7.2 nm are found (Table
1). The maximum of the amorphous halo of the residual glass is at 20 = 21.2 °, which is similar
to the maximum of the amorphous halo in silica glass. The similar position of the amorphous
halo was always obtained in the XRD patterns of glass-ceramics of magnesium and zinc alu-
minosilicate systems based on nanocrystals with spinel structure [19], [20], [22], [23].

The phase assemblage of glass-ceramics obtained by two-stage heat-treatments with the
first hold at 800 °C for 6 h is strikingly different. In these glass-ceramics, spinel is the main
crystalline phase [20] (Fig. 3b and Tables 1 and 3). A small amount of Mg-petalite is found only
in the glass-ceramic obtained by the second stage heat-treatment at 850 °C for 6 h [20]. The
gradual shift of the position of the maximum of the amorphous halo of the residual glass to the
value of 20=21.2 ° is clearly seen.

Table 1. Mean size, D, of ZrTiO4, Mg-petalite and spinel nanocrystals and spinel unit cell parameter a
in glass-ceramics prepared by single and two-stage heat-treatments in the temperature range from
800 to 1000 °C.

Heat-treatment ZrTiO, Mg-petalite Spinel Refer-
schedule D, nm D, nm D, nm a, A ence
800 °C,6 h 6.0 - - - [20]
825°C,6 h 6.0 - - - -
850 °C,0h 4.5 - - - -
850 °C,6 h 6.2 29.0 9.5 - -
875°C,6h 6.9 28.5 9.5 - -
900 °C,0h 5.8 - - - -
900 °C,6 h 7.0 29.3 9.8 8.078 | -
950 °C,0h 6.5 - 10.0 8.084 |-
950 °C,6 h 7.2 - 11.8 8.091 -
800 °C,6 h+850°C,6h |6.0 16.0 8.5 8.068 | [20]
800 °C,6h+900°C,6h |[6.5 - 9.5 8.098 | [20]
800 °C,6h+950°C,6h | 8.0 - 12.0 8.099 | [20]
850 °C,6h+900°C,6h |6.5 28.7 6.4 8.073 |-
850 °C,6h+950°C,6h |7.5 29.2 9.5 8.084 |-
850 °C, 6 h+1000 °C, 6 h | 11.5 29.5 14.0 8.091 -

The crystallization of Mg-petalite during single-stage heat-treatments seems to contradict
the results of the DSC study, as the DSC curve of the quenched glass does not show any
exothermic peak that can be assigned to Mg-petalite. In the attempt to reveal its crystallization
by the DSC method, we performed the DSC scan at the heating rate of 5 K-min™' (Fig. 2). As
expected, this resulted in decreasing the characteristic glass transition and crystallization tem-
peratures of the already observed peaks, but no additional peaks that could be associated with
Mg-petalite crystallization was detected.

To resolve this contradiction and follow the Mg-petalite crystallization at 850 °C, we made
single-stage heat-treatments at 850 °C with durations from 0 to 24 h (Fig. 4, where an asterisk
denotes XRD patterns of samples quenched from the hot furnace; Table 3). At 850 °C, only
ZrTiO4 crystallizes in the glass when it is quenched from the hot furnace. This is consistent
with the DSC results presented in Fig. 2, where the first exothermic peak (Ton1 = 843 °C) is
attributed to crystallization of ZrTiO4 [20].

52



Bukina et al. | Glass Europe 3 (2025)

Table 2. The parameters a, b, ¢, B angle, and volume of Mg-petalite and sapphirine unit cells and their
mean crystallite sizes in glass-ceramics.

Heat-treatment |a,A |[b,A |[c,A [B,° |V,A®> |D,nm | Crystalline
schedule, °C/h phase
850/3 11.57 | 5.11 7.75 | 11241 423.7 |21.0 Mg-petalite
850/6 1150|1518 | 7.67 |112.1]|423.3 |29.0 Mg-petalite
850/24 11.62 | 512 | 7.71 112.7 | 423.2 | 23.3 Mg-petalite
875/6 1160|510 |7.69 |1125|420.3 | 28.5 Mg-petalite
850/6+900/6 11.65 | 5.11 770 | 112.7 14229 | 26.5 Mg-petalite
850/6+950/6 1166 | 5.08 | 7.62 |112.7|416.4 | 26.2 Mg-petalite
850/6+1000/6 11.7315.06 |7.60 |113.2|414.6 | 29.5 Mg-petalite
850/6+1100/6 11.69 | 13.94 | 10.40 | 128.3 | 1330.0 | 28.0 sapphirine

(3
lﬁ’ X -ZrTiO, o - spinel ¢ - Mg-petalite
M |
c
-
S 24 h
s
Py
k)
S 6 h
<
a
o
X 6 h*
3 h*
'hi’r
————
10 20 30 40 50 60 70 80

20 (degrees)

Figure 4. XRD patterns of samples heat-treated at 850 °C for 0 to 24 h. Asterisk denotes XRD pat-
terns of samples quenched from the hot furnace.

Mg-petalite crystallites, ~21 nm in size, evolve during holding at 850 °C for 3 h. The max-
imum Mg-petalite crystallinity fraction is reached after 6 h, with crystal size reaching 29 nm, as
it was mentioned above. Note that spinel nanocrystals are also seen in this XRD pattern. In-
creasing the holding time to 24 h does not change the phase assemblage of glass-ceramic,
which remains composed of Mg-petalite, ZrTiO4, and spinel with mean crystallite sizes of 23.3,
6.2 and 9.0 nm, respectively (Table 3).

A closer examination of the peaks of Mg-petalite with Miller’s indices (210) and (201),
located in the angular range 26 from 23 to 25 °, reveals that after a 24 h heat-treatment the
peaks with indices (210) and (201) get closer; a shift is observed where the peak (210) moves
towards larger angles and the peak (201) shifts towards smaller angles (not shown here). This
change in the peaks positions is caused by variations in the unit cell parameters (Table 2). The
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prolonged heat-treatment results in increasing the a and ¢ parameters and 8 angle and de-
creasing the b parameter. It should be mentioned that the peaks of Mg-petalite located in the
20 range from 23 to 25 ° have somewhat different intensities.

Table 3. Mean sizes, D, of crystallites in glass-ceramics prepared by the single-stage heat-treatment
in the temperature range from 800 to 950 °C for 6 h

Heat-treatment schedule D, nm

ZrTiO, Mg-petalite Spinel
850 °C, 3 h 6.0 21.0 -
850 °C,6 h 6.2 29.0 9.5
850 °C, 24 h 6.2 23.3 9.0

We have not only studied the conditions for the formation of Mg-petalite nanocrystals, but
also their structural transformations with increasing the heat-treatment temperature. For this
purpose, the glass that underwent heat-treatment at 850 °C for 6 h and contained Mg-petalite
nanocrystals was subjected to additional heat-treatments ranging from 900 to 1100 °C. The
XRD patterns of these samples are shown in Fig. 5a,b. Increasing the heat-treatment temper-
ature up to 1000 °C resulted in a sluggish decomposition of Mg-petalite and an increase in the
spinel fraction. Heat-treatment at 1100 °C led to the transformation of Mg-petalite and spinel
into sapphirine and residual highly siliceous glass.

Note that the same phase assemblage is characteristic of the glass-ceramic obtained by
the two-stage heat-treatment with the first hold at 800 °C for 6 h and the second hold at the
same crystallization temperature of 1100 °C (Fig. 5a).
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Figure 5. (a) XRD patterns of glass-ceramic obtained by heat-treatment at 850 °C for 6 h and
additionally heat-treated at temperatures ranging from 900 to 1100 °C, and the XRD pattern of the
sample heat-treated at 800 °C for 6 h + 1100 °C for 6 h. The patters are shifted for better observation.
(b) A closer look on the main XRD peaks of Mg-petalite.

Fig. 6 presents the DSC curves of the quenched glass and materials obtained by heat-
treatments at 800 and at 850 °C for 6 h. As previously mentioned, the initial glass is X-ray
amorphous, the glass heat-treated at 800 °C for 6 h contains nanocrystals of ZrTiO4, and the
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Figure 6. DSC curves of the quenched glass and the glass heat-treated at 800 and 850 °C for 6 h.
The heating rate is 10 K-min-1. T4 stands for the glass transition temperature. The curves are shifted
for better observation.
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glass heat-treated at 850 °C for 6 h contains nanocrystals of ZrTiO., Mg-petalite and spinel
(Fig. 3a). There is no exothermic peak assigned to ZrTiO4 with Tmaxt = 870 °C on the DSC
curve of the sample heat-treated at the nucleation stage, as nearly all ZrTiO4 had already crys-
tallized during this heat-treatment [20]. The DSC curve of the sample heat-treated at 850 °C
for 6 h is steep, suggesting that all ZrTiO4 and spinel nanocrystals that crystallized during the
heating of the initial glass in the DSC furnace were already formed by the heat-treatment at
850 °C for 6 h. The DSC curves of all materials have exothermic peak at ~1080 °C regardless
of their phase composition (Fig. 6), which is assigned to sapphirine crystallization.

3.3 Raman spectroscopy

The Raman spectrum of the initial glass presented in Fig. 7 is rather similar to the spectrum of
a glass of the same composition doped with NiO [24]. The difference is that the peak positions
in the spectrum of the glass under study are slightly shifted towards higher wavenumbers. The
spectrum shows broad high-wavenumber bands with maxima at ~805 and ~930 cm™, a tail
with inflection at ~1100 cm™, and a broad middle-range band with a maximum at ~470 cm™.
The band at ~930 cm™' has the highest intensity. The assignment of the observed bands in the
Raman spectrum of the similar glass was given elsewhere [24]. For our study, it is noteworthy
that the high-wavenumber band is centered at ~930 cm™', which is different from its position at
~920 cm™in the Raman spectrum of the same glass doped solely by TiO, [19]. This difference
can be an indirect evidence of the localization of zirconium ions near titanium ions in the initial
glass, similar to the observation made by Dugué et al. [24].

s X - ZITiO,

v V- ZrO, tetragon
X / + - Mg-petalite
v 0 - spinel

950°C

Raman intensity (arb. units)

~1100
600 800 1000 1200 1400
Raman shift (cm™)

T T T T T T

200 400

Figure 7. Raman spectra of the initial glass and transparent glass-ceramics obtained by single-stage
heat-treatments, between 800-950 °C for a duration of 6 h, using the excitation wavelength at 488 nm.
Numbers denote positions of the Raman peaks in cm™'. The curves are shifted for better observation.

The Raman spectra change after heat-treatment at the nucleation stage (800 °C for 6 h).
The intensity of the band at 930 cm™' decreases while a new band appears at ~790 cm™. The
band at ~805 cm™ is hardly discernible. The main middle-range band is concealed within the
broad band with a maximum at ~424 cm™' (Fig. 7). A weak broad band, with barely pronounced
maxima at ~940, ~1055 and ~1145 cm™, is found in the high-wavenumber region. Bands at
~155, ~275, ~340, ~414, ~533, and ~645 cm™ are also present. All these bands, including the
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one at ~790 cm™, can be assigned to ZrTiO4 nanocrystals according to refs [25], [26], where
Raman bands of tetragonal ZrTiO4 have peaks at 154-158, ~269, ~331, ~415, ~539, ~590,
~646 and ~795 cm, with the strongest at ~415, ~646 and ~795 cm'. Similar spectral features
are seen in the spectrum of the sample prepared at 825 °C for 6 h. Note that both materials
contain ZrTiO4 nanocrystals, as confirmed by XRD data (Fig. 3a). Dugué et al. suggested that
similar changes in the Raman spectrum not only indicate crystallization of ZrTiO4, but also
suggest the formation of an amorphous aluminotitanate phase, which, quite possibly, includes
zirconium and magnesium ions [24].

After heat-treatments at 850 and 875°C for 6 h, there are changes in the middle- and high-
wavenumber ranges of the spectrum. Raman bands characteristic of spinel nanocrystals with
a partly inverse structure appear at ~414 and ~730 cm™' [19]. Additionally, the main middle-
range band becomes narrower with a pronounced maximum shifted to lower wavenumbers,
while new bands appear at ~385, ~490, ~1070, and ~1155 cm™". We found these bands only
in the Raman spectra of glass-ceramics containing Mg-petalite. They do not appear in the
spectrum of glass-ceramic obtained by heat-treatment at 950 °C (Fig. 7), and, therefore, can
be assigned to Mg-petalite nanocrystals. As we did not find Raman spectrum of Mg-petalite in
literature, we had to compare our findings with the Raman spectrum of petalite. Unoriented
Raman spectrum of petalite, LiAISisO+o [27], is presented in Fig. 8 together with the spectra of
glass-ceramics obtained by heat-treatments at 850 °C for 6 and 24 h.

X-ZrTio,
0 - spinel
+ - Mg-petalite

Raman intensity (arb. units)

Petalite

80 357 1060 1138
200 400 600 800 1000 1200
Raman shift (cm™)

Figure 8. Raman spectra of transparent glass-ceramics obtained by single-stage heat-treatments
at 850 °C for 6 and 24 h, and the Raman spectrum of petalite [27], using excitation wavelengths are
488 and 532 nm, respectively. Labels 6 h and 24 h indicate the heat-treatment time. Numbers denote
positions of the Raman peaks in cm™'. The curves are shifted for better observation.

The main Raman bands characteristic of petalite are located at ~490 and 357 cm™ (with
a satellite at 383 cm™") [28]. According to Kaminskii et al. [28], Raman bands in the range
between 300 and 400 cm™ correspond to bending vibrations of the SiO4 and AlO, tetrahedra,
with a very strong band at 357 cm™ being assigned to asymmetric bending vibrations of
(SiO4/AlQ,) tetrahedra. The bands at 1138 and 1060 cm™ were related to the symmetric and
asymmetric stretching vibrations of the SiO4 tetrahedra coupled with the symmetric (Si—-O-Si)
vibration. The strong band at 490 cm™' was assigned to the symmetric bending vibrations of
the SiO, tetrahedra. Therefore, it is not surprising that these bands are seen in the spectrum
of glass-ceramics based on Mg-petalite, as it is an aluminosilicate with a similar structure (Figs
8 and 9).
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Figure 9. Raman spectra of transparent glass-ceramics obtained by heat-treatments at 850 °C
for 6 h by single and two stages. The excitation wavelength is 488 nm. Labels indicate the heat-treat-
ment temperatures. Numbers denote positions of the Raman peaks in cm™'. The curves are shifted for

better observation.

After identifying the bands assigned to vibrations of structural groupings in Mg-petalite
nanocrystals in Raman spectra of glass-ceramics under study, we revisited the Raman spectra
of magnesium aluminosilicate glass-ceramics nucleated by titania and containing Mg-petalite,
which we studied several years ago [13]. As it turns out, these spectra also contain character-
istic vibrations in the region of 375 and 490 cm™', which we had not notice earlier.

Fig. 9 shows Raman spectra of glass-ceramics prepared at 850 °C by single and two-
stage heat-treatments. The peaks assigned to Mg-petalite in the Raman spectrum of the sam-
ple obtained by the single-stage heat-treatment at 850 °C are hardly seen in the spectrum of
the sample obtained by two-stage heat-treatment, which contains spinel and ZrTiO4 with traces
of Mg-petalite (Fig. 3a,b and Fig. 9).

Raman spectra of glass-ceramics prepared at 900 and 950 °C for 6 h show bands that
can be assigned to ZrTiO4 nanocrystals and spinel nanocrystals with a partly inverse structure,
located at 414, 484, 730, and 790 cm™" [19]. In the glass-ceramic obtained at 950 °C, additional
bands ascribed to tetragonal ZrO, [29] partly overlapp with the bands of ZrTiO4 nanocrystals.
The presence of tetragonal ZrO, together with ZrTiO; is difficult to confirm by XRD data be-
cause of the very close positions of their main peaks (26 = 30.25 ° for ZrO, and 26 = 30.60 °
for ZrTiO4) and large widths due to the small crystal size. The broad bands of low intensity at
~938 and ~1107 cm that appear in the Raman spectrum of the glass-ceramic prepared at
950 °C suggest that a small amount of titanium ions remains in the residual glass enriched in
silica [30]. These spectra do not show Mg-petalite spectral features. Fig. 10 shows similarity
between the Raman spectra of samples obtained by single- and two-stage heat-treatment at
950 °C for 6 h.
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Figure 10. Raman spectra of transparent glass-ceramics obtained by single- and two-stage heat-
treatments at 950 °C for 6 h. Aexc = 488 nm. Labels indicate the heat-treatment temperature. Numbers
denote the position of the Raman peaks in cm'. The curves are shifted for better observation.

3.4 The SEM study

Fig. 11 illustrates the evolution of the initial glass morphology as a function of the heat-treat-
ment temperature by SEM analysis. In the SEM image of the initial glass (Fig. 11a) scattered
regions with varying contrast are visible which may represent inhomogeneous regions with
different compositions. According to XRD analysis, the material is amorphous; thus, the ob-
served inhomogeneous structure may indicate liquid-liquid phase separation that occurred dur-
ing glass casting, cooling and annealing. Bright particles unevenly dispersed across the glass
surface are likely artifacts from the sample preparation process, specifically from surface etch-
ing and carbon deposition steps, and therefore were not considered.

Upon subjecting the glass to single-stage heat-treatments with increasing temperature,
the morphology drastically changes. After heat-treatment at 800 °C, the SEM image reveals
the presence of small particles, approximately 10+5 nm in size, homogeneously distributed
along the field of view (Fig. 11b). The inhomogeneous structure of the material is difficult to
explain only by the nanosized (~6 nm) ZrTiO4 crystallites, as observed in the XRD data. It can
be assumed that the formation of this structure is also due to the development of liquid-liquid
phase separation that occurred in the initial glass, which precedes further phase transfor-
mations.

In the SEM image of the sample heat-treated at 850 °C for 6 h, agglomerated particles
ranging from 20 to 100 nm in size are observed throughout the field of view (Fig. 11c). The
large aggregates have an elongated shape. This may be indicative of the magnesium alumi-
nosilicate glass crystallization, initiated by ZrTiO, nanocrystals serving as nucleating sites. Ac-
cording to XRD data, the crystallized phases at this temperature are Mg-petalite (~29 nm),
ZrTiO4 (~6 nm), and spinel (~9.5 nm), see Table 1.
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Figure 11. SEM images of the samples: (a) initial glass, glasses heat-treated at (b) 800 °C for
6 h, (c) 850 °C for 6 h, (d) 850 °C for 24 h, (e) 900 °C for 6 h and (f) 950 °C for 6 h.
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The structures of the samples heat-treated at 850 °C for 6 and 24 h are similar. However,
the extended heat-treatment time leads to further particle growth and a reduction of spaces
between them Fig. 11c,d). According to the XRD data, the phase composition and crystallite
sizes in both glass-ceramics are nearly the same. Probably these structural changes led to
some increase in density of the glass-ceramic (Fig. 12).

As the heat-treatment temperature increases to 900 °C, the SEM image shows the for-
mation of numerous small agglomerated particles approximately 15£5 nm in size, alongside
with larger particles measuring approximately 60+15 nm (Fig. 11e). The smaller particles are
likely the predominant crystalline phase, identified as spinel by XRD analysis, while the larger
particles represent Mg-petalite. The number of these larger aggregates is small, which is con-
sistent with the XRD data (Fig. 3a), indicating an insignificant content of Mg-petalite in this
sample.

The SEM image of the glass-ceramic prepared by heat-treatment at 950 °C reveals ag-
glomerated particles dispersed in the residual glass matrix. According to the XRD findings,
these particles can be attributed to spinel nanocrystals. The large particles previously associ-
ated with the petalite-like magnesium aluminosilicate phase are no longer observed, which
aligns with the XRD data. The caverns observed in the image are likely the result of etching of
the residual silica-enriched glass (Fig. 11f).

3.5 Evaluation of density of the glass and glass-ceramics

Fig. 12a shows the dependence of density on the temperature of single-stage heat-treatments
of the initial glass. The density of the initial glass is equal to 2.7279 g.cm™. After heat-treat-
ments at 800 and 825 °C for 6 h, the density increases to 2.7386 g.cm and
2.7482 g.cm?, respectively, due to crystallization of ZrTiOs having a theoretical density of
5.05 g.cm™ [31]. After heat-treatments at 850 and 875 °C for 6 h, the density increases to
2.7890 g.cm and then, to 2.8227 g.cm™ due to additional crystalllization of the magnesium
aluminosilicate glass matrix with formation of Mg-petalite and a small fraction of spinel. After
the heat-treatment at 900 °C, the density of the multiphase glass-ceramic containing ZrTiOs,
spinel, a small fraction of Mg-petalite nanocrystals, and residual glass, close to silica glass
composition, reaches the maximum value of 2.8416 g.cm. The density decreases to the value
of 2.8110 g.cm™ after the heat-treatment at 950 °C. The phase assemblage of this glass-ce-
ramic includes ZrTiOg, spinel, and the residual glass phase with composition approaching silica
glass. The obtained dependence of density on the heat-treatment temperature can be as-
signed to a complex phase assemblage of these glass-ceramics and a complex character of
intergranular interaction of these phases. During the heat-treatment at 950 °C, simultaneously
with crystallization of dense spinel (p~3.58 g.cm™ [32]) and ZrTiO4 (p~5.05 g.cm), a light re-
sidual glass with composition close to silica is formed. Note that density of the silica glass is
~2.201 g.cm™. We can suggest that appearence of small volumes of dense phases and a large
volume of the light phase leads to a decrease in the density of glass-ceramics. It is interesting
that a similar density variation with the heat-treatment schedule was also found for the samples
obtained by two-stage heat-treatments (Fig. 12b), which have a partly different phase assem-
blage. Previously, we observed similar dependences of density in magnesium aluminosilicate
glass-ceramics with different spinel phase compositions obtained by two-stage heat-treat-
ments [19], [33].The density of the glass-ceramics heat-treated at 850 °C for 24 hours is 2.8098
g.cm=, which is higher than the density of a glass-ceramic prepared at the same temperature
for 6 h, probably due to a denser structure of the material (Fig. 11d), and a higher spinel crys-
tallinity fraction.
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Figure 12. Dependences of densities of the samples after single-stage (a) and two-stage (b) heat-
treatments. The lines are guides for an eye. The error bars match the size of symbols.

3.6 Optical absorption spectroscopy

Fig. 13 shows the absorption spectra of the glass and glass-ceramics. The UV absorption edge
in the spectrum of the initial glass is observed at ~362 nm. The spectrum also exhibits a weak,
broad band between 750-1500 nm with a maximum at ~1090 nm and a tail spanning to 2500
nm, as well as an asymmetric band between 2700-3300 nm. The spectrum bears strong simi-
larities to the absorption spectrum of glass of the same composition nucleated solely by TiO-
[19]. The absorption edge and absorption in the visible spectral range, up to 500 nm, is caused
by various color centers giving rise to absorption bands of different origins. These include ox-
ygen-metal charge transfer (OMCT) bands caused by O-Ti** (at ~240 nm [34]), O-Ti*" (at
~300 nm [34]), O—Fe?* (at ~235 nm) and O—Fe3* (at ~270 nm), overlapping with bands located
at longer wavelengths. These bands from 480 to 625 nm correspond to the 2T,q—E4 transition
of Ti** ion in the ligand field (LF) in octahedral symmetry (On) [35], [36]. Additional bands with
maxima at 370, 380, 420, 440, and 480 nm are assigned to d-d transitions of Fe®*" ions in
different coordination sites [37], while the peaks located at 430 and 465 nm are attributed to
spin-forbidden transitions of Fe?* ions, 5T2(D)—3T+(H) and °T2(D) — 3T»(H), respectively [37].
The peak at ~ 450 nm is due to Fe?*-Ti** heteronuclear intervalence charge transfer (IVCT)
[36] and the one at ~ 480 nm is due to Ti**/Ti®* homonuclear IVCT [38]. The broad absorption
band at 750—1500 nm with a peak at ~1090 nm can be assigned to the spin-allowed °T.—°E
electronic d—d transition of Fe?* ions in Oy, site in the glass matrix [36], while a smaller fraction
of Fe?* ions in tetrahedral (Tq) sites (the 5E — 5T, transition) is responsible for a weak absorp-
tion tail spanning up to 2500 nm [39]. The asymmetric absorption band between 2700-3100 nm
is assigned to vibrations of hydroxyl groups in the initial glass [19].

The spectra of the samples heat-treated at 800 and 825 °C for 6 h are similar to each
other and differ from that of the initial glass primarily by a decrease in absorption in the UV and
visible (380 — 500 nm) ranges. The shift of the absorption edge from 362 to 355 and 350 nm,
respectively, and the decrease in absorption in the visible range are mainly due to the de-
creased concentration of titanium ions in various oxidation states due to the crystallization of
ZrTiO4. Absorption in the IR range does not change, which means that Fe?* ions do not partic-
ipate in the crystallization of ZrTiO4 and remain in the glass matrix.

As the heat-treatment temperature increases to 850 °C, the absorption spectrum changes
significantly. There is a raise of absorption in the visible spectral range, a shift of the maximum
of the absorption band of Fe?* ions in Oy, sites from ~1090 to ~1170 nm, an appearance of a
broad band at 1400—-2500 nm with a maximum at ~1850 nm due to Fe?* ions in T4 sites, and a
broadening of the absorption band assigned to OH- groups.
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Figure 13. Optical absorption spectra of the initial and heat-treated glass.

These spectral changes should be caused by crystallization of Mg-petalite and spinel
(Fig. 3a). It is known that petalite incorporate only small concentrations of Fe3* ions in the AI®*
positions (0.003 Fe®* per 20 oxygen atoms), which is a characteristic of aluminosilicates where
all AP ions are in tetrahedral (AlO4) coordination [4], which may also apply for Mg-petalite. The
absorption band observed in petalite at ~1170 nm is assigned to Fe?* ions in Oy sites [40]. In
the natural petalite structure, Li* ions in fourfold coordination are located between the layers of
SiO4/AlO, tetrahedra. According to Reisfeld et al. [41], in the structure of Mg-petalite, Mg?* ions
replace Li* ions and, since Mg?* prefers octahedral coordination, the Mg-petalite structure may
be very distorted compared to natural petalite [41]. We believe this structural distortion allows
the incorporation of a small fraction of Fe?* ions into Mg-petalite at Mg?* positions. Therefore,
we may conclude that the shift of the absorption band of octahedrally coordinated Fe?* ions
from ~1090 to ~1170 nm is connected to Fe?* ions migrating from the glass matrix into Mg-
petalite nanocrystals, occupying Mg?* sites. The increase in absorption at ~1850 nm can be
assigned to Fe?" ions in Ty sites in spinel nanocrystals as ferrous ions replace Mg?* in Ty sites
[19]. The raise of absorption in the visible spectral range can be caused by electronic d-d
transitions of “IFe?* and ©IFe® ions, as well as Ti** ions and the exchange-coupled pairs of
these ions in the spinel nanocrystals [42], [43], in Mg-petalite and in the residual glass. The
broadening of the absorption band in the range of 2650-3200 nm can be assigned to OH-
groups in Mg-petalite [4].

A further increase in the temperature of a single-stage heat-treatment causes gradual
changes in the absorption spectra: absorption in the visible region increases; absorption of
octahedrally coordinated Fe?* ions centered around 1090 nm decreases and eventually disap-
pears; absorption centered around ~1850 nm due to Fe?* ions in Ty sites increases; the ab-
sorption band of OH-groups narrows and its maximum shifts to shorter wavelengths. These
spectral changes originate from the gradual diminishing and then disappearance of Mg-petalite
and gradual growth of spinel crystal fraction. The increase of absorption intensity in the visible
region, despite the disappearance of Mg-petalite from the glass-ceramics assemblage
(Fig. 3a), indicates that the main contribution to this absorption are iron ions in spinel nano-
crystals, with a smaller contribution from those in the residual glass. The increase in the inten-
sity of the absorption band at ~1850 nm is caused by the increasing fraction of spinel crystal-
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lites doped with “Fe?* ions as the heat-treatment temperature rises up to 950 °C. The trans-
formation of the shape of the absorption band connected with hydroxyl groups caused by spi-
nel crystallization is discussed elsewhere [19].

This type of spectrum is very similar to that obtained by the two-stage heat-treatment with
a second-stage temperature of 950 °C (Fig. 14a), which is in accordance with the comparable
phase compositions of glass-ceramics obtained by single- and two-stage heat-treatments (Fig.
3a,b, Fig. 10, and Table 1 for comparison).
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Figure 14. Optical absorption spectra of glass-ceramics obtained by (a) heat-treatments at 950 °C us-

ing single- and two-stage schedules; (b) heat-treatments at 850 °C for 6 and 24 h; (c) the single-stage

heat-treatment at 850 °C and two-stage heat-heat-treatments with the first hold at 850 °C. Labels indi-
cate the heat-treatment schedules.

Fig. 14b shows the absorption spectra of transparent glass-ceramics obtained by heat-
treatments at 850 °C for 6 and 24 h. They are similar and exhibit broad unstructured bands
centered at 1170 and 1860 nm, and an absorption band of OH- groups in the range of 2700-
3300 nm. Increasing the heat-treatment time from 6 to 24 h results in an increase of the band
at 1860 nm associated with [“IFe?* ions in spinel nanocrystals probably at the expense of FIFe?*
ions in Mg-petalite. Note that the intensity is expected to increase by an order of magnitude in
going from Oy, to Ty sites, as Ty sites lack a center of inversion symmetry. Therefore, even a
negligible decrease of intensity assigned to absorption of E)Fe?* species can lead to a notice-
able increase of intensity assigned to absorption of “IFe?* species.

Fig. 14c presents the absorption spectra of glass-ceramics obtained by single-stage heat-
treatment at 850 °C and two-stage heat-treatments with the first hold at 850 °C and the second
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hold at 900 °C or 950 °C. The second-stage heat-treatments cause a decrease in the intensity
of the absorption band characteristic of iron-containing Mg-petalite at ~1170 nm, an increase
in absorption in the visible range and around 1900 nm, as well as a structuring of the hydroxyl
band. These changes are due to the evolution in the phase composition of the samples shown
in Fig. 5a, specifically a decrease in the fraction of Mg-petalite and an increase in the fraction
of spinel. Therefore, the absorption at ~1900 nm, attributed to “IFe?* ions in spinel nanocrys-
tals, can be used as a spectral indicator of spinel formation.

3.7 Linear coefficients of thermal expansion

The thermal expansion coefficients of the initial and heat-treated glasses in the temperature
range from 20 to 320 °C are listed in Table 4. The initial glass has a thermal expansion coeffi-
cient of ~3.4x10°K™". The glass heat-treated at the nucleation stage of 800 °C for 6 h has the
thermal expansion coefficient slightly increased to 3.6x10° K'. The glass-ceramic with Mg-
petalite as the main crystalline phase obtained by heat-treatment at 850 °C for 6 h has thermal
expansion coefficient of ~4.4x10° K. In spite of quite different phase assemblages in glass-
ceramics prepared at 850 °C for 6 h by single- and two-stage heat-treatments, their expansion
coefficients are nearly identical (Table 5). As a rule, the diversity of amorphous and crystalline
phases in the phase assemblage of glass-ceramics is responsible for their thermal expansion.

Table 4. The thermal expansion coefficients (CTE) in the temperature range from 20 to 320 °C for the
initial and heat-treated glass.

Heat-treatment schedule CTE20-320 (x10¢ K) Phase assemblage

Initial glass 3.43 £ 0.07 -

800 °Cfor6 h 3.61 +£0.07 ZrTiOq

850°C for6 h 4.44 + 0.09 ZrTiO4, Mg-petalite, spinel (traces)
800 °C, 6 h+850 °C, 6 h 443 £ 0.09 ZrTiO4, Mg-petalite (traces), spinel

However, in the sample that underwent single-stage heat-treatment at 850 °C, Mg-petalite
is the dominant phase and therefore it can be assumed that the thermal expansion coefficient
of ~4.4x10% K is largely due to the appearance of this phase.

4. Discussion

The initial glass is X-ray amorphous. The liquid-liquid phase separated structure, confirmed by
its SEM image (Fig. 11a), is developed in the course of melt casting and cooling. The observed
development of the structural inhomogeneity upon heat-treatment of the glass at the nucleation
stage (800 °C for 6 h) can be associated with both the phase separation (changes in the com-
position and volume of phase-separated regions) and the crystallization of ZrTiO4. Following
Barry et al. [14] and Fernandez-Martin et al. [44], we may suggest that some proportions of
MgO and Al.O3 entered these regions together with TiO> and ZrO,. A small portion of spinel
solid solution can be formed within these regions at elevated temperatures, accompanying the
crystallization of Mg-petalite, which occurs from the residual magnesium aluminosilicate glass.

4.1 Crystallization of Mg-petalite

As we mentioned above, in the DSC curves of the quenched glass obtained at heating rates
of 5 and 10 K:min™', the exothermic peaks appear only due to the crystallization of ZrTiO4 and
spinel. No exothermic peak can be assigned to Mg-petalite. Nevertheless, Mg-petalite crystal-
lizes in glass-ceramics accompanied by ZrTiO4 and spinel. Mg-petalite is the predominant
phase in glass-ceramics obtained by single-stage heat-treatments at 850 °C for 3 to 24 h and
at 875 °C for 6 h. As a result of its crystallization, the amorphous halo disappears from the
XRD pattern implying a high degree of crystallization. The amorphous halo appears as traces
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in glass-ceramic prepared at 900 °C for 6 h (Fig. 3a). Traces of Mg-petalite are also found in
glass-ceramics obtained by the two-stage heat-treatment with the first hold at 800 °C for 6 h
and the second hold at 850 °C for 6 h (Fig. 3b).

The study of the phase composition of glass-ceramics obtained by heat-treatments at 850
°C from 0 to 24 h (Fig. 4), revealed that only ZrTiO4 crystallizes during the temperature raise
from room temperature to 850 °C, with its fraction being much smaller than in samples obtained
by heat-treatments at 800 and 825 °C for 6 h (Fig. 15). The formation of Mg-petalite begins
after 3 h of holding. Therefore, the absence of the exothermic event on the DSC curve assigned
to Mg-petalite can be explained by the slow rate of its crystallization from the magnesium alu-
minosilicate base glass. We may speculate that the heat-treatment time necessary to activate
diffusion and ordering required for the formation of complex aluminosilicate chains in a highly
viscous magnesium aluminosilicate glass would be too long for the crystallization of Mg-pet-
alite to occur during the DSC heating ramp.

4.2 Crystallization of spinel

The mechanism of spinel crystallization upon two-stage heat-treatments has been investigated
by Golubkov et al. [22] for a magnesium aluminosilicate glass with the same composition as
the present one, nucleated by 10 mol% TiO.. It was demonstrated using the small-angle X-ray
scattering findings [22] that the initial glass had an inhomogeneous structure, which was
formed by a spinodal decomposition mechanism. This inhomogeneity ensured the regular dis-
tribution of the crystalline phases that appeared during further heat-treatments. Spinel was the
second phase to crystalize from smaller inhomogeneous regions at elevated temperatures,
after crystallization of magnesium aluminotitanate solid solutions from larger inhomogeneous
regions at lower temperatures. We suggested that different crystallization rates of these
phases were originated by different mobilities of their structural units [12]. We believe a similar
mechanism is responsible for the spinel crystallization in the glass under study, nucleated by
a mixture of TiO2 and ZrO..

From the DSC curves of the quenched glass and the glass heat-treated at 800 °C (Fig. 6),
it is seen that they only differ in the absence of the crystallization peak of ZrTiO4 in the sample
heat-treated at 800 °C, since zirconium titanate has already crystallized in this sample [20].
Thus, holding at the nucleation stage of 800 °C is not required for the spinel crystallization,
which occurs at a higher temperature, Tonspinet = 925 °C (Fig. 2). To confirm this assumption,
we heated the initial glass up to 850, 900, and 950 °C and the samples were quenched from
the furnace to cool in air. Their XRD patterns are shown in Fig. 15 in comparison with those of
the glass and samples subjected to single-stage heat-treatments at 800 °C or 825 °C for 6 h.
In accordance with the DSC curve of the initial glass, only ZrTiO4 crystallizes in glass heated
up to 900 °C, which does not influence the composition of the residual glass, as the position
of the amorphous halo remains unchanged in the XRD pattern. Spinel crystallization takes
place when the temperature is raised from 900 to 950 °C, which leads to a pronounced shift of
the amorphous halo to the position characteristic of silica glass (Fig. 3a). Holding at 950 °C is
not required to develop the spinel growth process.

4.3 Competing crystallization mechanisms

Two competing phase transformation processes are developed during the second stage of the
two-stage heat-treatment when the second hold temperature is 850 °C. They are spinel crys-
tallization, which depletes the residual glass of Mg and Al ions, as indicated by the displace-
ment of the amorphous halo to 26=23.0 °, and the crystallization of trace amounts of Mg-pet-
alite. The same processes occur at the single-stage holding at 900 °C.
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Figure 15. XRD patterns of the initial and heat-treated glass. The dashed lines show the position of
the maximum of the amorphous halo. The patterns are shifted for better observation.

We may speculate that the temperature increase to 850 °C without isothermal holding at
this temperature does not allow the formation of a well-developed liquid-liquid phase-separated
structure similar to the one formed during the nucleation heat-treatment at 800 °C for 6 hours.
At this temperature rise, only a small fraction of ZrTiO4 crystallizes (Fig. 15). During holding at
850 °C, there are two competing processes. The spinel crystallization is hindered by the un-
developed liquid-liquid phase separation, and the competing process of the Mg-petalite crys-
tallization from the residual glass dominates. As a result of this process, the amorphous halo
disappears.

We may suggest that raising the temperature to 900 °C without isothermal holding allows
the formation of the developed liquid-liquid phase-separated structure similar to that formed
during the nucleation heat-treatment at 800 °C for 6 hours. Holding at 900 °C for 6 h leads to
the same phase assemblage as the two-stage heat-treatment at 800 °C, 6 h + 850 °C, 6 h
(Figs 3a,b). However, the spinel crystallization is more pronounced, as the spinel crystallinity
fraction is larger, the Mg-petalite fraction is smaller and the position of the amorphous halo is
shifted to 26=21.3 °.

The temperature rise to 950 °C causes the development of liquid-liquid phase separation
and spinel crystallization, so that the residual glass becomes highly siliceous. Crystallization
of Mg-petalite from such residual glass is impossible.

Let us discuss the influence of the first-stage heat-treatment and its temperature on the
phase assemblage of glass-ceramics (Figs 16-21). As we mentioned above, the heat-treat-
ment at the nucleation stage (800 °C for 6 h) leads not only to the crystallization of ZrTiO4 but
also to the development of a rich liquid-liquid phase-separated structure (Fig. 11b), which
seems to be an important step in the formation of transparent spinel-based glass-ceramic.
Heating even at the temperature of 850 °C at the second stage, results only in traces of Mg-
petalite in addition to ZrTiO4 and spinel nanocrystals (Fig. 16). The ZrTiO4, Mg-petalite and
spinel crystallized by the two-stage heat-treatment have smaller sizes (6.0, 16.0 and 8.5 nm,
respectively), as compared with those obtained from the single-stage heat-treatment at 850 °C
(6.2, 29 and 9.5 nm, respectively). Two competing phase transformation processes take place
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and influence the crystallization kinetics of the two phases and the composition of the residual
glass. The amorphous halo in the XRD pattern of the glass-ceramic obtained by the two-stage
heat-treatment at 800 °C for 6 h + 850 °C for 6 h is located at 20=23.0 °, which is evidence of
incomplete spinel crystallization. In the absorption spectrum of the sample obtained by the two-
stage heat-treatment (Fig. 17), there is a near disappearance of the absorption band of

- ¢ x X-ZrTiO, o-spinel ¢ -Mg-petalite
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Figure 16. XRD patterns of glass-ceramics obtained at 850 °C by single- and two-stage heat-treat-
ments. Labels indicate heat-treatment schedules. The dashed line shows position of the maximum of
the amorphous halo. The patterns are shifted for better observation.

50

—— 850°C/6h
—— 800°C/6h+850°C/6h

40

500 1000 1500 2000 2500 3000
Wavelength (nm)

Figure 17. Optical absorption spectra of glass-ceramics obtained at 850 °C by single- and two-stage
heat-treatments.

68



Bukina et al. | Glass Europe 3 (2025)

BIFe2* jons in Mg-petalite nanocrystals and an increase in the absorption band due to “IFe?*
ions in spinel nanocrystals, compared to the absorption spectrum of the sample obtained by
the single-stage heat-treatment at 850 °C for 6 h. This change is explained by the difference
in their phase assemblages.

XRD patterns of glass-ceramics obtained at 900 °C by single- and two-stage heat-treat-
ments show the strong impact of the two-stage heat—treatment on the phase composition of
glass-ceramics (Fig. 18). Raising the temperature to 900 °C without isothermal holding allows
the formation of well-developed liquid-liquid phase-separated structure similar to that formed
during the nucleation heat-treatment at 800 °C for 6 hours, with the crystallization of ZrTiO4
with a mean size of 5.8 nm. Holding at 900 °C for 6 h leads to the same phase assemblage as
the two-stage heat-treatment at 800 °C, 6 h + 850 °C, 6 h with somewhat more developed
spinel crystallization, as the spinel crystallinity fraction is larger, the Mg-petalite fraction is
smaller and the position of the amorphous halo is shifted to 26=21.3 °. After two-stage heat-
treatment with the first hold at 800 °C for 6 hours, Mg-petalite is not found. The mean sizes of
the ZrTiO4 and spinel crystallites are 6.5 and 9.5 nm, respectively, and are very similar to those
in glass-ceramic obtained by the single-stage heat-treatment at 900 °C (Table 1). Similar
phase assemblages of these glass-ceramics are responsible for the similarity of their optical
absorption spectra (Fig. 19).

Mg-petalite crystallized during the heat-treatment at 850 °C for 6 h is preserved during the
second-stage heat-treatment at 900 °C for 6 h, which is accompanied by ZrTiO4 and spinel
crystalline phases. The spectral features of Fe?*-doped Mg-petalite and spinel are clearly seen
in the absorption spectrum of the glass-ceramic (Fig. 19). The smaller spinel crystallinity frac-
tion is revealed by a lower absorption intensity of the peak at ~1900 nm due to “IFe?* ions in
spinel nanocrystals.
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Figure 18. XRD patterns of glass-ceramics obtained at 900 °C by single- and two-stage heat-treat-
ments. Labels indicate heat-treatment schedules. The dashed lines show the position of the maximum
of the amorphous halo. The patterns are shifted for better observation.
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Figure 19. Absorption spectra of glass-ceramics obtained at 900 °C by single- and two-stage heat-
treatments.

As mentioned above, the temperature rise to 950 °C causes the development of liquid-
liquid phase separation and spinel crystallization, so that the residual glass becomes highly
siliceous (see the position of the amorphous halo in Fig. 20). Crystallization of Mg-petalite from
such glass is impossible as it is depleted of magnesium and aluminum cations. It is not sur-
prising that glass-ceramics obtained by a simple heating to 950 °C, during the single-stage
heat-treatment at 950 °C for 6 h and during two-stage heat-treatments at 800 °C, 6 h+950 °C,
6 h have similar phase compositions. They contain ZrTiO4 nanocrystals with mean sizes of
6.5-8.0 nm and spinel nanocrystals with mean sizes of 9-12 nm located in the highly siliceous
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Figure 20. XRD patterns of glass-ceramics obtained at 950 °C by single- and two-stage heat-treat-
ments. Labels indicate heat-treatment schedules. The dashed lines show the position of the maximum
of the amorphous halo. The patterns are shifted for better observation.
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residual glass with the similar position of the amorphous halo 26=21.2 °. The similarity of the
phase compositions is reflected in similar absorption spectra (Fig. 21).

60 T T T T T T T T T T T T
——950°C/6h
50 + —— 800°C/6h+950°C/6h
] —— 850°C/6h+950°C/6h

500 1000 1500 2000 2500 3000
Wavelength (nm)

Figure 21. Optical absorption spectra of glass-ceramics obtained at 950 °C by single- and two-stage
heat-treatments.

The glass-ceramic prepared by the two-stage heat-treatment at 850 °C for 6 h+950 °C for
6 h contains Mg-petalite, spinel and ZrTiO4 with mean sizes of 29.2, 9.5 and 7.5 nm, respec-
tively (Fig. 20 and Table 1). It is interesting that its optical absorption spectrum in the range of
1600 — 2400 nm is similar to the one of other glass-ceramics obtained by heat-treatment at
950 °C (Fig. 21). Using the absorption of “IFe?* ions in spinel nanocrystals as a spectral probe
of spinel formation, we may conclude that spinel crystallinity fraction at 950 °C is determined
not by the thermal prehistory of glass-ceramics but by the temperature of the high-temperature
heat-treatment.

5. Conclusions

Transparent glass-ceramics of the magnesium aluminosilicate system, nucleated by TiO, and
ZrO,, and based on Fe?*:Mg-petalite and/or Fe?*:MgAl,O4 spinel nanocrystals, were developed
by single- and two-stage heat-treatment schedules in the temperature range from 800 to
1000 °C. The initial glass is X-ray amorphous and structurally inhomogeneous. Its absorption
in the visible spectral range is caused by iron and titanium ions and their interactions, while the
broad absorption band at 750-1500 nm with a peak at ~1090 nm is assigned to the spin-
allowed electronic d—d transition of Fe?* ions in Oy sites in the glass matrix.

Nanocrystals of ZrTiO4 with mean size of ~6 nm are formed upon heating the glass up to
850 °C and during isothermal heat-treatments at 800 and 825 °C for 6 h. Fe?* ions remain in
the glass matrix during crystallization of ZrTiOs.

Mg-petalite crystallites, ~30 nm in size, appear as the predominant phase during single-
stage heat-treatments in the narrow temperature range of 850-875 °C for 3 h and above, ac-
companied by the crystallization of ZrTiO, and traces of spinel. During the process, Fe?* ions
enter the Oy, sites (in Mg?* positions) in Mg-petalite and the T4 sites (in Mg?* positions) in spinel
nanocrystals. Once formed, Mg-petalite is preserved in glass-ceramics heat-treated up to 1000
°C.
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Spinel nanocrystals, ranging from 9-14 nm in size, are formed during two-stage heat-treat-
ments with the first stage at 800 °C and the second stage from 850 to 1000 °C, during single-
stage heat-treatments from 900 to 1000 °C and at a simple heating to 950 - 1000 °C. The
optical absorption spectra of the spinel-based glass-ceramics develop characteristic band at
around ~1900 nm due to “Fe?* ions in spinel nanocrystals. This absorption can be used as a
spectral indicator of spinel formation.

The heat-treatment at the nucleation stage of 800 °C for 6 h, which leads not only to crys-
tallization of ZrTiO4 but also to the development of the rich liquid-liquid phase-separated struc-
ture, seems to be an important step in the formation of transparent spinel-based glass-ceramic
in a wide temperature range.

Competing crystallization mechanisms are studied. Spinel crystallizes in conditions where
the developed liquid-liquid phase-separated structure is present. This crystallization is accom-
panied by the formation of a high-siliceous glass, from which the crystallization of Mg-petalite
is inhibited. In materials with weakly developed liquid-liquid phase-separated structure, crys-
tallization of Mg-petalite from the magnesium aluminosilicate glass predominates, and spinel
crystallizes as an additional phase probably from inhomogeneous regions enriched with Ti, Zr,
Mg and Al cations.

The glass-ceramics exhibit intense absorption in the spectral range of 1.6-2.4 um due to

Fe?* ions in Tq sites in spinel nanocrystals, which is important for the development of saturable
absorbers in this spectral range.
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