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Abstract: Transparent glass-ceramics with a Li2O–Al2O3–SiO2 (LAS) system have been extensively
utilized in optical systems in which thermal stability is of utmost importance. This study is aimed
to develop thermal treatment routes that can effectively control the structure of transparent LAS
glass-ceramics and tune its thermal expansion coefficient within a wide range for novel applications
in photonics and integrated optics. The optimal conditions for the nucleation and crystallization of
LAS glass were determined by means of differential scanning calorimetry and a polythermal analysis.
XRD, Raman spectroscopy, and TEM microscopy were employed to examine the structural changes
which occurred after heat treatments. It was found that the second stage of heat treatment promotes
the formation of β-eucryptite-like solid solution nanocrystals, which enables effective control of the
coefficient of thermal expansion of glass-ceramics in a wide temperature range of −120 to 500 ◦C. This
work provides novel insights into structural rearrangement scenarios occurring in LAS glass, which
are crucial for accurately predicting its crystallization behavior and ultimately achieving transparent
glass-ceramics with desirable properties.
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1. Introduction

Transparent glass-ceramics in the Li2O–Al2O3–SiO2 (LAS) system have been demon-
strated to have notable importance in the field of optical instrument engineering, particu-
larly in applications in which thermal stability plays a crucial role [1,2]. This is primarily
attributed to their extremely low coefficient of thermal expansion (CTE) and their manufac-
turability, which allows for the production of large material blanks with outstanding optical
homogeneity. Such materials have provided a significant impetus to the development of
such areas as astronomy [3,4], ultra-precision metrology [5], the fabrication of navigation
devices [6,7], and novel nanometer precision manufacturing techniques, such as extreme
ultraviolet lithography [8,9]. The unique thermo-mechanical characteristics exhibited by
LAS glass-ceramics can be ascribed to the carefully regulated process of crystallization,
facilitating the formation of β-eucryptite LiAlSiO4 solid solutions [10,11]. The β-eucryptite
crystal phase exhibits a negative average CTE along the c-axis, with values reaching as
low as −6.2 ppm/K in the temperature range of 20–1000 ◦C [12,13]. By combining the
thermal expansion of the crystalline phase with the residual amorphous glass phase, LAS
glass-ceramics can be engineered to achieve near-zero CTE values, resulting in thermally
stable materials. On the other hand, the ability to finely adjust thermomechanical properties
through the temperature treatment of initial glasses shows potential for novel applications
of LAS glass-ceramics in photonics and integrated optics [14–16]. However, this also
calls for more comprehensive studies of the phase separation processes within the LAS
glass-forming system.
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The controlled crystallization method for LAS glass-ceramics is not unique and typ-
ically involves two consecutive stages of glass thermal treatment: (i) nucleation, during
which crystalline nuclei form within the amorphous phase; and (ii) crystallization, when
the desired crystalline phase grows at the sites of nucleus formation [17–19]. Despite the
methodological simplicity of obtaining LAS glass-ceramics, there are numerous factors that
influence the properties of the final material, including the chemical composition of the
initial glass, the presence of nucleation agents and their quantity, the synthesis method of
the glass, and subsequent thermal treatments [20,21]. In this regard, LAS glass-ceramics
are involved in a wide scope of research, including investigations into the effect of different
types and amounts of nucleating agents [22–24], the determination of nucleation mecha-
nisms and crystallization kinetics [25–27], and the development of various heat-treatment
routes to initiate crystal growth [28].

Burgeoning interest in the spatially selective modification of materials through the use
of femtosecond laser pulses has illuminated another potential application for transparent
glass-ceramics [29]. Direct ultrafast laser writing has opened up new possibilities for the
creation of 3D integrated optical and photonic components and devices [30]. Previous
research in this field has demonstrated the success of the spatially selective crystallization
of nonlinear optical crystals, metallic nanoparticles, and quantum dots [31–33]. The object
under investigation in this area of research is glass-ceramics with unique thermal and
mechanical properties. Recently, the direct laser writing of functional structures, such as
waveguides and directional couplers, in glass-ceramics was demonstrated [15,16]. It is
believed that the use of LAS glass-ceramics would enable the production of integrated
optical devices and the miniaturization of large optical systems used in space astronomy
and navigation, for which size and weight parameters are crucial [14,16,34]. For the
fabrication of temperature-insensitive waveguides, not only the CTE of the material but
also the temperature dispersion of its refractive index should be taken into account. Thus,
the tuning of glass-ceramics’ CTE is required, which can help to partially compensate for
the change in the refractive index within the temperature. In line with that, the optical
transparency of glass-ceramics must remain high, because light scattering can lead to
increased optical losses [35].

For the first time, this study aims to explore the potential of wide-range tuning the
structure and properties of LAS glass-ceramics, for which we previously demonstrated the
possibility of writing integrated optical waveguides using femtosecond laser radiation [16].
The outcomes of this research could pave the way for the development of transparent
LAS glass-ceramics with enhanced properties, featuring specified CTE values, and en-
abling the subsequent creation of complex photonic structures within these materials. This
could simplify the manufacturing process of integrated optical devices and facilitate the
miniaturization of large optical systems.

2. Materials and Methods
2.1. Glass Synthesis and Crystallization

Reagent grade raw materials were weighed, mixed, and used for the preparation of
the batch, which was calculated to produce 500 g of glass. Reagent grade Li2CO3 (Lanhit,
Moscow, Russia), Al(OH)3 (Labhimos-S, Moscow, Russia), SiO2 (Lanhit, Moscow, Russia),
Al(PO3)3 (Ekotek, Moscow, Russia), MgCO3 (Spectr-Him, Moscow, Russia), Ba(NO3)2
(Reahim, Moscow, Russia), TiO2 (Lanhit, Moscow, Russia), ZrO2 (Lanhit, Moscow, Russia),
ZnO (Spectr-Him, Moscow, Russia), Sb2O3 (CT Lantan, Moscow, Russia), and As2O3
(Himpromkomplekt, Penza, Russia) were used as raw materials. Batch composition of
LAS glass is given in Table 1. The same glass composition was previously used in a
work studying the direct laser writing of depressed-cladding optical waveguides in glass-
ceramics [16]. The glass batch was loaded into the corundum crucible and placed in the
chamber of the bottom-loading electrical furnace equipped with MoSi2 heating elements
(Promtermo Ltd., Moscow, Russia). The furnace was heated up to 1600 ◦C and kept at
this temperature for 4 h to homogenize and refine the glass melt. After that, the melt
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was poured into the preheated mold, which was subsequently transferred into the electric
muffle furnace (Termokeramika Ltd., Moscow, Russia) for annealing of the glass cast at
600 ◦C for 4 h. The fabricated glass block of the size ~150 mm × 90 mm × 15 mm shown in
Figure S1 was visually transparent and homogeneous.

Table 1. Batched and analyzed compositions as well as some properties of synthesized glass.

Glass Composition

Oxides SiO2 Al2O3 Li2O P2O5 TiO2 ZrO2 ZnO MgO BaO CaO As2O3 Sb2O3

Batch composition, mol. % 61.1 15.9 11.1 4.9 2.1 0.9 0.4 2.0 0.8 0.4 0.2 0.2

Analytical composition,
mol. % 60.0 19.2 10.1 4.6 1.9 0.8 0.4 1.9 0.7 0.3 0.1 0.1

Glass properties

Glass transition
temperature Tg, ◦C

Crystallization peak
TP, ◦C TP − Tg, ◦C CTE20. . .500 ◦C,

ppm/K Density, g/cm3 Refractive
index (nD)

647 867 220 5.17 2.46 1.52

During the glass melting process, the composition of the glass can undergo changes as
a result of the evaporation of volatile components and partial dissolution of the crucible.
To evaluate the chemical composition of the glass after the synthesis, a 5800 VDV ICP-
OES inductively coupled plasma optical emission spectrometer equipped with an Ar flow
atmosphere plasma sample injection system (Agilent Technologies Inc., Santa Clara, CA,
USA) was employed. The instrumental settings for this technique and the measured
elements are presented in Table S1. Complete dissolution of the powdered glass sample
was achieved through a combination of HF/HCl/HNO3 acids. The results of the chemical
analysis are presented in Table 1 and indicate good agreement between calculated and
analyzed glass composition. Mass losses during the glass melting did not exceed 1.5%. The
slight increase in Al2O3 content is presumably due to degradation of the corundum crucible.

The glass block was cut into ~10 mm × 10 mm × 2 mm plates and subsequently
heat-treated in a muffle furnace with different regimes to produce the glass-ceramics. Poly-
thermal crystallization of the bulk glass samples was also performed using the technique
described previously [35].

2.2. Glass and Glass-Ceramics Characterization

The densities of glass and glass-ceramics were measured at room temperature by
the Archimedes method with distilled water as an immersing liquid. Bulk samples of
initial and nucleated glasses in the form of thin disks (15 ± 1 mg) were used for thermal
analysis carried out using the Netzsch STA 449 F3 Jupiter simultaneous thermal analyzer
(NETZSCH, Waldkraiburg, Germany). The heating of samples was performed in a Pt
crucible at 10 ◦C/min rate in Ar flow atmosphere. The glass transition temperature (Tg)
was determined as the extrapolated onset of the transition, while the crystallization peak
temperature (TP) was defined as the peak extremum temperature in differential scanning
calorimetry (DSC) curves. Length changes (∆L) during heating of the bulk glass and glass-
ceramic samples with a size of 20 mm × 4 mm × 4 mm were investigated using a Netzsch
DIL 402 SE dilatometer (NETZSCH, Waldkraiburg, Germany), which was equipped with a
cooling system allowing for measurements in two temperature ranges: from −180 ◦C to
25 ◦C and from 25 ◦C to 500 ◦C at a heating rate of 5 ◦C/min. The CTE values calculated
from the elongation curves of ∆L /L0 = f(T) function are valid up to 10−8 K−1.

Powder X-ray diffraction (XRD) analysis of the initial glass and glass-ceramics was car-
ried out on a D2 Phaser diffractometer (Bruker, Germany) employing nickel-filtered CuKα

radiation in 2θ range from 10◦ to 60◦. Crystalline phases were identified by comparing
the peak positions and relative intensities in XRD patterns with the ICDD PDF-2 database
(released in 2011). The crystallite size was estimated from broadening of the XRD peak
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at about 26◦, without correction for the instrumental broadening, according to Scherrer’s
equation as follows:

D =
Kλ

∆cosθ
, (1)

where λ is the wavelength of the X-ray radiation (1.5406 Å), θ is the diffraction angle, ∆ is
the width of the peak at half of its maximum and K is the constant assumed to be 1 [36]. The
crystallized fraction was evaluated as 100·(Ap/Ax), where Ax and Ap are, respectively, the
area of the whole XRD pattern (without background) and the area of the peaks considered
as the area outside of the broad amorphous XRD pattern (Figure S2). The instrumental
background profile was determined from the X-ray scan of an empty silicon-made low-
background specimen holder. Indicated areas were calculated (in cps × degrees) using
DIFFRAC.EVA software version 5.0.

NTegra Spectra Raman spectrometer (NT-MDT Co., Zelenograd, Moscow, Russia) with
an Ar laser beam (with a 488 nm excitation wavelength) was used to record Raman spectra
from the studied samples in the form of polished plates. Bulk samples of the obtained
glass-ceramics were subjected to investigation by transmission electron microscopy (TEM)
using Tecnai Osiris transmission electron microscope (Thermo Fisher Scientific, Waltham,
MA, USA) equipped with a spherical aberration corrector. TEM images were obtained in
200 kV mode. To calculate the particle size distribution, 150 particles from the TEM image
were analyzed using the ImageJ software version 1.53t.

The refractive index (nD) of the initial glass was measured with an Abbe DR-M4
refractometer (ATAGO Co., Ltd., Tokyo, Japan) at 589 nm at ~25 ◦C. The transmission
optical spectra of the fabricated samples with thickness of 2 mm were recorded in the
visible spectral range using UV-3600 spectrophotometer (Shimadzu, Kyoto, Japan).

3. Results and Discussion

The DSC curve of the initial glass (Figure 1a) shows a single exothermic peak, which
is attributed to the crystallization of the β-quartz solid solution, typical for LAS glass
compositions in the investigated temperature range [37]. Only the broad halo centered at
around 23◦ was observed in the XRD pattern of the initial glass (Figure 1b), pointing to
the absence of any crystalline phase. The main properties of the LAS glass are presented
in Table 1.
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Figure 1. (a) DSC curve and (b) XRD pattern of the synthesized glass.

The attainment of zero CTE values in LAS glass-ceramics is the outcome of an extensive
and systematic investigation into the crystallization characteristics of LAS glasses [38,39].
The crystalline phase content that allows us to maintain the transparency of glass-ceramics
is in the range from approximately 50% to 90%, in which the crystals are a few tens of
nanometers [40]. To achieve a high level of crystallinity, nucleating agents are introduced
into the initial glass composition. Additionally, an appropriate temperature treatment route
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must be adjusted to optimize the kinetics of the glass crystallization process, ensuring the
desired ratio between the nucleation and crystal growth rates [9,40].

It is known that a two-stage crystallization approach is generally employed to obtain
a fine nanocrystalline structure in transparent glass-ceramics. The first stage promotes the
formation of a maximum number of crystal nuclei, while the second stage facilitates the
growth of the primary crystalline phase. The nucleation stage has the most significant influ-
ence on the ultimate structure and uniform distribution of the crystalline phase throughout
the glass-ceramic material [41]. So, indirect methods of monitoring the changes in the
physical properties of the material strongly connected with nucleation and crystal growth
were employed in this study to ascertain the nucleation temperature of the LAS glass.

3.1. Determination of the Nucleation Temperature

The technique chosen for the evaluation of the nucleation temperature during the pro-
duction of glass-ceramics was proposed by A. Marotta et al. [42]. This technique involves
determining the heat treatment conditions that result in the downward shift of the exothermic
peak on the DSC curve, which indicates the facilitation of the crystallization process through
the formation of nuclei during the glass pretreatment stage. The most effective nucleation
temperature, according to this technique, is determined by monitoring the peak on the curve
of the (T’P − TP) parameter versus the glass heat treatment temperature. The (T’P − TP)
parameter represents the difference between the maximum exothermic temperature values
for the initial glass (T’P) and the glass subjected to nucleation pretreatment (TP).

The DSC curves of the glasses pre-treated near the Tg for a fixed holding time of
2 h are presented in Figure 2a. The evident extremum of (T’P − TP) is observed due to
the non-linear shift of the position of the exothermic peak under the increase in the heat
treatment temperature. The temperature corresponding to this extremum was selected as
the nucleation temperature for the fabricated LAS glass.
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To optimize the holding time at the nucleation temperature, a comparable method was
used, which includes assessing the maximum displacement of the (T’P − TP) parameter
in relationship to the holding time [42]. The DSC curves of the glasses after treatments at
670 ◦C for various holding times are presented in Figure 3a. Our analysis of the (T’P − TP)
dependence reveals that a plateau is reached after a holding time of 2 h. This suggests that
the formation of new crystallization nuclei reaches its maximum and does not continue
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to increase with longer holding times. A similar phenomenon has been observed in
studies on the formation and evolution of nanoinhomogeneities in lithium and magnesium
aluminosilicate glasses using small-angle neutron scattering [18,43]. Consequently, a
holding time of 2 h is believed to be sufficient for the nucleation of synthesized glass,
ensuring the formation of the largest possible number of crystal nuclei. The data on the
crystallization peak temperatures are summarized in Table S2.
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pretreated samples (with respect to TP’ of the initial glass) vs. nucleation pretreatment duration.

Hence, the nucleation process for obtaining transparent glass-ceramics in our study
involves the pre-treatment of the glass at 670 ◦C for 2 h. A comparison of the XRD patterns
and Raman spectra of the initial glass with those of the glasses after the nucleation pre-
treatment indicates no visible changes (Figure S3). However, previous studies on LAS
glasses with similar compositions revealed that during nucleation, ZrTiO4 nanocrystals
with sizes around a few nm form in glass [44,45]. These nanocrystals serve as a platform for
the epitaxial growth of crystal phases based on quartz and lithium aluminosilicates [46,47].
The small size and limited number of crystal nuclei make it challenging to detect them
using common techniques such XRD and Raman spectroscopy. Nevertheless, modern TEM
methods can provide detailed insights into the mechanism of the formation of such crystal
nuclei. It was established that the nucleation mechanism involves liquid–liquid phase
separation, resulting in the formation of TiO2- and ZrO2-enriched zones, followed by the
formation of ZrTiO4 nanocrystals with a core-shell structure [46–48]. The shell consists of
an amorphous phase enriched in Al2O3, which further inhibits the growth of ZrTiO4. The
optimized temperature–time regime of nucleation allows us to move forward in studying
the possibilities of the variation in the structure and properties of glass-ceramics by the
control of crystallization conditions during the second stage of heat treatment.

3.2. Effect of Crystallization Conditions on the Microstructure and Properties of Glass-Ceramics

A polythermal analysis in the gradient furnace was performed for glass samples to
obtain a preliminary view of the crystallization behavior. The main aim of this analysis was
to identify the temperature range at which the glass-ceramics maintain their transparency
after crystal growth [35]. The hot end temperature of the gradient furnace was varied
between 800 and 1000 ◦C, while the holding times used were 1 or 6 h. It was observed that
at temperatures above 900 ◦C, intense crystallization took place, resulting in the complete
opacity of the glass-ceramics. However, when the hot end temperature was reduced to
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800 ◦C, three distinct zones (transparent, opalescent, and completely opaque) can be seen
in the samples. No visible changes were observed up to 710 ◦C, but higher temperatures
led first to the appearance of strong opalescence and then to a loss of transparency in the
material. It is important to note that the described polythermal analysis was performed on
the initial glass samples without a nucleation pre-treatment, resulting in the uncontrolled
growth of the crystalline phase. This caused a loss of transparency and the cracking of the
glass-ceramic samples at temperatures above 720 ◦C, which is more than 100 ◦C lower than
the temperature of the exopeak maximum for glass (TP = 867 ◦C). Thus, it is impractical
to use only the temperature of the crystallization peak for the production of transparent
glass-ceramics since the excessively high growth rate of crystals makes it difficult to control
the nanocrystals’ size [26].

A series of heat treatments in the temperature range of 690–730 ◦C for a duration
of 20 h were carried out on the pre-nucleated glass samples. The results obtained from
the polythermal analysis indicated the presence of both transparent and opalescent glass-
ceramics in this temperature range (Figure 4). A visual examination of the samples revealed
their cracking at temperatures exceeding 720 ◦C. The cracking occurs due to microstresses
arising from the difference in CTEs between the precipitated crystalline phase and residual
glass phase (−6.2 ppm/K and 6.0 ppm/K, respectively) when their magnitude exceeds the
material strength [49,50]. Therefore, a temperature of 710 ◦C was selected as the optimal
temperature for crystal growth during the second stage of crystallization, resulting in the
production of transparent glass-ceramics with no visible defects.
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Figure 4. Photo of glass samples obtained after the nucleation at 670 ◦C for 2 h and crystallization in
the range of 690–730 ◦C for 20 h.

The duration of the crystal growth stage has a direct impact on the final structure
and therefore the properties of the synthesized glass-ceramics. Thus, the next series of
two-stage heat treatments included a holding time of the second stage up to 30 h. Further,
the samples of the glass-ceramics are designated as GC-X, where X is the duration of the
second stage of crystallization at 710 ◦C. Figure 5a presents the Raman spectra of the initial
glass and glass-ceramic samples after the performed heat treatments. The spectra exhibit
two distinct bands: band A in the range of 470–480 cm−1 and band B in the range of
1070–1120 cm−1. Variations in the holding time of the second stage of the heat treatment
result in shifts in the position of the maxima of both bands. Notably, band A demonstrates
a significant increase in intensity, whereas the increase in band B is less pronounced. Band
A registered for the initial glass reaches its maximum at 472 cm−1, indicating transverse
vibration modes [51] associated with the Si–O–Si bond of the bridging oxygen during the
bonding of [SiO4] tetrahedrons. Additionally, band B in the original glass is observed at
1073 cm−1, representing the antisymmetric stretching vibration of the Si–O bond within
the Qn structures, where n denotes the number of bridging oxygens [52]. As the exposure
time exceeds 22.5 h, band A becomes narrower and its maximum shifts to the region of
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480 cm−1. This shift may be attributed to a decrease in the Si–O–Si bond angles caused by
the crystallization of the silicate phase.
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The shift of the maximum of band B to the region of 1120 cm−1, which is also observed
with the increasing holding time of the heat treatment, may be attributed to the enhanced
binding of the residual silicate glass phase. This can be explained by the fact that a
significant portion of the Li2O glass modifier enters the crystalline phase, resulting in a
reduction in non-bridging oxygen in the glass network. Previous studies have associated
the bands in the mentioned regions in the Raman spectra of crystalline phases in the LAS
system with SiO2-β-quartz, LiAlSi2O6, and LiAlSiO4-β-eucryptite phases. However, due to
the overlapping of the bands and their broadening in glasses, it is challenging to provide an
accurate interpretation of the phases. Nevertheless, the obtained data tentatively indicate
that the observed change in the Raman spectra is related to the crystallization of β-quartz
solid solutions, which is typical for LAS glasses.

To describe the scenario of the temporal evolution of crystalline phases in the sam-
ples during the second stage of the heat treatment, we examined the variations in the
IA/IB intensity ratios, as depicted in Figure 5b. It is evident that at the duration of up to
22.5 h, the IA/IB ratio gradually increases. However, at 25 h, the stepped, nearly twofold
increase in IA/IB was found with further plateaus at 27.5 and 30 h. This distinctive pattern
indirectly signifies a possible significant change in the thermomechanical characteristics of
the glass-ceramics.

The XRD patterns of the glass-ceramic samples, obtained after the nucleation and
subsequent crystallization at a temperature of 710 ◦C with varying holding times, are
presented in Figure 6a. It is noteworthy that all the XRD patterns exhibit distinct reflexes,
whose position remains virtually unchanged as the holding time of the heat treatment
increases. The longer the holding time, the higher the intensity of the reflexes. The primary
XRD peak, located at an angle of 2θ = 25.7◦, could potentially correspond to multiple
crystalline phases, as displayed in Figure 6b. It is plausible that the predominant crystalline
phase formed in this glass under the applied heat treatment conditions is a β-quartz solid
Li2O·Al2O3·nSiO2-type solution. The diffraction peaks of this solid solution are shifted
by approximately 0.5–1◦ towards larger angles compared to the reflections of β-eucryptite
(PDF card #00-026-0839), with the magnitude of deviation being proportional to the angle.
This shift can be attributed to the non-stoichiometric SiO2 content in the solid solution and
due to the complex multicomponent composition of the initial glass.
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Increasing the duration of the holding time at a temperature of 710 ◦C up to 27.5 h
results in a substantial increase in the content of the crystalline phase and a decrease in
the fraction of the amorphous phase, which cannot be evidently observed in the XRD
patterns. The evaluation of the crystalline phase content and crystallite size is presented
in Table 2. The crystallite size remains relatively constant at 33–35 nm regardless of
the holding time. However, the degree of crystallization of the samples increases from
approximately 14% to 49% after 20 h and 27.5 h of the second stage of the thermal treatment,
respectively. It is worth noting that β-eucryptite exhibits a negative CTE coefficient (α),
with the average values of α = −6.2 ppm/K in the c-axis direction within the temperature
range of 20–1000 ◦C. Therefore, significant changes in the thermomechanical properties can
be expected for the samples subjected to heat treatment at 710 ◦C within the specified time
range. These findings are consistent with the results obtained from the Raman spectroscopy,
in which an increase in the holding time leads to a notable enhancement in the intensities
of the bands associated with the formation of the crystalline phase (Figure 5).

Table 2. Calculated crystallized fraction, crystallite size, and CTE values in different temperature
ranges (CTET1. . .T2) for the glass-ceramic samples.

Sample Duration, h Crystallized
Fraction, %

Crystallite
Size, nm

CTE 0. . .50 ◦C,
ppm/K

CTE −50. . .400 ◦C,
ppm/K

CTE 20. . .500 ◦C,
ppm/K

GC-20 20 14 33 3.64 4.34 4.73

GC-22.5 22.5 24 33 3.13 3.88 4.25

GC-25 25 32 35 0.51 0.75 0.94

GC-27.5 27.5 49 35 −0.77 −0.49 −0.34

TEM microscopy was used to investigate the microstructure of the glass-ceramics
obtained after the two-stage thermal treatment of glass. The TEM image shown in Figure 7a
depicts the microstructure of the GC-27.5 sample, which is typical for LAS glass-ceramics.
A comprehensive analysis of the TEM images reveals that the microstructure of the sample
consists of crystallites of varying sizes, referred to as small and large particles, which
converge with the data regarding the microstructures of other LAS glasses [9,44].

The size of the small particles was determined from a few TEM images and found
to be approximately 12 ± 2 nm, while the size of the large particles was calculated to be
around 40 ± 11 nm (Figure 7b). The small particles are most likely the nucleation centers
for the growth of LAS-phase crystals in the form of large particles. These small particles can
be described as nanocrystals of ZrTiO4 and a mixed form of Zr1−xTi1+xO4, a finding that
has been confirmed by numerous researchers [44–47]. It is worth noting that the electron
beam used during TEM imaging did have an impact on the glass-ceramic sample. However,
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the size measurements obtained from the TEM images for the LAS crystals (40 ± 11 nm)
coincide well with the estimation (33–35 nm) using the XRD analysis.
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Figure 7. (a) TEM image of the glass-ceramic sample GC-27.5; (b) Particle size distribution as extracted
from the TEM image in (a).

Dilatometric curves were recorded over a wide temperature range (−120 to 500 ◦C)
to investigate the effect of the heat treatment duration during the second stage of crys-
tallization on the thermomechanical properties of glass-ceramics. Figure 8 displays the
relative elongation curves and the corresponding CTE values as a function of temperature.
By varying the holding times at 710 ◦C, it was possible to smoothly adjust the positions
of the relative elongation curves for the samples. The CTE values at 100 ◦C for the GC-20
and GC-22.5 samples exhibited only minor differences and are equal to 4.0 and 3.5 ppm/K,
respectively. The most significant changes in the thermomechanical properties of the heat-
treated specimens were observed within a range of holding times between 25 and 27.5 h, as
indicated by a transition in the CTE value from positive (0.5 ppm/K) for the GC-25 sample
to negative (−0.5 ppm/K) for the GC-27.5 sample. Increasing the holding time up to 30 h
resulted in negligible changes in the CTE, with the elongation curve closely resembling the
one of the GC-27.5 sample.
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It can be hypothesized that at a temperature of 710 ◦C and a holding time of 27.5 h, the
primary crystallization processes have already finalized, and prolonging the heat treatment
duration does not substantially affect the structure and properties of the LAS glass-ceramics.
Thus, by manipulating the duration of the holding time during the temperature treatment
of the investigated samples within the confined range of 25 to 27.5 h, it becomes feasible to
fine-tune the CTE curve and, moreover, to alter its sign while preserving the stability of the
CTE values in close proximity to zero.

The observed variations in the ∆L/L0 curves as the holding time increases are consis-
tent with the changes observed in the Raman spectra, where an increase in band intensity is
registered (Figure 5), as well as with the XRD results showing an increase in the intensity of
major peaks (Figure 6). The comparative values of the CTE for different temperature ranges
are presented in Table 2. It is demonstrated that an increase in the degree of crystallization
leads to a decrease in CTE for all cases. These findings pave the way to finely adjust the
CTE values of LAS glass-ceramics by manipulating the holding time during the second
stage of the heat treatment.

The optical transmission spectra of the obtained glass-ceramic samples with a thickness
of 2 mm are shown in Figure 9. Importantly, all of the samples possess optical transparency,
with transmittance (T) values ranging from 70% to 85% in the visible region.
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4. Conclusions

This study presents a comprehensive investigation into the influence of heat treatment
on the structural characteristics of LAS glass-ceramics, which enables the fine-tuning of
their thermal expansion coefficient. The temperature–time regime for efficient glass nucle-
ation was determined, and a two-stage heat treatment route was developed to produce
transparent glass-ceramics with a relatively high crystalline-phase content. The optimal
crystal growth temperature is found to be 710 ◦C, as this temperature effectively prevents
sample cracking caused by internal mechanical stresses during the formation of the crys-
talline phase. Furthermore, it is demonstrated that the variation in the duration of the heat
treatment in the second stage in the range of 20–30 h allows us to precisely control the
crystallization of a β-eucryptite-like solid solution as well as the CTE of the glass-ceramics
in the range from 0.5 ppm/K to −0.5 ppm/K. The size of crystallites remains relatively
unchanged at approximately 33–35 nm, while the degree of crystallization reaches 49%.
The results of the study are of interest for researchers for the advancement of integrated
optical devices based on temperature-insensitive materials.
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and (b) XRD patterns of initial glass and glass obtained after the nucleation at 670 ◦C for 2 h; Table S1:
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