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A B S T R A C T

Transparent glass ceramics containing CaF2 nanocrystals were synthesized using a conventional melting and
heat treatment process. The mechanism associated with the maintenance of the high transparency of the as-
prepared glass ceramics was further clarified. The maximum light transmittance of the as-obtained transparent
glass ceramics was approximately 85%, with microhardness value that reaches 761.62 ± 7.93 HV. To obtain
transparent glass ceramics, in addition to controlling the CaF2 nanocrystal size to be smaller than the wavelength
of visible light, the average grain spacing (or concentration) of the CaF2 is also a key factor. CaF2 transparent
glass ceramics were prepared following heat-treatment at a temperature between 630 °C and 700 °C for a period
of 1–4 h; herein, the CaF2 grain size was approximately 10–25 nm. The transmission electron microscopy (TEM)
results showed that the CaF2 grains were evenly distributed within the glass phase and that the average grain
spacing was greater than 5.64 nm. The Raman analysis results indicate that at 730 °C, there was a significant
increase in the degree of polymerization and an obvious increase in the concentration of CaF2 grains. The
average grain spacing was much lower than 5 nm, and therefore, light energy was constantly reflected between
the grains and eventually consumed, resulting in the observed opacity.

1. Introduction

Optically transparent RE3+-doped nanocrystal materials have at-
tracted considerable attention for use in numerous photonic applica-
tions, such as optical fibres, solid lasers, three-dimensional displays and
so on [1–6]. RE3+-doped oxide glass ceramics possess excellent che-
mical and mechanical stability, but exhibit a high phonon energy which
contributes to their poor optical performance. Fluoride glass ceramics
can be doped with rare-earth ions and offer excellent transparency, rare
earth ion solubility, and low phonon energy; however, such ceramics
show a characteristic susceptible to corrosion and poor stability, which
consequently have a negative influence on optical applications [7–9].
Some new transparent oxyfluoride glass ceramics, such as CaF2, BaF2,
NaYF4, LaF3, etc., in which RE3+ are incorporated and dispersed within
the glass matrix, offer an economical alternative with substantial per-
formance improvement. This is because they commonly possess the
optical advantages of pure fluoride glasses doped with rare earth irons,
moreover, they have the thermal and mechanical advantages of oxide
glasses [10,11].

Transparent glass ceramic preparation technology is based on

controlling the heat treatment, namely, nucleation and crystallization
of the base glasses, through which the nanocrystalline phase with a size
of 5–100 nm is formed and embedded within the glass matrix. The CaF2
crystal, an important small-size optical material, has a low melting
point, and, meanwhile, acts as a nucleating agent, hence, the devi-
trification phenomenon occurs when the treatment temperature slightly
exceeds the glass transition temperature. Subsequently, the crystals
continues to increase in size until silicate crystalline phases of a large-
size are generated [12,13]. Based on the Rayleigh scattering theory, for
transparent photonic applications, the crystallite size must be much
smaller than the wavelength of the incident light. In addition, the
crystallites must be discretely distributed within the glass matrix to
prevent light scattering [14–16]. Therefore, it is of interest and im-
portant to clarify the morphology and size of fluoride nanocrystals
within the oxyfluoride crystallized glass, ensuring to obtain a trans-
parent glass ceramic. There have been several reports on the non-iso-
thermal crystallization of fluoride nanoparticles within transparent
glass ceramics [17–21]. Rüssel [20,22] obtained CaF2 nanocrystalline
transparent glass ceramics with a crystal size of approximately 10 nm
following heat-treatment between 520 °C and 560 °C. Similarly,
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transparent products, embedded with BaF2 nanocrystals with a crystal
size of 6–15 nm, were also prepared via heat treatment performed be-
tween 500 °C and 600 °C. Both ceramics became opaque when the
temperature was further increased. N. Hémono [17] also reported the
development of transparent LaF3-containing glass ceramics with a mean
crystal size of 20 nm, which became opaque when the temperature was
greater than 700 °C for 20 h. Based on the above reports, it can be de-
termined that the spherical particles within these materials had an
average size within the range of approximately tens of nanometres,
which is far smaller than the wavelength of visible light. Hence, the
conditions required for high transmittance are satisfied. However, there
is no explanation for the change in the optical transmittance, such as
from transparent to opaque, of these materials. Hence, in addition to
the particle size factors, there are other factors that may affect the
optical transmittance, which should be studied.

In the present work, the base glass, which contained CaF2, was in-
itially prepared following high temperature melting; the transparent
glass ceramics were then produced via the crystallization of the base
glass. The microstructure, transmittance, and mechanical properties of
the obtained samples were analysed. The dependence of the mechanism
associated with the optical transmittance of the material on the con-
centration of the precipitated CaF2 nanocrystals was discussed in detail.

2. Experimental procedure

2.1. Synthesis of base glass

Based on previous studies [22,23], base glasses with a composition
of 25CaF2-40SiO2-20Al2O3-7.5MgO-7.5CaO (mol%) were synthesized
using a conventional melting-quenching method. Analytical grade
MgO, Al2O3, SiO2, CaF2 and CaCO3 were used as the raw materials.
Typically, a sample batch, weighting 50 g, was thoroughly mixed and
placed in a corundum crucible, and then melted at 1500 °C for 60min in
a high-temperature furnace for full melting. Subsequently, the melted
solution was rapidly poured into a stainless steel mould, which had
been previously preheated to 500 °C. This was then annealed at 500 °C
for 180min in a muffle furnace to release internal stress, and eventually
cooled to room temperature, finally resulting in the preparation of a
transparent and colourless base glass.

2.2. Preparation of transparent glass ceramic

The obtained base glasses were cut into pieces with dimensions of
20×10×1.5mm, and then subsequently subjected to a heat treat-
ment process to prepare the transparent glass ceramics. The base glasses
were each crystallized at temperatures of 630 °C, 670 °C, 700 °C, 730 °C,
740 °C, and 750 °C for a period of 1 h, 2 h, 3 h and 4 h. Eventually, the
products were polished and prepared for subsequent characterization.

2.3. Characterization and measurement

The characteristic temperature of the base glass was determined by
differential scanning calorimeter (DSC, STA409c, Germany). About
50mg sample of the base glass powder was placed in a crucible and an
empty crucible was used as a reference. The sample was then heated
from room temperature to 1000 °C at a rate of 10 °C/min under an
argon atmosphere.

The crystallization phases and particle sizes of all the synthesized
samples were identified by the X-ray powder diffractometer (XRD,
TTR3, Japan), using a Cuα (λ=0.154 nm) irradiation source operated
at 30 kv, with a scan range of 10-90° and scan step of 0.02°/s.

A transmission electron microscope (TEM, JEM-2200FS, Japan),
equipped with an energy dispersive X-ray spectroscopy system, and
operated at an accelerating voltage of 200 kV, was used to assess the
morphology and size of the CaF2 nanoparticles within the crystallized
ceramics.

To evaluate the molecular structure of the base glasses and heat-
treated glass ceramics, Raman spectra measurements (Lab RAMHR
Evolutio, France) were performed using the 532 nm line of a solid-state
laser as the excitation source with the resolution of 0.65 cm−1.

The light transmittance performance was investigated using an ul-
traviolet and visible spectrophotometer (TU-1901, China) over the
range of 190 nm–900 nm, under a scanning speed of 240 nm/min. The
light source is automatically converted pre-collimated deuterium lamp
and iodine tungsten lamp.

With repared to the mechanical properties research, Vickers hard-
ness (HV, 430SVD, USA) measurements were conducted under the load
1 N and holding time of 10 s. To determine the HV value, each sample
was tested five times; the average value and standard deviation of the
measurement were recorded.

3. Results and discussions

3.1. Characterization of the base glass

The base glass was prepared using a high-temperature melting,
casting process, and a subsequent annealing process. To identify the
phases and thermodynamic behaviour of the base glass, XRD and DSC
experiments were performed, with the results shown in Fig. 1. It can be
seen from the results that the as-obtained melted base glass is amor-
phous and visually colourless/transparent; moreover, as shown by the
DSC results, the endothermic peaks representing the glass transition
temperature, Tg (626.8 °C) and, melting temperature, Tm (972.1 °C),
can be observed. An exothermic peak, representing the crystallization
temperature, Tc (802.0 °C), can also be observed.

To obtain a transparent glass ceramic, it is necessary to hinder the
generation of the main silicate phases, which easily results in glass
devitrification, by controlling the heat treatment process. In addition,
the nucleation temperature is typically 10 °C above the maximum glass
transition temperature [20], so that the following heat treatment pro-
cess was performed between 630 °C and 750 °C.

3.2. Characterization of the as-obtained transparent glass ceramics

Based on the above characterization of the base glass, the trans-
parent glass ceramics were prepared using a heat treatment tempera-
tures between 630 °C and 750 °C for periods of 1–4 h, with their char-
acterization carried out as follows.

3.2.1. Phase analysis of the as-obtained transparent glass ceramics
The XRD patterns for the as-obtained glass ceramics are shown in

Fig. 1. The DSC curve obtained for the base glass sample with a heating rate
10 K/min under an argon atmosphere. The inset shows the amorphous X-ray
pattern obtained for the base glass.
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Fig. 2. In the Fig. 2(a–d), following heat treatment, some distinct peaks,
attributable to the crystalline phase of CaF2 (JCPDF: 01-1274), can be
observed at 28.217°, 47.045°, and 55.658°, respectively. As the heat
treatment temperature increases from 630 °C to 750 °C under a con-
sistent holding time, the crystalline peak strength becomes stronger and

sharper, indicating that the CaF2 crystals also increases in size; how-
ever, almost all the crystal peaks are broadened, suggesting that the
crystal size remains in a very small range. The variation tendency for
prolonged heat treatment time of 1–4 h is relatively not obvious com-
pared with that of the heat treatment temperature.

Fig. 2. XRD patterns of the crystallized samples that were annealed for 1–4 h under various heat treatment temperatures: (a) 630 °C, (b) 670 °C, (c) 730 °C, (d) 740 °C
and 750 °C, (e) 800 °C.

Fig. 3. Crystallite size of the formed CaF2, as a function of (a) the heat treatment temperature the samples that was employed for 2 h, (b) the heat treatment period
that was employed when the samples were treated at 670 °C.
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As shown in Fig. 2(e), when the as-obtained base glass is heat
treated at 800 °C for 2 h, the glass ceramic become fully opaque. In
addition to the diffraction peaks attributed to the generated CaF2
crystals, some diffraction peaks attributed to the crystalline phase of
CaAl2Si2O8 (JCPDF: 89-1471) can be also observed. This phase is
generated when the heat treatment temperature exceeds glass transition
temperature (Tg) of 740 °C, through the thermodynamic behaviour of
the base glass (Fig. 1), the CaAl2Si2O8 crystals are formed in large
quantities when the heat treatment temperature reaches the crystal-
lization temperature (Tc).

Since the size of the generated CaF2 nanocrystals varied with the
heat treatment process, the XRD peak at approximately 47.045° was
fitted using a Gauss curve, with the results presented in Fig. 3. The
mean grain size of the crystalline CaF2 phase was calculated using
Scherrer's equation [24]:

=d Gλ
θβ cos (1)

where G =0.89, d is the mean grain size, λ represents the wavelength
of the X-ray radiation (Cu kα=0.154 nm), θ is the Bragg angle and β is
the half width of the diffraction peak.

As shown in Fig. 3, the CaF2 nanocrystal size lies in the range of
10–25 nm with heat treatment temperature increasing from 630 to
730 °C (Fig. 3(a)), however, it does not change significantly when the
heat treatment period is further extended (Fig. 3(b)), which has been
reported by other researchers [17,20]. It is clear that the nanocrystal
size of the transparent glass ceramic is much smaller than the wave-
length of visible light, and therefore, meets the requirements for Ray-
leigh scattering. However, when the transparent glass ceramic starts to
become opaque when heat treated at 730 °C, the nanocrystal size of the
material is still similar to those of the aforementioned transparent
samples. This indicates that the nanocrystal size is not the only factor
affecting the light transmittance.

According to previous reports [22], the concentration of generated
CaF2 nanocrystals increases as the heat treatment temperature is in-
creased and period is extended, which may affect the light transmit-
tance of transparent glass ceramics. To study the change rule for CaF2
nanocrystal concentration, the area of the peak, which is proportional
to the concentration of the formed crystalline CaF2, at approximately
47.045° together with the FWHM are calculated [22] and the results are
presented in Fig. 4. The larger the measured area is, the higher the
concentration of CaF2 nanocrystals generated. It can be seen that the
concentration of the generated CaF2 crystals proportionally increases
with the heat treatment temperature (Fig. 4(a)) and period (Fig. 4(b)).
This phenomenon is similar to those reported in previous studies, and
may thus influence the light transmittance performance.

3.2.2. Micromorphology of the crystallized glass ceramics
The TEM micromorphology image of the obtained glass ceramic

annealed at 670 °C for 2 h is presented in Fig. 5(a). The results show
that there is a uniform and generous distribution of nanocrystals

throughout the glass matrix. Regions A and B represent the nanocrystals
and glass matrix, respectively. Fig. 5(b) reveals the crystal size dis-
tribution, which falls into a narrow range with an average grain size of
12 nm. There results correlate with the XRD results. The high resolution
transmission electron microscope (HRTEM) image of a single grain was
observed, as shown in the inset of Fig. 5(c), and used to calculate a d-
spacing value of 0.269 nm, which could be attributed to the (220) plane
of the CaF2 crystals. To investigate the elemental distribution, the EDS
spectra obtained for the CaF2 crystals and glass matrix were studied, as
shown in Fig. 5(c) and (d), respectively. It can be seen that the signal
intensity for the F and Ca elements is stronger in the nanocrystals region
and weaker in the glass matrix region.

3.2.3. Transmittance of the as-obtained transparent glass ceramics
Fig. 6 shows the transmittance curves obtained for the transparent

glass ceramics prepared under various heat treatment conditions. When
the heat treatment temperature is within the range of 630 °C–700 °C
(Fig. 6(a–c)), the samples maintain excellent optical transparency, with
the maximum transmittance remaining at approximately 85% in the
visible light band, with almost all the light in the ultraviolet band ab-
sorbed. And the heat treatment period has little effect on the trans-
mittance. When the heat treatment temperature is gradually increased
to 730 °C, the samples start to become semi-transparent (Fig. 6(d)), with
the transmittance in the visible light band showing a downward trend.
When the heat treatment temperature is greater than 740 °C, the ob-
tained samples become opaque and the transmittance is close to 0. In
Fig. 3(e), it is comparatively obvious that the transmittance slightly
decreases as the heat treatment temperature increases, especially when
the glass ceramics initially become opaque.

Generally, in theory, with the increase of heat treatment time and
temperature, the quantity of crystalline CaF2 increases, which increases
the light scattering and reduces the transmittance. However, as shown
in Fig. 6(a–c), when the obtained glass-ceramics are transparent, the
transmittance sometimes increases with heat treatment time, for ex-
ample, the transmittance of the "700 °C, 3 h" sample is greater than that
of the "700 °C, 1 h" sample. In addition to the experimental error factors
(± 1.0%), the above phenomena may be due to the non-uniform
crystallization, which results in variation of the transmittance.

3.2.4. Evaluation of mechanical properties
Fig. 7 shows the change in the microhardness value of the crystal-

lized samples that were treated with temperature of 670 °C (dotted line)
and heating period of 2 h (solid line), respectively. It can be seen that
the average microhardness value of the crystallized glass is greater than
that of the base glass, which also increases with increased heat treat-
ment temperature and time. When the transparent glass ceramic was
prepared at a temperature of 670 °C over a period of 4 h, the micro-
hardness reached 761.62 ± 7.93 HV. This value is comparable to that
of a spinel transparent glass ceramic based on the ZnO-Al2O3-SiO2

system, which has a maximum microhardness value of 718 ± 4 HV
[25]. Thus, the obtained transparent glass ceramics exhibit good

Fig. 4. CaF2 grain concentration formed as a function of (a) the heat treatment temperature that was employed for 2 h, (b) the heat treatment period that was
employed when the samples were treated at 670 °C.
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mechanical properties and can be applied in practical applications.
In summary, transparent CaF2 nanocrystal glass ceramics were

prepared under various heat treatment conditions using a conventional
melting method. The preparation process is relatively simple and can be
used for actual production. The transparent glass ceramics can remain
transparent when heat-treated under temperatures between 630 °C and
700 °C for periods of 1–4 h, and gradually become opaque when the

temperature is increased above 730 °C for a period of 1 h. The pre-
cipitated CaF2 nanocrystals are relatively uniformly distributed within
the glass matrix. With increasing temperature and time, the CaF2 grain
concentration obviously increases; however, the grain size, which lies
within the range of 10–25 nm, does not significantly change.

Fig. 5. (a) TEM micrograph of the obtained glass ceramic
that was heat-treated at 670 °C for 2 h. (b) Crystal size
distribution of the CaF2 nanocrystals within the above
glass ceramic. EDS spectra (c) obtained from an in-
dividual crystalline grain and (d) glass matrix shown in
(a). The inset shown in (c) shows a high-resolution
transmission electron microscope (HRTEM) image.

Fig. 6. Transmittance of the crystalized glass ceramic formed under various heat treatment conditions.
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3.3. Mechanism associated with the light transmittance of the glass ceramics

In spite of the CaF2 grain size being smaller than the wavelength of
visible light, the obtained samples become opaque (Fig. 6(d)). There-
fore, the grain size is no longer the only factor that has an influence on
the transparency. It's important to consider the influence of the gen-
erated CaF2 nanocrystal concentration on the light transmittance. This
was fully studied through the analysis of the structure and morphology
of the glass ceramics.

3.3.1. Molecular structure of the as-obtained glass ceramics
During the nucleation and crystallization process of CaF2, the

changes in the nanocrystals size and concentration are closely related to
the molecular structure, which, hence, eventually affects the transmit-
tance of the glass ceramics. To explore the effect of the grain con-
centration on the transmittance, Raman characterization was per-
formed, with the results shown in Fig. 8. In Fig. 8(a), the band near
320 cm−1 is assigned to the vibration of the Ca-F bond [26,27], and its
peak intensity increases with heat treatment temperature. Because the
intensity of the Raman peak is connected to the content of the vibra-
tional group, and the concentration of CaF2 increases with heat treat-
ment temperature, as calculated from the XRD results (Fig. 4), the vi-
bration intensity of the glass ceramics increases with temperature,
compared with the base glass without precipitated CaF2 grains.

With the precipitation of the CaF2 grains, the polymerization degree
of the glass phase increases, along with the viscosity. These factors will
influence the crystallization process, and, thus, lead to the concentra-
tion change of CaF2 grains. Therefore, the molecular structure of the
glass phase has been clarified in detail. Based on a previous Raman
spectroscopy study of the structure of silicate and aluminosilicate
glasses [28–32], the 400-600 cm−1 band is associated with flexural
vibration owed to the bridging oxygen Si-O-Si. The band in the 800-
1300 cm−1 region is thought to be due to the asymmetric vibration of
the SiO4 tetrahedron, where the specific peak wavenumber depends on
the number of non-bridging oxygen (NBOs) and bridging oxygen (Qi

(si), i= 0,1,2,3) that constitute a tetrahedron. In particular, the band
near 1050 cm−1 is attributed to the stretching vibration of a single
NBOs Si-O in a tetrahedron (SiO3O−: Q3), with the band near 960-
980 cm−1 assigned to Si-O stretching with 2NBOs (SiO2O2

2−: Q2). Si-
milarly, the band near 900-930 cm−1 and 840-860 cm−1 represents the
stretching vibration in silicate tetrahedral units with 3NBOs (SiOO3

3−:
Q1) and 4NBOs (SiO4

4−: Q0), respectively. Gaussian functions were

applied to fit the Raman curves obtained for the samples, with the fit-
ting results shown in Fig. 8(b)-(e). Subsequently, the mole fraction of
the different structural units, i.e., Qi (Si), were calculated from the
corresponding band area, with the change tendency for Qi (Si) shown in
Fig. 8(f).

As shown in Fig. 8(f), with increasing heat treatment temperature,
the mole fraction change trend for Q2 does not obviously change.
However, Q3 increases, and, conversely, Q1 decreases, with the change
trend particularly evident when the transparent glass ceramics begin to
become opaque when heat treated at 730 °C. The amount of bridging
oxygen is the main factor affecting the integrity of the silicate structure
in the glass ceramic: fewer bridge oxygens in the system correspond to a
lower degree of structural integrity. For increasing heat treatment
temperature from 630 to 730 °C, the CaF2 nanocrystals are continuously
precipitated from the glass matrix, meanwhile the content of [SiO4] and
[AlO4] in the glass phase increases, leading to an increase in the
number of bridge oxygens and complexity of the network structure.
Therefore, the diffusion barrier becomes greater during the nucleation
and subsequent crystal growth, which hinders further growth of the
crystals [22]. When the heat treatment temperature reaches 730 °C, the
mole fraction of Q3 obviously increases, indicating that the viscosity of
the glass phase increases significantly, with the concentration of the
generated CaF2 grains also increasing dramatically. This change trend
may have affect the light scattering and eventually lead to the trans-
parent glass ceramics becoming opaque.

Moreover, as shown in Fig. 7, the microhardness increases accord-
ingly as the heat-treatment temperature increases and the treatment
time is extended. The microhardness value of the glass ceramic is sig-
nificantly related to its chemical bond strength and degree of structural
integrity. The bridging oxygen bonds are stronger than the NBO bonds,
besides, the hardness and strength of the material both increase as the
network structure becomes more perfect [33,34]. Through structural
analysis of as-obtained glass ceramics, as CaF2 continues to form, the
bridge oxygen bond and the degree of structural polymerization in-
creases, which leads to an increase in microhardness. Therefore, this
structural change eventually reflects the enhancement of the micro-
hardness value of the glass ceramics with increasing heat treatment
temperature and time.

3.3.2. Micromorphology of the transmittance glass ceramics
As discussed above, the CaF2 nanocrystal concentration of the glass

matrix will have a significant effect on the light scattering, and will
result in varying transmittance values for the as-obtained glass cera-
mics. In this work, to better characterize the grains concentration, the
concentration of CaF2 nanocrystals is considered to be equivalent to the
grain spacing between the neighbouring CaF2 grains. The CaF2 nano-
crystals concentration decreases as the grain spacing increases. First,
TEM measurements were performed on the obtained glass ceramics and
the results are shown in Fig. 9. Subsequently, the centre of a single-
crystal and its surrounding grains is determined, and then the grain
spacing between two neighbouring crystals is measured as the distance
from the surface of this single grain to that of the neighbouring grains.

The micrographs, shown in Fig. 9(a)∼(d), of the precipitated na-
nocrystals within the glass matrix that were annealed for 2 h at 630 °C,
670 °C, 700 °C, and 730 °C, respectively, were examined. The images
portray monodisperse grains, which are uniformly embedded within
the glass matrix. Moreover, it can be clearly observed that the crystal
quantity increases as the heat treatment temperature increases.

The measured distance between grains was plotted in a histogram
and shown in Fig. 9(e)∼(h), with the change in average grain spacing
with heat treatment temperature also shown in Fig. 9(m). The results
obviously show that the average grain spacing decreases with the im-
provement of heat treatment temperature. When the nucleation tem-
perature increases from 630 °C to 700 °C, the average grain spacing
reduces from 25.74 to 11.89 nm, with the glass ceramics obtained being
transparent, indicating that the CaF2 nanocrystal quantity in this range

Fig. 7. The microhardness of the crystallized samples as a function of the heat
treatment period employed at 670 °C (dotted line), and the heat treatment
temperature used over a period of 2 h (solid line).
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has little effect on light scattering, with most of the incident light
passing through the glass ceramic. When the glass ceramics are in a
semi-transparent state, heat-treated at 730 °C, the mean grain spacing
decreases to approximately 5.64 nm, indicating that part of the light
energy is consumed through mutual refraction between the nanocrys-
tals, with only part of the incident light passing through the glass
ceramics. When the temperature increases to 740 °C, the glass ceramics
begin to become opaque, with the corresponding micrograph shown in
Fig. 9(k). In this case, the precipitated CaF2 nanocrystals embedded in
the glass matrix are distributed close to each other, with the average
grain spacing obviously much less than 5 nm. Consequently, the energy
of all the incident light will be gradually consumes in the mutual re-
fraction between the internal grains, resulting in light being unable to
penetrate the samples [35,36]. Based on the above analysis, it is ob-
vious that the mean grain spacing of the CaF2 nanocrystals has a major
effect on the light transmittance of the transparent glass ceramics.

Generally, in this work, CaF2 transparent glass ceramics were pre-
pared using a conventional melting process with a heat treatment
temperature between 630 °C and 730 °C. In the case of the as-obtained
transparent glass ceramics, the grain size should be much smaller than
the wavelength of visible light; in addition, the mean grain spacing can
also influence the light transmittance. The size of the precipitated CaF2
nanocrystals should within the range of 10–25 nm, and the mean grain
spacing should be greater than 5.64 nm.

4. Conclusions

In this study, a transparent glass ceramic based on CaF2 nanocrystals
was controllably synthesized via a melting process and subsequent heat
treatment. By analysing of structures and morphologies of the samples,
the mechanism associated with the transition of the glass ceramic from
a transparent to an opaque state was further clarified. In general,
transparent CaF2 glass ceramics can be prepared when heat treated
between 630 °C and 730 °C. These materials have a CaF2 grain size of
10–25 nm and an average grain spacing greater than 5.64 nm. With
regard to the wavelength region of visible light, the transmittance of the
transparent glass ceramics exceeds 80%. When the temperature exceeds
730 °C, the transparent glass ceramics start to become opaque, with the
average grain spacing decreasing to less than 5 nm. The Raman results
show that the polymerization degree of the glass ceramics increases
with the heat treatment temperature, especially when the temperature
reaches 730 °C. The significant increase in the degree of polymerization
indicates that there is an increase in the viscosity of the glass phase and
a significant increase in the concentration of the formed CaF2 nano-
crystals. This has a greater impact on the light scattering, and thus af-
fects the transmittance of the transparent glass ceramics. In general, the
nanocrystal size and mean grain spacing are two factors that affect the
transmittance of the transparent glass ceramics.
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Fig. 9. TEM micrographs of the precipitated nanocrystals of the glass ceramics
that were heated for 2 h at (a) 630 °C, (b) 670 °C, (c) 700 °C, (d) 730 °C, (k)
750 °C. (e)–(h) Columnar distribution map of the adjacent grain spacing mea-
surements corresponding with (a) to (d). (m) Average spacing as a function of
the heat treatment temperature.
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