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This study demonstrates, for the first time, the successful fabrication of mid-infrared-transmitting cryolite
(NasAlFe) ceramics via a cold sintering process (CSP) below 200 °C. Cryolite powders were synthesized by the
solution precipitation and followed thermal treatment to control particle size ranging from 140 nm to 1.5 pm and
moisture content that effects on the IR transmittance. Bulky dense cryolite ceramics could be obtained by the CSP
using optimized synthesized cryolite powders. The resulting ceramics achieved high relative density (~90 %)

and IR transmittance (over 80 % at 1 mm thickness) in the 3.8-5.6 um wavelength range although relatively low
sintering temperature below 200 °C. Furthermore, it was clarified that a critical balance exists between pore size
and hydroxyl content for the transmission properties of cryolite ceramics. The present findings thus establish a
sustainable, low-temperature route for producing optical fluoride ceramics suitable for infrared applications.

1. Introduction

Infrared (IR) radiation, an essential part of the electromagnetic
spectrum, is commonly categorized into three regions based on wave-
length: near-infrared (0.8-2.5 pm), mid-infrared (2.5-50 ym), and far-
infrared (50-1000 um). IR-transparent materials are crucial for appli-
cations such as windows, filters, and lenses in optoelectronic technology
[1,2]. These materials include single-crystal materials, polycrystalline
ceramics, and glass materials, each of which is selected based on specific
application requirements. The fabrication of IR-transparent materials
typically involves high-temperature processing. For instance, the pro-
duction of single-crystal materials such as sapphire and silicon, as well
as sintered ceramics such as translucent alumina and spinel, requires
prolonged high-temperature treatment, leading to significant energy
consumption [3-6]. Developing methods to manufacture IR-transparent
materials at lower temperatures could significantly reduce the envi-
ronmental impact associated with their production.

In recent years, low-temperature sintered ceramics have been
actively investigated [7-9]. An example of such technology is the
method known as the cold sintering process (CSP) [10]. This technique
involves heating and pressurizing a mixture of ceramic raw material
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E-mail address: sekino@sanken.osaka-u.ac.jp (T. Sekino).
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powder and a solvent (such as water, an acid, or basic solution) capable
of dissolving the ceramic material at temperatures of approximately 400
°C or lower. This process induces the dissolution of inorganic raw par-
ticles and reprecipitation associated with the evaporation of the solvent.
This transient liquid can partially dissolve the surface of the particles,
which then re-precipitates at the points of contact, facilitating bonding
between the particles. The CSP technique presents numerous advantages
over conventional high-temperature sintering methodologies, including
diminished energy consumption and the potential for enhanced material
properties. Recent investigations have demonstrated the successful
application of cold sintering to a diverse array of ceramic materials
encompassing both oxides and non-oxides, thereby expanding the scope
of this innovative approach.

CSP has been utilized to develop materials that demonstrate excel-
lent transparency in both the visible and near-IR light spectra. For
example, Guo et al. reported that sintering CaF2 using CSP at 350 °C
achieved a transmittance of up to approximately 85 % from visible light
to approximately 1100 nm in the near-IR region [11]. Similarly, Liu
et al. developed transparent materials for visible to near-IR wavelengths
of up to approximately 2000 nm for BaF: [12] and 2700 nm for LiF [13]
using CSP at a sintering temperature of 150 °C. Thus, there are several
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reports on the low-temperature sintering of transparent materials for
wavelengths ranging from visible to near-IR below 2700 nm. However,
low-temperature densification of IR-transparent materials that can
transmit wavelengths longer beyond 2700 nm via CSP is challenging
because of the key factors inhibiting IR transmission, specifically light
scattering and absorption. Light scattering is predominantly caused by
porosity, which significantly reduces the transmittance. On the other
hand, absorption is influenced by the presence of hydroxyl groups and
adsorbed water. These impurities exhibit absorption bands in the IR
region owing to OH stretching [14] and HOH bending vibrations [15].
Although high-temperature sintering typically eliminates surface hy-
droxyl groups and adsorbed water in low-temperature sintering, they
are more likely to remain in the sintered body [16]. As a result, residual
hydroxyl groups and water can significantly reduce the IR
transmittance.

To enhance the transmittance, it is essential to minimize scattering
by reducing the pore size and suppressing absorption by effectively
lowering the number of hydroxyl groups and adsorbed water. In sintered
ceramics, pores are formed between densely packed particles of raw
material. The particles are assumed to be ideal spheres. According to H.
S. Field’s close-packing theory, the largest sphere that can occupy the
interstitial spaces has a maximum radius of 0.414 R, where R is the
radius of the packed particles [17]. This suggests that the gap size be-
tween particles is proportional to the particle size. Therefore, reducing
the particle size effectively decreases the pore size, which helps to
suppress light scattering in ceramics. However, reducing the particle size
also increases the specific surface area, which in turn increases the
number of surface hydroxyl groups and adsorbed water. As previously
mentioned, they tend to remain in the sintered body when processed at
lower temperatures. Thus, careful design of the raw material particle
size is essential to balance the reduction in both light scattering and
absorption.

Based on the above reasons, the desired materials for IR transparency
should have a long IR cutoff wavelength, a low refractive index, and
minimal refractive index anisotropy to reduce scattering coefficients.
Therefore, cryolite (NasAlFs) was selected as the target material for the
low-temperature sintering in this study. Cryolite is commonly used as a
solvent for alumina in aluminum electrolysis [18,19]. It has a relatively
long IR cutoff wavelength because of the energy absorption associated
with phonon excitation of its intrinsic lattice vibrations, which occur at
approximately 12.5 uym (the absorption edge is 800 cm™) [20,21].
Additionally, cryolite has a low average refractive index (n,y ~ 1.337)
[22], which is particularly low among inorganic materials, and the
refractive index difference (Ang) across different crystal orientations is
less than 0.0015 [23], making it suitable for reducing light scattering.

In this study, we report the fabrication of cryolite ceramics with IR
transparency at wavelengths above 2700 nm using cold sintering.
Cryolite particles of different sizes were synthesized to control the pore
size of the ceramics. A mixture of cryolite particles and water was
densified at temperatures below 200 °C under applied pressure. To
optimize the densification process, we investigated the effects of sin-
tering temperature, uniaxial pressure, and duration time. We also
examined the relationship between the raw material particle size and
pore size in the ceramics to maximize IR transmittance. Previous studies
have demonstrated the fabrication of cryolite ceramics by conventional
high-temperature sintering at 640 °C [24,25]. However, to the best of
our knowledge, this is the first report on the low-temperature sintering
of cryolite ceramics and IR-transparent materials with wavelengths
exceeding 2700 nm.

2. Material and methods
2.1. Synthesis of cryolite particles

Cryolite raw powder was synthesized following the procedure out-
lined in equation (i), which is based on the synthesis method for

Journal of the European Ceramic Society 46 (2026) 117927

neighborite (NaMgF3) [26].
6NaF + AlCl3 — NagAlFg + 3NaCl... @)

Initially, NaF (FUJIFILM Wako Pure Chemical Corporation, Osaka,
Japan) and aluminum chloride hexahydrate (AlCl3-6 H,O, FUJIFILM
Wako Pure Chemical Corporation, Osaka, Japan) were dissolved in
deionized water to prepare aqueous solutions of 768 and 640 mM,
respectively. While stirring with a magnetic stirrer, 50 mL of aluminum
chloride solution (at room temperature) was gradually added to 250 mL
of sodium fluoride solution (also at room temperature), and the mixture
was stirred for 3 h. The mixed solution was filtered through a membrane
filter with a pore size of 200 nm to separate the solid from the liquid. To
remove the byproduct, sodium chloride (NaCl), the filter cake was
washed with deionized water after filtration. The collected cake was
dried at 200 °C, ground using an agate mortar, and pulverized into a fine
powder. Subsequently, to adjust the particle size, the powder was sub-
jected to calcinate at temperatures ranging from 300 to 600 °C, resulting
in cryolite powders with various particle sizes.

2.2. Sintering of cryolite particles

The synthesized cryolite raw powder was combined with deionized
water, placed into an 8 mm diameter mold, and then heated and pres-
surized at temperatures below 200 °C using a press machine with hot
plates to form disc-shaped cryolite-sintered ceramics. The sintering
temperature was defined by the temperature settings of the press ma-
chine’s upper and lower hot plates. Subsequently, the samples were
dried at 200 °C. The amount of deionized water added ranged from 0 to
50 wt%, the sintering temperature varied between 120 and 200 °C, the
uniaxial pressure was set between 195 and 780 MPa, and the duration
time was between 5 and 60 min. To investigate the effect of adding
deionized water during the sintering process, a sample was prepared
under conditions where deionized water was not added. To investigate
the effect of pressure, a sample was prepared by heating under repre-
sentative sintering conditions (180 °C, 10 min, 10 wt% deionized water)
without applying pressure, i.e., without placing the upper mold.

2.3. Characterization

The synthesized cryolite raw powder was characterized by X-ray
diffraction (XRD, MiniFlex, Rigaku Co., Ltd., Tokyo, Japan) for crystal
structure analysis, thermogravimetric-differential thermal analysis (TG-
DTA, STA 2500 regulus, NETZSCH Geratebau GmbH, Selb, Germany) for
thermal analysis, scanning electron microscopy (SEM, VE-9800, KEY-
ENCE CORPORATION, Osaka, Japan) for particle morphology obser-
vation, and nitrogen adsorption-desorption (BELSORP MAX,
MicrotracBEL Corp., Osaka, Japan) for specific surface area measure-
ments. The specific surface area was determined using the Brunauer-
Emmett-Teller (BET) method. The bulk densities of the fabricated sin-
tered bodies were calculated from their weights and volumes. The IR
transmittance was measured using a Fourier-transform IR spectrometer
(FT-IR, IR-Tracer-100, Shimadzu Corp., Kyoto, Japan). To investigate
changes in crystal structure and thermal behavior due to sintering, the
fabricated cryolite ceramics were ground into powder using an agate
mortar. XRD and TG/DTA measurements were then performed on the
ground powders using the same procedures as those applied to the raw
powders. Additionally, cross-sections of the sintered ceramics were
processed using a cross polisher (CP, IB-9020CP, JEOL Ltd, Tokyo,
Japan) with Ar gas, operating at 2-6 kV, and the polished surface was
observed using field-emission scanning electron microscopy (FE-SEM,
SU9000, Hitachi High-Tech Corp., Tokyo, Japan) to investigate the in-
ternal structure of the sintered ceramics. Using ImageJ software, we
calculated the pore size of the cryolite ceramics from the cross-sectional
FE-SEM images. First, the cross-sectional FE-SEM images were binarized
to distinguish between cryolite and pore regions. Next, the "Particle
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Analysis" function was used to analyze the pore area distribution from
the binarized images. Furthermore, the equivalent circular diameter and
pore size distribution of the pores were calculated from the pore area
distribution [27], and the mean pore diameter d50 was determined.

3. Results and discussion
3.1. Preparation of the cryolite powders

XRD analysis was conducted to investigate the phase compositions of
the synthesized powders before and after the calcination (Fig. 1). As
shown in Fig. 1, although minor peaks attributed to the impurity phase
NasAlsF;4 were observed, the main peaks corresponded to the desired
cryolite-phase Na3AlFg, confirming that cryolite was the primary phase
in the synthesized powders. A trend of increasing peak intensity corre-
sponding to the NasAlsF14 phase was observed as the calcination tem-
perature increased. The melting point of cryolite has been reported to be
approximately 1000 °C [28], making it improbable that cryolite un-
dergoes a compositional change to form NasAlsF;4 during calcination up
to 600 °C. Before calcination, particles might include uncrystallized
areas that could crystallize during thermal processing. Therefore,
TG-DTA measurements were performed to study the crystallization
behavior of the synthesized particles under calcination.

Fig. 2 shows the TG and DTA curves of the synthesized cryolite
powders before and after calcination at 300 and 400 °C. The TG curves
indicated that the weight of the synthesized cryolite powder gradually
decreased upon calcination up to 550 °C, irrespective of the specific
calcination temperature. However, within the range up to 400 °C, the
degree of weight loss tended to decrease as the calcination temperature
increased. The DTA curves exhibited a broad endothermic reaction in
the temperature range up to 550 °C. The endothermic reaction accom-
panied by weight loss is considered to be due to dehydration, suggesting
the release of water or hydroxyl groups within or on the surface of the
particles during calcination. Additionally, the powders before calcina-
tion and those calcined at 300 °C exhibited weak exothermic peak at
350-400 °C. Given that the XRD peaks of NasAl3F14 increased with
calcination above 300 °C, this exothermic peak was presumed to be
associated with the crystallization of NasAlsF;4.

To investigate the changes in particle size of synthesized cryolite
powder with varying calcination temperatures, SEM observations and
BET specific surface area measurements using nitrogen adsorption-
desorption method were conducted on the raw powder. Fig. 3 presents
the SEM images of the synthesized cryolite powder and a graph of par-
ticle size versus calcination temperature derived from BET specific
surface area. Particle size was calculated using equation (ii) [29],
assuming the particles are non-porous and spherical.
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Fig. 2. (a) TG and (b) DTA curves of synthesized cryolite particles either un-
calcined or calcined at 300 °C and 400 °C.

d =6x 10%/(p-S)... (ii)

Here, d represents particle diameter (nm), p is density (g/cm®), and S
is specific surface area (m?/g). SEM images revealed that the particles
are non-porous and irregularly shaped, with particle size increasing as
calcination temperature rises. The particle size changes derived from
BET specific surface area measurements also matched the SEM obser-
vations, showing that particle size tends to increase with higher calci-
nation temperatures. Significant particle growth was particularly
observed above 300 °C, suggesting that smaller particles coalesced
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Fig. 1. XRD patterns of synthetic cryolite particles either uncalcined or calcined at various temperatures.
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Fig. 3. SEM images of the synthesized cryolite powder, showing (a) particles either uncalcined or calcined at (b) 300 °C, (c) 400 °C, (d) 500 °C, and (e) 600 °C, and
(f) a graph of particle size versus calcination temperature derived from BET specific surface area.

during heating.

3.2. Densification and IR-transmittance of cryolite ceramics fabricated
via CSP

XRD measurements were conducted on the ground powders of the
fabricated ceramics to investigate the compositional changes caused by
CSP. Fig. 4 shows the XRD patterns of the ground powders from the
cryolite ceramics fabricated using raw particles subjected to different
calcination temperatures. The fabrication process conditions were
standardized at a sintering temperature of 180 °C, uniaxial pressure of
585 MPa, duration time of 10 min, and addition of 10 wt% deionized
water. The CSP optimization process is described later in the text (see
the discussion of Fig. 9). Regardless of the raw particles used, the ce-
ramics obtained primarily consisted of the target cryolite phase despite
the presence of secondary phases. Compared with the XRD patterns of

the raw powders shown in Fig. 1, the sample using uncalcined raw
powder exhibited increased peaks of the secondary phase NagAlgFi4.
While crystallization of the secondary phase occurred at temperatures
above 300 °C during the particle calcination, it proceeded at lower
temperatures during the low-temperature sintering process. To investi-
gate the cause of this crystallization behavior, a comparative sample was
also prepared using the same uncalcined raw powder, following the
same procedure as CSP except without applying pressure. Fig. 5 repre-
sents the XRD patterns of the raw powder (uncalcined), the ceramics
sample fabricated from same uncalcined powder without pressure, and
the sample processed by CSP. The sample heated without pressure did
not show crystallization of secondary phases, whereas the CSP sample
exhibited clear crystallization. This suggests that the temporary hydro-
thermal environment within the mold during the CSP promotes re-
actions more effectively than the atmosphere, reducing the
crystallization temperature.
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Fig. 4. XRD patterns (CuKa) of cryolite ceramics fabricated via the CSP method, using raw particles either uncalcined or calcined at various temperatures.
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Fig. 5. XRD patterns (CuKa) of the uncalcined cryolite raw powder, and cryolite ceramics samples prepared from the same uncalcined powder either by heating

without pressure or by CSP.

Fig. 6 shows cross-sectional FE-SEM images and binarized images of
the cryolite ceramics with raw powder subjected to different calcination
temperatures. To investigate the relationship between the particle size
of the raw powder and the pore size within the ceramics, the pore size
was determined from the cross-sectional FE-SEM images of the ceramics.
Additionally, Fig. 7 illustrates the relationship between the particle
diameter of the raw powder and the equivalent circular diameter, d50,
of the pores within the ceramics, as analyzed from the binarized images.
A reference line based on H.S. Field’s close-packing theory [17] is also
included, representing the theoretical maximum pore diameter between
ideal spherical particles. It was observed that with an increase in the
particle size of the raw powder (i.e., an increase in the calcination
temperature), the pore size within the ceramics also tended to increase.
Notably, when the calcination temperature was increased from 500 to
600 °C, there was a significant increase in both the particle and pore
sizes. Perfectly spherical particles with uniform size would result in
voids proportional to the particle size, and the pore size would also be
proportional to the particle size (see Fig. 7). However, in ceramics
manufactured with synthesized cryolite, the pore size increased with the
particle size, showing a linear relationship with an intercept, differing
from the strictly linear trend observed with the spherical particles. This
discrepancy arises because the synthesized particles have a particle size
distribution and irregular shapes, rather than being perfectly spherical.

A broad particle size distribution allows smaller particles to occupy the
gaps between larger particles, resulting in improved packing density
[30]. Additionally, the non-ideal spherical shape of the particles results
in a packing structure that deviates from the ideal state. As a result, the
formation of a pore structure different from the ideal state is anticipated,
such as pore coarsening due to pore connectivity. These factors are
considered to cause the deviation from the direct proportionality be-
tween particle size and pore size.

It should be noted that the raw material particle size was indirectly
estimated by assuming spherical particles based on the specific surface
area obtained via the BET method. This approach involves several un-
certainties. In particular, particle agglomeration may restrict adsorbed
gas access to only the outer surfaces of aggregates, potentially causing
an underestimation of the true surface area of primary particles.
Consequently, the calculated particle size tends to be larger than the
actual size. Furthermore, the particle size obtained from the BET method
represents only an average value and does not reflect the full particle
size distribution of the sample. When the particle size distribution is
broad, smaller particles can fill the voids between larger ones, increasing
initial packing density and enhancing diffusion by increasing contact
points, which facilitates densification during sintering. Therefore, the
relationship between the particle size shown in the figure and the
ceramic pore size should be interpreted with caution, as it may be
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Fig. 6. Cross-sectional FE-SEM images (backscattered electron images) and their binarized images of cryolite ceramics fabricated using raw particles either un-
calcined or calcined at various temperatures. The fabrication conditions for the ceramics were fixed at a pressing temperature of 180 °C, pressing pressure of
585 MPa, pressing duration of 10 min, and addition of 10 wt% deionized water. (a) Ceramics using uncalcined raw particles; (b) using particles calcined at 300 °C;
(c) at 400 °C; (d) at 500 °C; and (e) at 600 °C. (), (g), (h), (i), and (j) are binarized images of (a), (b), (c), (d), and (e).
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Fig. 7. Relationship between particle diameter of raw cryolite powder and pore diameter in cryolite ceramics (black markers). An approximate trend line is shown as
a black dashed line, and the theoretical maximum pore diameter based on H.S. Field’s close-packing theory is indicated by a red dashed line.

affected by measurement uncertainties and the influence of the raw
powder’s particle size distribution.

Next, the IR transmittance of the cryolite ceramics was measured
using FTIR spectroscopy. Fig. 8 shows the IR transmission spectra of
cryolite ceramics sintered at low temperatures using synthetic cryolite
powder. The sintering conditions were as follows: sintering temperature
of 180 °C, uniaxial pressure of 585 MPa, duration time of 10 min, and
addition of 10 wt% deionized water. The transmittance per millimeter of
thickness was calculated according to the Beer-Lambert law, using
Equation (iii) [31].

T=T{D. .. (iii)

where T is the transmittance per millimeter of thickness, d is the
thickness of the sample, and T is the measured transmittance of the
sample with a thickness of d mm. Samples prepared from uncalcined
powder and powders calcined at 300, 400, 450, 500, and 600 °C
exhibited thicknesses of 0.916, 0.930, 0.874, 0.905, 0.867, and
0.885 mm, respectively. As a result, cryolite ceramics made from pow-
ders calcined at temperatures between 400 and 500 °C exhibited high IR
transmittance, with values above 70 % in the 3.8-5.6 ym wavelength
range per 1 mm thickness. In both cases, strong absorption peaks
attributed to water or hydroxyl groups were observed near the 3 and
6 um wavelength regions. Cryolite ceramics made from uncalcined
powder or powders calcinated at a lower temperature of 300 °C showed
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stronger absorption due to water or hydroxyl groups compared to those
calcined at 400-500 °C, which is likely due to the decrease in water or
hydroxyl content with calcination above 400 °C. Cryolite ceramics
synthesized from raw powder calcined at 600 °C showed markedly
reduced transmittance at shorter wavelengths compared to other sam-
ples. This reduction is attributed to increased particle size resulting from
higher calcination temperatures, which enlarged pore size and enhanced
light scattering. The sample had a median pore diameter of 225 nm,
below one-tenth of the mid-infrared wavelength range of 3.8-5.6 um,
yet some pores were larger than one-tenth of the wavelength, potentially
leading to light scattering.

Herein, the changes in the IR transmission spectra are discussed
using equation (iv), which describes the IR transmittance T()\) of ce-
ramics while considering the effects of scattering and absorption [32].
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Fig. 8. IR transmittance spectra of synthetic cryolite ceramics produced using raw cryolite particles calcinated at different temperatures: (a) 400 °C or below, and (b)

450 °C or above.
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In Equation (iv), 8()) represents the apparent attenuation coefficient,
expressed in equation (v). In equation (v), a(A) denotes the linear ab-
sorption coefficient, y,(A) indicates the scattering coefficient due to
pores, and yg(\) represents the scattering coefficient due to crystal
anisotropy, with yp(\) and y4()) further defined by Equations (vi) and
(vii), respectively. Within the equations, n,, denotes the average particle
refractive index, d,, is the pore diameter, An, represents the refractive
index difference between particles and pores, V, indicates porosity, dg
refers to particle size, Ang signifies the refractive index difference due to
crystal orientation, and Vg represents the effective volume fraction of
particles. It is assumed that equations (iv) through (vii) hold under the
approximations given by equations (viii) and (ix). From equations (vi)
and (vii), it can be inferred that the scattering coefficient due to pores is
inversely proportional to the fourth power of the wavelength, whereas
the scattering coefficient due to crystal anisotropy is inversely propor-
tional to the square of the wavelength. Consequently, stronger scattering
occurred at shorter wavelengths. When using raw powder with a calci-
nation temperature of 600 °C, a notable decrease in transmittance was
observed on the shorter-wavelength side compared to the longer-
wavelength side, which was attributed to the increased scattering at
shorter wavelengths. Furthermore, equation (vi) indicates that the
scattering coefficient due to pores is proportional to the cube of the pore
diameter, highlighting the significant impact of the pore size on scat-
tering. Therefore, in the case of the cryolite ceramics studied, larger raw
particle sizes resulted in an increase in the pore diameter of the ce-
ramics, ultimately leading to a decrease in transmittance owing to
scattering effects.

Additionally, cryolite possesses a monoclinic crystal structure [33]
and, as previously mentioned, exhibits extremely low refractive index
anisotropy, with An approximately 0.0015 or less. Although this small
anisotropy may induce slight birefringence, its effect on infrared trans-
mittance in practical applications is negligible. Light scattering intensity
is generally inversely proportional to the fourth power of the wave-
length and directly proportional to the square of the refractive index
difference [32]. Therefore, in the infrared region, characterized by
longer wavelengths, the effects of scattering and birefringence are
minimal, resulting in an almost negligible reduction in transmittance. In
addition, the cryolite ceramics synthesized in this study contained a
small amount of NasAlsF4, originating from the precursor powder. A
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slight mismatch in refractive indices between this minor secondary
phase and the cryolite matrix may have caused limited light scattering,
potentially contributing to a modest reduction in transmittance.
Enhancing the phase purity of the starting powder is expected to
improve the optical performance of the ceramics.

Fig. 9 presents the TG (a) and DTA (b) curves of powders obtained by
grinding low-temperature sintered cryolite ceramics with a mortar. All
samples exhibited gradual weight loss and gentle endothermic peaks
upon heating. As the calcination temperature of the raw powders
increased, the thermal weight loss of the resulting ceramics decreased.
This phenomenon is likely due to the reduction of hydroxyl groups and
absorbed water in the ceramics following sintering. Unlike the DTA
curve of the raw powder shown in Fig. 2(a), no exothermic peaks were
observed apart from the gentle endothermic peak. These findings further
support the crystallization of secondary phases induced by sintering.

Fig. 10(a) illustrates the relationship between the calcination tem-
perature of the powder and both the transmittance (average value in the
3.8-5.6 um range) and the relative density. The relative density
remained at approximately 90 % irrespective of the calcination tem-
perature, and no significant variations were observed. On the other
hand, the transmittance peaked at 79 % for a powder calcination tem-
perature of 450 °C and decreased as the temperature approached either
lower or higher values.

Fig. 10(b) presents the relationship between pore diameter in the
ceramics and IR transmittance (average value in the 3.8-5.6 pm range).
The transmittance reached a maximum at an intermediate pore diam-
eter, suggesting the existence of an optimal pore size that minimizes
light scattering.

When the calcination temperature of the raw material particles is
300 °C or lower, adsorbed water and hydroxyl groups are retained,
leading to a decrease in the IR transmittance of the ceramics due to
absorption. Conversely, at a calcination temperature of 600 °C, pore
sizes exceeding 1000 nm, which are close to the IR wavelength, cause a
decrease in the IR transmittance of the ceramics due to scattering. As a
result, the transmittance remained above 75 % within the range of
400-500 °C for the powder calcination temperature, indicating that this
range is favorable for achieving ceramics with a good balance of light
absorption and scattering.

Fig. 11 shows the effects of distinct parameter adjustments: (a)
uniaxial pressure (fixed at 180 °C, 10 min, 10 wt% water), (b) sintering
temperature (fixed at 585 MPa, 10 min, 10 wt% water), (c) duration
(fixed at 180 °C, 585 MPa, 10 wt% water), and (d) deionized water
content (fixed at 180 °C, 585 MPa, 10 min). These results highlight the
impact on transmittance and relative density when varying uniaxial
pressure, sintering temperature, duration, and deionized water content,
utilizing raw powder material calcined at 450 °C. Thicknesses of samples
corresponding to each parameter set were measured as follows: for

(b)
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Fig. 9. TG (a) and DTA (b) curves of powders obtained by grinding cryolite ceramics, fabricated via CSP using raw powders either uncalcined or calcined at various

temperatures.
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added using raw powder material calcinated at 450 °C. (a) uniaxial pressure, (b)sintering temperature, (c) duration time, and (d) amount of deionized water added.

uniaxial pressures of 195, 390, 439, 488, 536, 585, and 780 MPa,
thicknesses were 1.07, 0.96, 0.95, 0.94, 0.93, 0.92, and 0.89 mm,
respectively. Thicknesses at sintering temperatures of 120, 150, 180,
and 200 °C were 0.93, 0.92, 0.92, and 0.92 mm, respectively. For du-
rations of 5, 10, 20, and 60 min, thicknesses were 0.91, 0.92, 0.92, and
0.91 mm, respectively. Thicknesses corresponding to deionized water
contents of 0, 10, 20, 30, and 50 wt% were 1.09, 0.91, 0.90, 0.83, and
0.78 mm, respectively.

In Fig. 11(a), within the uniaxial pressure range of 195-780 MPa,
both relative density and transmittance increase with higher pressures
due to enhanced particle packing, which improves density and reduces
scattering by minimizing pores. No notable changes in relative density
or transmittance are observed within the sintering temperature range of

120-200 °C and duration times from 5 to 60 min. The addition of 0 wt%
deionized water results in significantly lower relative density and
transmittance compared to conditions with 10-50 wt% water, likely due
to insufficient densification, which leads to larger and more numerous
pores that increase scattering and reduce transmittance. Maximum
relative density and transmittance are achieved with 20 wt% deionized
water, while further increases to 30 wt% and 50 wt% result in re-
ductions in both metrics, as excessive deionized water causes powder to
flow out of the mold, impairing pressure transmission to the powder and
decreasing relative density and transmittance.
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3.3. Effect of deionized water on the densification and IR-transmittance
of cryolite ceramics

To investigate the cause of the observed decrease in the relative
density and transmittance when deionized water was not added, cross-
sectional observations were conducted using FE-SEM. Fig. 12 shows
the cross-sectional FE-SEM image and the corresponding binarized
image of ceramics synthesized without the addition of deionized water
under the conditions of a powder calcination temperature of 450 °C,
sintering temperature of 180 °C, uniaxial pressure of 585 MPa, and
duration time of 10 min. Even in the ceramics fabricated without the
addition of deionized water, the particles were bonded and sintered
together. Even without the addition of deionized water, the state was not
merely that of a compacted powder body; interparticle bonding was
present, suggesting that water was not an absolute necessity for the
sintering process. Nonetheless, the samples without deionized water
addition exhibited a greater number and size of pores than those with
deionized water addition. The equivalent circular diameters of the
pores, determined through binarization and image analysis of the SEM
images, were 355 nm for the samples without water addition and
140 nm for those with 10 wt% water addition. Furthermore, the relative
densities were 67 % and 89 %, respectively, indicating that the addition
of water can reduce both the size and quantity of the pores. The addition
of deionized water is anticipated to promote particle rearrangement
through particle sliding, enhancing the packing density [34], and it has
been found to promote densification during the cold sintering process of
cryolite. Additionally, the increase in pore diameter and porosity is
believed to have contributed to the enhancement of light scattering,
which, in turn, resulted in reduced transmittance.

In the cold sintering process of cryolite, interparticle bonding
occurred even without the addition of deionized water. This suggests
that dissolution in a solvent is not strictly required for bond formation.
When deionized water was added, sliding-facilitated particle rear-
rangement was enhanced, and the mold environment temporarily
formed hydrothermal conditions, likely promoting bonding via surface
hydroxyl groups and improving densification [35,36]. Even in the
absence of added water, the applied pressure may increase particle
contact, and localized hydrothermal-like condition was developed at
particle interfaces due to adsorbed water. As a result, interparticle
bonding may have occurred without the need for external solvent
addition.

Previous studies have reported the fabrication of Dy- or Tb-doped
NasAlFs ceramics via spark plasma sintering (SPS) [24,25]. However,
these reports did not provide specific data on the density or infrared
transmittance of the resulting materials. Some samples exhibited
coloration due to carbon contamination from the mold. Although their
translucency suggests relatively high density, pore size control was not
addressed, which likely limited their optical transparency in the
mid-infrared region.

In contrast, the present study demonstrates for the first time the
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fabrication of cryolite ceramics with high mid-infrared transmittance
through cold sintering below 200 °C. This achievement was made
possible by systematically controlling both scattering and absorption
mechanisms. The ceramics reached a maximum relative density of
approximately 90 %. Although this represents a significant result for
low-temperature processing, further improvements in transmittance are
expected with continued optimization.

One promising approach to enhance transmittance involves opti-
mizing particle packing by adjusting the particle size distribution, such
as incorporating larger particles, without increasing the hydroxyl con-
tent of the raw powders. This strategy may improve both optical per-
formance and density in future developments.

In this study, we demonstrated that the pore size of ceramics can be
regulated by the particle size of raw materials in the low-temperature
sintering process of cryolite. While smaller pore sizes can reduce IR
scattering, they necessitate the use of smaller raw particles, which leads
to decreased IR transmittance due to absorption from adsorbed water
and hydroxyl groups. This highlights the importance of achieving a
balanced pore size in IR transparent ceramics. These findings will be
beneficial for the future application of low-temperature sintering tech-
niques to IR transparent ceramics.

4. Conclusion

Mid-IR transparent cryolite ceramics were successfully fabricated via
the cold sintering process conducted below 200 °C. Optimizing the
calcination temperature of the raw powder controlled particle size,
which effectively suppressed hydroxyl absorption and minimized pore-
induced scattering, resulting in ceramics with high mid-IR trans-
mittance and relative density. Although solvent addition is not essential
for particle bonding, it facilitates particle rearrangement and densifi-
cation. This approach not only reduces energy consumption but also
advances the development of environmentally friendly optical materials
suitable for IR applications. These findings establish a viable and sus-
tainable low-temperature processing route for cryolite ceramics, offer-
ing a promising alternative to conventional high-temperature
techniques.
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