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Editorial
Recent Technological Advances in Transparent Ceramics

Yiquan Wu

Kazuo Inamori School of Engineering, New York State College of Ceramics, Alfred University, 2 Pine Street,
Alfred, NY 14802-1296, USA; wuy@alfred.edu

1. Introduction

Transparent and translucent ceramics (TCs) represent a relatively recent development
in the long history of ceramics—while silicate ceramics have existed for approximately
30,000 years, transparent ceramics have been developed only within the past 65 years.
Together with certain glasses and single crystals, they form a class of materials known as
transparent inorganic solids (TISs). A wide array of components and devices, including
many high-tech applications, are derived from TISs [1-5]. The origins of the TC field can
be traced to advancements in sintering science pioneered by R. L. Coble at General Electric
in the late 1950s [1] (Figure 1). His work led to the development of translucent alumina
walls for high-pressure sodium vapor lamps, which became a commercially successful
product [6] and helped establish the field’s significance.

700 800

00 600
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Figure 1. (A) First translucent alumina ceramics: regular alumina and translucent GE Lucalox
alumina; (B) microstructure of translucent ceramics; (C) high-pressure sodium vapor lamp envelope
made of translucent Lucalox alumina; (D) spectral composition of light emitted by the sodium
vapor lamp. Reprinted with permission from [2]. Copyright 2020, John Wiley and Sons.

Many new materials and products have been developed within this evolving domain.
For a long time, these materials were primarily based on cubic crystal lattices (unlike
alumina), which significantly reduce light scattering and consequently enhance optical
transmission. Notable examples include MgO [7,8], MgF; [9,10], perovskite-structured
PLZT [11,12], ALON [13-15], MgAl,O4 [16,17], diamond [18], BN [19,20], and SiC [21].
These materials have enabled the development of primarily passive components, whose
functionality depends on high optical transparency (T > 70%) combined with desirable me-
chanical, thermal, electrical, or magnetic properties, alongside excellent chemical stability.
Subsequently, more sophisticated materials were developed, in which transparent ceramics

Ceramics 2025, 8, 98 https://doi.org/10.3390/ceramics8030098
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serve as hosts for intentional doping with transition-metal (TM) and/or rare-earth (RE)
cations. These doped materials, often referred to as active transparent ceramics, can modify
the spectral characteristics of incident light. Notable examples include MgAl,Oy4 [22],
ZnAl,O4 [23,24], CaF, [25] and other fluorides [26], YAG [27-29], Gd3Gas015 [30] and
other garnets, cubic ZrO; [31], Cas(PO4)3F [32], Y,Oj3 [33] and other bixbyite-structured
sesquioxides [34], as well as oxide and FOX-type glass-ceramics (e.g., BaAl;Oy) [35].

Passive transparent ceramics have enabled products such as transparent armor, in-
frared and LIDAR windows, cell phone displays, metal halide lamps, jewelry, and flash
goggles. Active transparent ceramics, on the other hand, have led to the creation of
solid-state lasers, optical filters, passive Q-switch absorbers, scintillators, and solid-state
phosphors. A key objective for the near future is to reduce fabrication costs—particularly
for spinel-based products. However, only modest progress is expected through incremental
improvements to existing processes. Significant cost reductions are likely to be achieved
only through the implementation of innovative, science-driven technologies. New ma-
terials are also expected to emerge, especially in the field of nanostructured, non-cubic
transparent ceramics. Performance enhancements of current devices are anticipated in the
short to medium term, alongside the discovery of new applications. A fundamental re-
quirement for these advancements is the deepening and broadening of scientific knowledge
underpinning the entire field.

2. Dr. Adrian Goldstein Author of Some Pioneering Contributions to the
Transparent Ceramics Field

This Special Issue honors Dr. Adrian Goldstein, former head of the Israel Ceramics
and Silicates Institute, in recognition of his groundbreaking contributions to the field of
transparent ceramics. Dr. Goldstein was among the first to demonstrate that significant en-
hancement in densification rate could be achieved by microwave sintering of green bodies
composed of monodisperse, spheroidal particles, such as amorphous silica, arranged in a
highly compact configuration. His work showed that such accelerated densification enables
the formation of transparent bulk specimens without inducing crystallization during the
process [36]. Using a similar approach, Dr. Goldstein successfully fabricated transpar-
ent spinel with submicron grain sizes via low-temperature sintering of monodisperse,
spheroidal powders at approximately 1300 °C—several hundred degrees lower than the
temperatures typically required for conventional densification [37]. Extending these inno-
vations, Dr. Goldstein also developed a novel method for producing bulk, polycrystalline,
transparent ZnAl,O4 ceramics, introducing a new class of optical ceramics with a high
hardness of 10.5 GPa [38].

Beyond fabrication, Dr. Goldstein conducted fundamental studies on the oxidation
and coordination behavior of transition metal dopants in inverted ultrabasic silicate glasses.
These investigations led to key discoveries, including the remarkable stability of Co3*
in ultra-high-basicity glass and a redox interaction mechanism between Cr** and Cu?*
ions [39]. Further advancing optical device technologies, Dr. Goldstein contributed to the
development of Co?*:MgAl,Oy transparent ceramics as saturable absorbers for passive Q-
switching of Er3* lasers at 1.534 um. This work established Co?*-doped MgAl,O, ceramics
as effective passive Q-switching elements [40]. In collaborative research, Dr. Goldstein
also investigated the influence of cation inversion on the optical absorption behavior of
transition-metal-doped spinel ceramics, notably showing that increased inversion levels
in Ti-doped MgGa;,O; significantly alter its optical absorption spectrum, deepening our
understanding of the structure-property relationships in spinel-type lattices [41]. Through
these seminal contributions, Dr. Goldstein has profoundly impacted both the fundamental
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science and practical applications of transparent ceramics. His work continues to shape the
future of ceramic materials research.

Dr. Adrian Goldstein, together with Dr. Andreas Krell and Prof. Zeev Burshtein,
co-authored the excellent and comprehensive book Transparent Ceramics: Materials,
Engineering and Applications, published by John Wiley & Sons, New York, in 2020.

The book Transparent Ceramics: Materials, Engineering and Applications, represents a
long-awaited and much-needed comprehensive overview of transparent ceramics. From
the outset, the book clearly communicates the breadth and depth of its content. Its accessible
and engaging writing style avoids overly technical language, making it suitable not only for
students, scientists, and engineers in materials science but also for newcomers to the field.
The material is richly supported by numerous tables, diagrams, and illustrations, enhancing
the reader’s experience and facilitating comprehension. While significant progress has been
made in fabricating high-quality transparent ceramics, many challenges and open questions
remain. These are thoughtfully addressed in the final chapter, Future Developments, which
outlines the author’s perspective on the field’s future directions. This book is an invaluable
resource and holds great potential to become the definitive textbook for anyone interested
in transparent ceramics.

3. Works Collected in This Special Issue

Recognizing the growing importance of transparent ceramics, the MDPI journal Ce-
ramics is committed to publishing research focused on their science and engineering. This
Special Issue brings together ten such contributions. A brief overview of their content is
provided below.

The first contribution [42] examines the effect of sintering atmosphere on the den-
sification behavior of Yb-doped Y,Oj3 transparent ceramics, suited for high-power laser
applications. It discusses the potential advantages of flowing oxygen versus traditional
vacuum environments during the sintering process. The second paper [43] presents a
large-scale commercial application of a sophisticated transparent ceramic coating designed
to protect rose wines from degradation caused by UV and blue light exposure. The coatings
were prepared from a sol-gel precursor capable of forming silica-based gels. Commercial
organic UV-absorbing molecules were incorporated into the gel, and two different organic
additives were evaluated. The resulting coatings were colorless and thin, demonstrating
superior UV protection compared to gels with inorganic additives. The most effective
formulation, containing approximately 1.5% of the commercial additive SemaSORB 20109,
exhibited the highest efficacy in preventing anthocyanin loss. The next study [44] also
focuses on high-power lasers, investigating the fabrication of Yb-doped components using
a CaF; host. Despite its relatively low mechanical strength, CaF; offers several advantages
over oxide hosts, such as its low phonon energy. Moreover, CaF;-based transparent ceram-
ics can be sintered at temperatures below 1000 °C, whereas oxide ceramics typically require
sintering temperatures near 2000 °C. The authors employed a two-step densification in-
volving pressureless sintering in air followed by hot isostatic pressing (HIP) at 600 °C. The
resulting specimens achieved approximately 91% optical transmission at 1.2 pm. Under
quasi-continuous wave (QCW) operation at ~1030 nm, with an output coupler mirror
transmission of 18.1%, the laser delivered a maximum output power of 1.51 W and a slope
efficiency of 9.2%.

The study presented in [45] was a collaborative effort among researchers from Al-
geria, Spain, and France. It addressed the restoration of sand-blasted Mg-spinel ceramic
specimens—fabricated via spark plasma sintering (SPS)—by applying a thin, high-hardness
Si0,-ZrO; protective layer. Sand blasting simulated natural weathering effects in desert
environments. The protective coating was synthesized and deposited via sol-gel process-
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ing. Interestingly, sand blasting was found to improve UV-region transmission (around
200 nm) in specimens with initially low transparency, while degrading transmission in
highly transparent samples. Larger defects from blasting mainly reduced transmission
and increased surface roughness at longer wavelengths. The applied coating exhibited
notable healing capabilities, successfully restoring the original transmission characteristics.
Paper [46] explores the development of transparent ceramics (TCs) from non-cubic materi-
als, specifically Ca1o(PO4)s(OH),, a phosphate-based hydroxyapatite. Such materials have
already demonstrated potential as solid-state laser hosts. The study focused on optimizing
processing conditions using the spark plasma sintering (SPS) technique. A comparison
was made between commercial nano-powders and in-house synthesized powders via
hydrothermal methods. Initial tests led to the successful fabrication of 1 mm thick disks
with approximately 60% optical transmission at 880 nm.

The following contribution [47] addresses an important characterization method:
scanning optical microscopy. This technique enables a detailed examination of porosity and
other defects in transparent ceramics. Modern digital instruments enable the acquisition of
high-resolution images across multiple depths and relatively large surface areas. Although
small pores are better revealed through electron microscopy, optical scanning provides
valuable data on pore volume, size, and shape distribution. Yb-doped YAG ceramics were
analyzed, with 2.2 x 107 um3 examined per sample. The study revealed clear differences
in porosity among specimens fabricated using different techniques. Samples that appeared
similar under visual inspection or SEM exhibited distinct pore populations, with these
differences correlating well with their respective transmission spectroscopy data.

Paper [48] focuses on the development of eye-safe lasers, specifically examining Ho?*-
doped LuyOs transparent ceramics fabricated via spark plasma sintering (SPS). The goal
was to compare the properties of these SPS-fabricated ceramics with those of single crystals
and ceramics densified by hot isostatic pressing (HIP). Using in-house-prepared active
powders, specimens with characteristics comparable to single crystals were successfully
produced. However, as the Ho?" concentration approached 10%, auto-quenching became a
concern. Energy losses were attributed to trace impurities, but cross-relaxation processes
enhanced emission near 2 pm. Paper [49] investigates the challenge of joining transparent
Mg-spinel plates. It is now well understood that although fabricating large spinel windows
is technically possible, it remains economically impractical. Consequently, joining smaller
plates appears to be the most viable approach for producing large, transparent armor
components. The study explored bonding components using specially designed glass
interlayers, aiming to develop a joining glass with refractive index and thermal expansion
closely matched to spinel. Additionally, the glass should minimize spinel dissolution
during thermal treatment and resist both crystallization and environmental degradation. A
particularly interesting and practically significant phenomenon was observed when two
semi-polished spinel plates were bonded using this glass. In this context, “semi-polished”
refers to one plate face being well polished and the other subjected only to coarse grinding,
with the glass applied to the ground face. Remarkably, the resulting bonded specimens
exhibited optical transmission exceeding the theoretical value for fully polished, uncoated
plates—representing a highly valuable achievement in the field.

Paper [50] details the fabrication of transparent ceramic spinel (TCS) that combines
high optical transparency with excellent resistance to sand erosion—primarily achieved
through high hardness. The study identifies spark plasma sintering (SPS) as a powerful
method for producing components with the desired properties. Importantly, it was found
that the highest sintering temperature did not yield optimal results. Instead, 1350 °C was
identified as the best compromise, balancing competing factors such as pore coalescence,
grain growth, graphite contamination, and diffusion kinetics. The resulting transparent
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samples achieved Vickers hardness of 16 GPa and Young’s modulus of 270 MPa, surpassing
the properties of parts densified by hot isostatic pressing (HIP). The subsequent paper [51]
examines the speciation of transition metals (TMs) incorporated into transparent ceramics.
Understanding speciation—together with insights from ligand field theory—is essential for
interpreting optical spectra and predicting spectral line profiles. This study investigated
how differences in host lattice structures affect TM speciation, using corundum and spinel
as model systems. It was observed that the spinel structure favors the stabilization of TMs
in the 2+ oxidation state (substituting Mg?* in tetrahedral sites), while corundum tends to
favor 3+ cations occupying octahedral sites. Additionally, variation in ionization potential
along the 3d transition series contributes to the stabilization of lower oxidation states for
late transition metals. Normal crystallographic sites were found to be significantly more
favorable for TM incorporation than inverted ones.

Acknowledgments: The author appreciates Adrian Goldstein very much for his support and com-
ments on this Special Issue and Editorial Article.
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Abstract: This paper systematically investigated the influence of sintering atmospheres,
vacuum, and oxygen, on the microstructure and optical properties of Y,O3 ceramics.
Compared with vacuum sintering, sintering in flowing oxygen atmosphere can effectively
inhibit the grain growth of Y,O3 ceramics at the final stage of sintering and improve
the uniformity of microstructure. After hot isostatic pressing, the samples pre-sintered
at oxygen atmosphere showed good in-line transmittance from a visible-to-mid-infrared
wavelength range (0.4-6.0 pm) except in the range of 2.8-4.1 pm. Spectral analysis showed
that an obvious broadband absorption peak (2.8-4.1 um) of characteristic hydroxyl groups
is detected in the above samples. However, before densification, a low-temperature heat
treatment at 600 °C under vacuum can effectively diminish the hydroxyl groups in Y03
ceramics. However, laser experiments in the ~1 um wavelength range showed that although
the Yb:Y,0O3 ceramic carrying hydroxyl had obvious absorption in the 2.8-4.1 um range,
it had little effect on its laser oscillation in the ~1 um wavelength. Yb:Y,O3 ceramics pre-
sintered in an oxygen atmosphere at 1460 °C followed by hot isostatic pressing at 1440 °C
achieved 12.85 W continuous laser output at room temperature, with a laser slope efficiency
of 84.4%.

Keywords: Y,O3; ceramics; oxygen atmosphere sintering; hydroxyl group; broadband
absorption

1. Introduction

In recent decades, yttrium oxide (Y,O3) ceramics have garnered significant attention
due to their superior properties, including low phonon energy, high thermal conductivity,
good thermal stability, and broad optical transparency (0.22-8 pum) [1-3]. Consequently,
Y,03 transparent ceramics are considered ideal candidates for applications in high-power
laser systems, high-temperature lens, and infrared windows [4,5]. As a cost-effective
alternative to obtain Y,O3 materials with inherent high melting temperature (>2400 °C), the
ceramic counterparts can be fabricated under much lower sintering temperature (<1800 °C),
meanwhile demonstrating the advantages of composite structure design and volume

Ceramics 2025, 8, 66 https://doi.org/10.3390/ceramics8020066



Ceramics 2025, 8, 66

scalability [6,7]. However, achieving high-quality Y,O3 ceramics remains challenging, with
demands to suppress residual pores, exaggerated grain growth, and impurity incorporation
(e.g., hydroxyl groups) that degrade optical transparency. Some defects are closely related
to the sintering conditions, particularly sintering atmosphere and temperature, that can
greatly influence the microstructure evolution and densification process [8,9].

Conventional sintering methods for Y,O3 ceramics typically involve vacuum sinter-
ing [10], which can avoid the entrapment of insoluble gas within pores, thereby promoting
final full densification. However, during the final-stage sintering of Y,O3 ceramics, accel-
erated grain boundary mobility can lead to pore-boundary separation, resulting in the
formation of intragranular pores that are difficult to remove, even further with pressure-
assisted hot isostatic pressing (HIP) sintering [11]. Therefore, it is necessary to control
microstructure evolution during the vacuum sintering process. Additionally, it is well
known that the grain boundary mobility of Y,O3 ceramics is rate-controlled by yttrium
cation interstitial concentrations, which is inversely proportional to the concentration of
oxygen interstitials [9,12]. Under an oxygen-rich sintering atmosphere, the concentration
of oxygen interstitials in Y,O3 tends to increase, thus inhibiting the abnormal grain growth.
Therefore, sintering in an oxygen atmosphere can serve as an effective way to fabricate
highly dense Y,0Os3 transparent ceramics.

In this paper, a systematic comparison was conducted on the effects of vacuum and
oxygen pre-sintering on the microstructure and densification behaviors of Y,O3 ceramics.
The optical properties, including transmittance and absorption spectra, were compared
with different sintering methods. A laser experiment was also conducted on Yb:Y,O3
ceramics, which were pre-sintered under oxygen atmosphere.

2. Experimental Section
2.1. Ceramic Fabrication

Y703 and 3 at.% Yb:Y,O3 transparent ceramics were prepared by the chemical co-
precipitation method. Firstly, commercial high-purity Y,O3 and Yb,O3 powder was used
as the raw material. They were dissolved in dilute hydrochloric acid solution. According to
the chemical formula of Y,O3 and (Ybyg.03Y(.97)203, the prepared YCl3 and YbCl; solutions
were mixed to make the concentration of Y3* reach 0.2 mol/L. Next, a mixture of NH;OH
and NH4HCOj3; was used as the precipitant (with molar concentrations of 1.5 mol/L and
2 mol/L, respectively). The precipitant was sprayed into the mother solutions at a rate
of 10 mL/min until the pH value reached 8. The obtained precursors were aged at 15 °C
for about 5 h, then filtered and washed 4 times with ultrapure water and 3 times with
ethanol to remove reaction by-products. Subsequently, the washed precursors were dried
in an oven at 80 °C for about 48 h. Then, they were crushed and calcined in a muffle
furnace at 1200 °C/5 h. Then, the obtained Y,0O3 and Yb:Y,0O3 powders were ball-milled
by using a planetary milling machine. Ethanol and ZrO, balls were used as the ball-milling
medium. The solid contents of the slurries were fixed at 11 vol%. The rotational speed of
the machine was set to 140 r/min, with a milling duration of 15 h. The resulting slurries
were completely dried and sieved through a 100-mesh sieve. The sieved powder was then
calcined at 700 °C for 10 h to remove any by-products. The calcined powder was weighed
and poured into a mold with a diameter of 22 mm. A uniaxial pressure of 5 MPa was
applied and maintained for 5 min. The resulting green compact, formed via dry pressing,
was subsequently subjected to cold isostatic pressing at 200 MPa to obtain ceramic green
bodies. The green bodies underwent pre-sintering in either oxygen (oxygen purity 99.9%)
or vacuum (vacuum degree < 5 x 1073 Pa) atmospheres. The pre-sintering temperature
and duration were 1400-1550 °C and 7 h, respectively. Subsequently, some of the samples
were further densified via hot isostatic pressing (HIP) at 198 MPa in an argon atmosphere
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for 3 h at 1440 °C. After HIP treatment, the samples were annealed in air using a muffle
furnace at 1000 °C for 10 h. Finally, the transparent ceramic samples were double-sided
polished.

2.2. Characterization

The relative densities of the samples were tested using Archimedes” method. The
microstructures of the sintered ceramics were observed using a scanning electron micro-
scope (SEM, JSM-6510, JEOL, Kariya, Japan). Before observation, the samples were mirror
polished on the surface and then thermally etched at 1250 °C for 5 h in a muffle furnace.
In-line transmittances in the visible to near-infrared wavelength range were measured
using a UV-Vis-NIR spectrophotometer (Lambda 950, Perkin-Elmer, Waltham, MA, USA).
The measurement wavelength range was from 200 to 2500 nm with a step size of 1 nm.
In-line transmittances in the mid-infrared range were measured using a Fourier-transform
infrared spectrometer (FTIR, TENSOR 27, Bruker, Germany). All the measurements were
carried out at room temperature.

3. Results and Discussion

Figure 1 compares the evolution of microstructures in Y,O3 ceramics as a function of
sintering temperature during the final sintering stage under flowing oxygen and vacuum
conditions. Samples sintered in an oxygen atmosphere exhibit smaller average grain
sizes and lower porosity compared to those sintered in vacuum at identical temperatures
(Figure 1a—d,f-i). Notably, the oxygen-sintered specimens show significantly narrower
grain size distributions (Figure le,j), which can be attributed to two primary factors. First,
the oxygen-rich environment promotes the formation of oxygen interstitials within the
crystal lattice, effectively reducing the grain boundary mobility of Y,O3; and thereby
suppressing grain growth [12]. Second, the forced convection induced by the flowing
gas atmosphere enhances heat transfer efficiency within the furnace chamber. In contrast,
vacuum sintering primarily relies on thermal radiation for heat transfer, leading to less
efficient temperature distribution. The improved thermal uniformity in oxygen sintering
ultimately contributes to a more homogeneous microstructure in the sintered specimens.

Figure 2a compares the evolution of the relative density of Y,O3 ceramics as a func-
tion of sintering temperature under different sintering atmospheres. When the sintering
temperature is below 1430 °C, samples sintered in vacuum exhibit slightly higher rela-
tive density than those sintered in an oxygen atmosphere. This can be attributed to the
increased concentration of oxygen vacancies in vacuum, which enhances grain boundary
diffusion in Y,Oj3 ceramics, thereby promoting densification during the intermediate stages
of sintering. However, during the final stage of sintering, the number of residual pores
decreases significantly, leading to a substantial reduction in the pinning effect on grain
boundaries. At this stage, the high grain boundary diffusion rate facilitates rapid grain
growth, as shown in Figure 2b. As grain growth progresses, residual pores tend to coalesce
and migrate along with the grain boundaries, resulting in a gradual decrease in pore num-
ber and an increase in pore size, as illustrated in Figure 3. With the continuous increase
in pore size, their mobility declines, and they finally become trapped within the rapidly
migrating grain boundaries, forming intragranular pores. As shown in Figures 2 and 3,
Y03 ceramics sintered in an oxygen atmosphere exhibit smaller average grain sizes, lower
porosity and smaller average pore sizes at the same sintering temperature compared to
those sintered in vacuum. This can be attributed to enhanced microstructural uniformity
and the suppression of excessive grain growth.
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Figure 1. The comparisons of microstructures (a—d,f-i) and grain size distributions (e,j) of Y,0O3
ceramics as a function of sintering temperature under flowing oxygen and vacuum conditions.
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Figure 3. Variation in pore number density (a) and average pore size (b) with sintering temperature
under different sintering atmospheres.

To further eliminate residual pores in Y,O3 ceramics, samples pre-sintered under O,
and vacuum atmospheres were both subjected to hot isostatic pressing. Figure 4 compares
the XRD of Y,0O3 ceramics that underwent vacuum or oxygen pre-sintering at 1460 °C,
followed by HIP at 1440 °C. As shown in Figure 4a, the XRD patterns of the two ceramics
correspond to the diffraction peaks of the pure cubic Y,O3 phase (PDF no.74-1828), and
no extra impurity peak is found, indicating that the sample does not produce a second
phase. As shown in Figure 4b, compared with the vacuum pre-sintering sample, the X-ray
diffraction peak of oxygen pre-sintering Y,O3 ceramics moves slightly to the small angle
direction. This is because the introduction of oxygen interstitial point defects leads to an
increase in the lattice constant of Y,O3, which shows that the X-ray diffraction peak of
vacuum pre-sintering Y,O3 ceramics deviates to the small angle direction.

Figure 5 compares the transmittance of Y,O3 ceramics that underwent vacuum or
oxygen pre-sintering at 1460 °C, followed by HIP at 1440 °C. Representative sample
properties of the transparent Y,O3 ceramics in recent work are also listed in Table 1 for
comparison. As shown in Figure 5a, Y,O3 ceramics pre-sintered under both atmospheres
exhibit high in-line transmittance in the visible and near-infrared regions (the sample
thickness is 4.3 mm). The transmittance exceeds 80% at wavelengths above 700 nm,
indicating that the samples pre-sintered in either vacuum or oxygen exhibit good optical
quality. However, as seen in Figure 5b, the sample pre-sintered in oxygen exhibits a broad
absorption peak in the 2.8-4.1 pm range, which corresponds to the characteristic absorption
of hydroxyl groups [13]. This phenomenon indicates that hydroxyl groups in Y,O3 ceramics
can only be effectively removed through sintering in a vacuum or a reducing atmosphere.

12
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Their resistance to removal at high temperatures under oxygen suggests that hydroxyl
groups are not simply present in the form of absorbed water molecules within the Y,O3
green bodies but are chemically bonded to yttrium ions. During high-temperature sintering,
the desorption reaction of hydroxyl groups from the material is shown in Reaction (1) [14].
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Figure 4. XRD patterns of Y,O3 ceramics in different pre-sintering atmospheres in ranges of (a)
10°-90° and (b) 27°-32°.
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Figure 5. Comparison of the transmittance of Y,O3 ceramics in the (a) ultraviolet to near-infrared and

(b) near-infrared to mid-infrared wavelength ranges after vacuum or oxygen pre-sintering followed
by HIP.

Table 1. Optical properties of Y,0O3 transparent ceramics from the literature and this work.

Sample  Sintering Method Sintering Additive Transmittance Ref.

Y,03 VS + HIP None 83.0%@3-5 um [15]

Y,03 AS + HIP None 81.8%@800 nm [16]

Y03 \E V4{0)) 80%@3-6 um [17]

YzOg (O3] ZI‘OZ 80%@800 nm [9]
81.6%@800 nm .

Y,03 VS + HIP None 84.0%@3.3 m This work

Y,03 OS + HIP None 81.97@800 nm This work

80.8%@3.3 um

The above reaction is reversible, which effectively explains why hydroxyl groups

cannot be removed even by high-temperature calcination under flowing oxygen conditions.

13
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The presence of oxygen molecules increases the concentration of O?~, which, as a product,
drives the reaction in the reverse direction. In contrast, under vacuum conditions, the
removal of water vapor products is accelerated, which promotes the reaction to proceed in
the forward direction.

To investigate the temperature range at which hydroxyl groups begin to decompose
during vacuum sintering, Y,O3 green bodies were subjected to vacuum heat treatment
within the temperature range of 600-1460 °C. To prevent moisture absorption, the samples
were immediately densified in a flowing oxygen atmosphere at 1460 °C after the respective
vacuum heat treatment, ensuring complete closure of the pores. The samples were then
subjected to hot isostatic pressing at 1440 °C to achieve full densification. Figure 6 shows
the FTIR spectra of the densified Y,O3; samples with different vacuum heat treatment
temperatures. It can be observed that after low-temperature (600 °C) vacuum heat treat-
ment, the hydroxyl content in the samples significantly decreased. The above phenomenon
indicates that the primary driving force for hydroxyl desorption in Y,O3 green bodies is the
rapid removal of water vapor in a vacuum environment, rather than the high-temperature
decomposition of Y-OH bonds. This finding provides new insights into the desorption
behavior of hydroxyl groups in oxide-based infrared optical materials, offering a potential
strategy for controlling hydroxyl-related absorption in similar systems.
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Figure 6. FTIR spectra of the densified Y,O3 samples with different vacuum heat treatment tempera-
tures.

Figure 7a illustrates the relationship between the output power and the absorbed
pump power for the Yb:Y,0O3 ceramic sample pre-sintered in an oxygen atmosphere and
further densified by hot isostatic pressing (HIP) in a simple two-mirror laser cavity. Using
a fiber coupled semiconductor laser with a central wavelength of 976 nm, the numerical
aperture is 0.22, and the fiber diameter is 105 um. The pump light output from the laser is
collimated through lens F1 (focal length f = 50 mm) and then focused into the ceramic gain
medium by lens F2 (focal length f = 125 mm). In order to reduce the thermal effect caused
by high-power laser pumping, indium foil was used to tightly wrap the laser ceramic and
fix it in the copper heat sink, and the cooling water temperature was set at 20 °C. The

14
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resonant cavity structure used in this study is a double mirror flat cavity structure. Among
them, the planar input mirror M1 is coated with a two-color dielectric film, which has high
transmittance (T > 98%) in the pump light band and high reflectivity (R > 99.9%) in the
laser band. The output coupling mirror OC is a planar structure [18]. The Yb:Y,O3 ceramic
sample had dimensions of 3 mm x 3 mm x 3 mm and was used without an anti-reflection
coating. The threshold absorbed pump powers were 1.5 W, 3.0 W, and 3.0 W with the output
couplers (OCs) of 5%, 10%, and 15%, respectively. With a 10% OC, a maximum output
power of 12.85 W was achieved at an absorbed pump power of 38.7 W, corresponding to
a slope efficiency of 84.4%. The laser efficiency and output power were comparable to
those obtained from vacuum-sintered Yb:Y,0O3 ceramics [18]. This result indicates that the
presence of hydroxyl in Yb:Y,O3 ceramics does not adversely affect laser performance in
the 1 um wavelength range. Therefore, it is reasonable to believe that oxygen-atmosphere
sintering might be a promising approach for fabricating rare-earth-doped Y,O3 ceramics
for laser applications below 2.9 um wavelengths.
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Figure 7. (a) Laser performance of the Yb:Y,0O3 ceramic sample pre-sintered in a flowing oxygen
atmosphere and subsequently processed by HIP and (b) typical laser output spectra for different
output couplers.

4. Conclusions

This paper investigated the effects of two sintering atmospheres—vacuum and flowing
oxygen—on the sintering behavior of Y,O3 ceramics, focusing on densification character-
istics and microstructural evolutions. The results indicate that, compared with vacuum
sintering, oxygen-atmosphere sintering effectively suppresses grain growth during the
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final sintering stage and enhances microstructural uniformity. At equivalent sintering
densities, oxygen-sintered samples exhibit significantly smaller average grain sizes than
those sintered under vacuum. In the 2.8-4.1 um mid-infrared range, oxygen-sintered
samples show distinct hydroxyl absorption peaks. In contrast, vacuum sintering effec-
tively eliminated hydroxyl groups, thereby reducing mid-infrared absorption. Despite the
presence of hydroxyl groups, the laser performance of Yb:Y,;0O3 ceramics densified in an
oxygen atmosphere demonstrated comparable laser efficiency and output power in the
1 um wavelength range, underscoring their potential for laser applications outside the
2.8-4.1 um absorption regions. In summary, oxygen sintering offers a more cost-effective
and scalable route for fabricating laser ceramics, while vacuum sintering is preferable
for mid-infrared window applications due to its superior hydroxyl removal and reduced
mid-infrared absorption.
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Abstract: Exposure to short-wavelength light, including UV-A and blue light, can degrade
high-value products like rosé wine, which are usually packaged in colourless bottles. This
study investigates the optimisation of sol-gel coatings enhanced with UV-absorbing ad-
ditives (Tinuvin 479 and semaSORB 20109) to provide photoprotection for rosé wines.
Coatings with varying additive concentrations (0.5%, 0.75%, 1%, and 1.5%) were applied
to glass substrates via spin coating and cured with UV light. Then, optical and mechan-
ical characterisation was performed. The 1.5% concentration semaSORB 20109 bilayer
coating demonstrated improved photoprotective properties without compromising colour
properties, leading to successful application on glass bottles by spray coating. Acceler-
ated degradation tests confirmed that the optimised coating effectively protected against
photodegradation, as indicated by the stability of polyphenol levels and colour parame-
ters in rosé wines. The results suggest that these coatings could be a suitable option for
commercial-scale applications, enhancing the light resistance of colourless-bottled products.

Keywords: sol-gel; Tinuvin 479; semaSORB 20109; spin coating; UV-absorbers; photoprotection;
rosé wine; anthocyanins

1. Introduction

The commercialisation of rosé wines predominantly involves the use of colourless,
transparent bottles. This choice is driven by consumer preferences, which often prioritise
the aesthetic appeal of the wine to the protective benefits that coloured bottles offer [1-3].
Coloured bottles can shield the wine from various negative effects induced by photoox-
idation, a process where light exposure leads to undesirable chemical reactions that de-
teriorate the wine’s quality [4-6]. More precisely, light absorption by anthocyanins at
UV (280-400 nm) and blue (360-500 nm) wavelengths induces reactions that alter their
chemical structure, affecting their stability and leading to degradation in various forms [7].
Anthocyanins are the most relevant polyphenols contributing to the colour of rosé wine [8],
and the mentioned photodegradation reduces their antioxidant properties and changes
their colour. Additionally, rosé wines also contain riboflavin (vitamin B2) in their matrix [9].
The exposure of this vitamin to wavelengths from 370 to 450 nm causes its excitation and
contributes to the formation of volatile compounds that negatively impact the sensory
quality of wines through the development of the so-called light-struck taste [10].

Ceramics 2025, 8,17 https:/ /doi.org/10.3390/ceramics8010017
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It is widely proven that amber and green glass bottles offer protection against UV-A
rays (320-400 nm) and shorter wavelengths within the visible spectrum, whereas clear glass
(Flint) bottles do not provide any significant protection in these wavelength ranges [11-13].
In the case of flint bottles, they allow approximately 80% of light with wavelengths above
360 nm to pass through. Green bottles, in contrast, block more light than clear ones, par-
ticularly below 520 nm, while amber bottles offer even greater protection, filtering out
more light across wavelengths shorter than 520 nm [14]. Despite the superior protec-
tive properties of green and amber coloured bottles, their use is often sacrificed to meet
marketing tendencies.

Over time, various surface modification techniques have been developed to address
such challenges. Among these, the sol-gel process has gained prominence for its ability
to create thin, functional coatings on diverse substrates, including ceramics and glass
bottles [15,16]. The sol-gel method involves transitioning a colloidal solution (sol) into a
solid gel phase, which then forms a uniform and adherent coating [17,18]. This technique
allows for the deposition of coatings at relatively low temperatures and offers high-purity
materials, making it advantageous for many applications [19,20].

One key advantage of sol-gel coatings is their remarkable versatility. Their adaptable
properties enable the incorporation of different additives to introduce specific functionali-
ties [21]. For instance, sol-gel coatings can be engineered to exhibit photocatalytic or UV-
absorbing properties, enhancing their ability to protect against light-induced damage [22].
In the context of wine preservation, integrating UV-absorbing additives into sol-gel coat-
ings presents a viable solution for protecting colourless bottles from photooxidation.

This study explores the potential of using sol-gel technology to address the challenge
of protecting rosé wines in colourless bottles. In particular, we investigate the incorpora-
tion of UV-absorbing additives into a commercially available colourless sol-gel solution
(Hardrise CHUI-R218.01, Polyrise SAS, Pessac, France) that has previously demonstrated
photoprotective effects. Among these additives, both inorganic and organic compounds
can be considered.

Inorganic UV absorbers like Titanium Dioxide (TiO;), Zinc Oxide (ZnO), Barium Oxide
(BaO), Strontium Oxide (SrO), and Aluminium Oxide (Al,O3) offer UV protection but also
provide a number of other properties that make them poor candidates for the purpose
of this project. TiO, and ZnO are effective in absorbing UV radiation but often cause
opacity [23,24]. BaO and SrO provide moderate UV protection with better transparency but
are less effective, and Al,Os, while durable and stable, offers limited UV protection [25-27].

SemaSORB and Tinuvin are two well-known organic UV absorbers used to protect
materials from damage caused by ultraviolet (UV) radiation [22]. SemaSORB is a brand
known for manufacturing UV absorbers [28]. These organic compounds that absorb
specific UV wavelengths are used in a variety of products, including plastics and coatings.
Their purpose is to extend the durability and preserve the properties of materials. It
is worth highlighting semaSORB 20109 [(E)-Ethyl 2-(3-ethoxy-4-hydroxybenzylidene)-3-
oxobutanoate] (Figure 1A), which structure features a benzylidene group and a 3-ketoester
group [29]. The structure of the compound includes conjugated systems with 7-electrons
that can absorb UV light at specific wavelengths [30]. After absorbing UV radiation, the
additives go to an excited state. This absorbed energy is dissipated as heat through non-
radiative processes. Tinuvin is another well-known brand that offers products to preserve
materials from the damage that produces UV radiation [31]. Specifically, the chemical
structure of Tinuvin 479 (6-methylheptyl 2-{4-[4,6-di(4-biphenylyl)-1,3,5-triazin-2-Y1]-3-
hydroxyphenoxy}propanoate) (Figure 1B) is based on a benzotriazole ring attached to a
phenolic group with a methyl group [32]. This structure is the reason why Tinuvin 479
has specific UV light absorption properties. The core of the molecule is the benzotriazole

19



Ceramics 2025, 8, 17

ring, which is effective in absorbing UV radiation [33]. It also contains nitrogen atoms in
its structure that can form 7 bonds with UV light [34]. The phenolic group attached to the
benzotriazole ring contributes to UV light absorption by providing additional bonds for
interaction with UV radiation [35]. In the context of sol-gel coatings for wine bottles, both
semaSORB 20109 and Tinuvin 479 can be incorporated to impart UV-protective properties.
These additives are integrated into the sol-gel solution to develop a coating that blocks UV
radiation, reducing the risk of photooxidation of the wine in colourless bottles.

v 0 O
o 0O
oo
S 0
HO N“SN
(0 l h
g HO OJTO\/\/\)\
Figure 1. Chemical structure of semaSORB 20109 (A) and Tinuvin 479 (B).

In contrast to the discussed inorganic absorbers, organic ones like semaSORB 20109
and Tinuvin 479 excel in maintaining the transparency of coatings while delivering tar-
geted UV protection. These organic additives integrate well into sol-gel formulations,
providing high-efficiency UV absorption without compromising the visual clarity of the
coating [28,32]. They offer greater flexibility in application and performance, making them
preferable for situations where aesthetic and functional properties are critical, such as in
protecting colourless wine bottles from photooxidation.

Taking into consideration the above information, the primary objective of this project
is to enhance a commercial, colourless sol-gel solution with semaSORB 20109 and Tinuvin
479 for wine bottles. The enhanced coating must maintain its colourlessness to align with
market preferences while providing improved photoprotection. By achieving this balance,
this study aims to offer a practical solution for preserving the quality of rosé wines in
transparent bottles, thereby addressing both aesthetic and functional requirements in the
wine industry. To verify the effectiveness of the tested coatings, the level of anthocyanins, as
well as the colour and the sensory profile of the beverages, will be measured as indicators
of protection.

2. Materials and Methods
2.1. Rosé Wine Making and Bottling

Rosé wine was produced using Grenache, Merlot, and Cabernet Sauvignon grape
varieties from the 2023 vintage, sourced from OCHOA winery (Olite, Spain). The must from
each grape was obtained by separating the free-run juice after a brief maceration period
(4-6 h), after which each must was fermented individually. Alcoholic fermentation was
carried out at a controlled temperature (16-17 °C) with indigenous yeast. Chips (Nobile
Base Chips, NOBILE®, Bordeaux, France) at 1 g/L were used in 30% of the wine during
fermentation. Following fermentation, the wines were transferred to separate tanks, where
they remained for one month in contact with fine lees. The wines were then blended
in a 2:2:1 ratio in a large-capacity tank, clarified with bentonite, and underwent tartaric
stabilisation at 4 °C prior to bottling. Minimal sulphur levels were maintained throughout
the winemaking process to preserve wine colour. Additionally, nitrogen was introduced to
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limit oxygen uptake during bottling. The initial sulphite concentration measured 21 ppm.
The resulting wine was bottled into coated and uncoated 0.75 L Flint glass bottles for
this study.

2.2. Preparation of Sol-Gel Solutions

A commercial sol-gel formula (Hardrise CHUI-R218.01, Polyrise SAS, Canéjan, France)
was used as the base. This coating contained a matrix of silica (26%), acrylates (15%), UV
absorbers (1.2%), additives (4%), and solvents (53%). Two UV absorbers, Tinuvin 479 (T)
(BASEF Corporation, Barcelona, Spain) and semaSORB 20109 (S) (se ma Gesellschaft fiir
Innovationen mbH, Coswig, Germany), were added to this base as it is shown in Figure 2.
S coatings were doped at 0.5%, 1%, and 1.5%. In the case of T, coatings with 0.5%, 0.75%, 1%
and 1.5% were prepared. Higher additive concentrations caused dissolution problems, so
they were not studied. The commercial formulation was stored in an opaque container and
kept refrigerated until the moment of additive incorporation, after which it was returned
to the refrigerator. The formulation with the additive was always used on the same day
it was prepared. Each one-litre container of the commercial formulation was used over a
one-week period, during which its properties remained unchanged.

Comercial formula (Hardrise (CHUI-R218.01))
|

Unadditivated Tinuvin at0.5%, semaSORB at

0.75%, 1% and 1.5% 0.5%,1% and 1.5% - . i
1.5ml. spin coating

+ + (3000 rpms, 20 s) ~
B i e

UV curing 10 min

= o= —

Spraying 1 min

1 and 2 layers 1 layer 1 and 2 layers

¥ .'._»:._.:’ +

7

Figure 2. Sample preparation and coating scheme.

2.3. Deposition and Curing of Coatings on Flat Glass (Figure 2)

A total of 1.5 mL of each prepared solution was deposited on flat glass substrates using
the spin coating technique (POLOS Advanced new generation ACD300, SPS, Hamburg,
Germany) at 3000 rpm of rotation speed for 20 s. S formulations were deposited as single-
layer and bilayer coatings. Applying more than two deposition cycles with SemaSORB
resulted in poor adhesion of the third layer and an island-like morphology on the glass
substrate. That compromised their uniformity and stability, so these coatings were not
studied. T coatings were applied as a single layer at the aforementioned concentrations on
the same flat substrates as S. In this case, double-layer samples were not studied due to
adhesion defects. Additionally, substrates were coated with the base coating as single and
double layers to establish a comparison between the different additive concentrations and
the base coating.

The samples to be characterised are as follows:

- Samples with no coating (Uncoated)
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- Samples coated with the formulation based solely on the commercial Polyrise SAS
formulation (control single layer and control bilayer).

- Samples coated with the formulation based on the commercial Polyrise SAS formu-
lation + the UV-filtering additive semaSORB 20109 (0.5% S single layer, 1% S single
layer, 1.5% S single layer, 0.5% S bilayer, 1% S bilayer, and 1.5% S bilayer).

- Samples coated with the formulation based on the commercial Polyrise SAS formula-
tion + the UV-filtering additive Tinuvin 479 (0.5% T single layer, 0.75% T single layer,
1% T single layer, and 1.5% T single layer).

*Measurements labelled as “Zero” correspond to the baseline values of different
equipment.

The curing of the coatings was performed by exposure to UV light in a UV chamber
for 10 min. A high-pressure tungsten filament lamp (ULTRA-VITALUX, Osram, Exeter,
NH, USA) was used for this purpose.

2.4. Characterisation of Coatings
2.4.1. Optical Properties

The transmittance properties of sol-gel coatings applied to flat substrates were anal-
ysed using a PerkinElmer Lambda 950 UV /VIS/NIR spectrophotometer (PerkinElmer, Inc.,
Waltham, MA, USA). This instrument also enabled the measurement of CIELab colour
coordinates of coatings and the determination of colour differences between coated and
uncoated substrates. The spectrophotometric measurements provided quantitative data on
the light transmission of coatings across the ultraviolet, visible, and near-infrared regions.
By comparing the spectral data of coated and uncoated samples, it was possible to assess
the optical impact of the sol-gel layers and quantify changes in colour appearance using
the CIELab colour space system [36,37].

2.4.2. Surface Properties

The relevant surface properties for this study include coating thickness, roughness, op-
tical parameters and wettability. Thickness and roughness measurements were conducted
using an interferometer (WYKO Rough Surface Tester 500 TM, Veeco Instruments Inc.,
Plainview, NY, USA). The interferometric analysis allowed for high precision, noncontact
measurements of the coating topography, yielding quantitative information on both thick-
ness and surface roughness parameters. The magnified images of the layers were obtained
with an interdimensional microscope (LEICA DMI 5000M, LEICA Mikrosysteme Vertrieb
GmbH, Wetzlar, Germany) in brightfield. Wettability was analysed using a contact angle
measurement device with the sessile drop method (EASY DROP, KRUSS GmbH, Hamburg,
Germany). This instrument is equipped with a high-resolution camera and software (AD-
VANCE software 1.7.0.8 by KRUSS) able to detect the shape of the drop once deposited on
the surface and calculate the angle, 6. The contact angle measurements offered a means to
assess the hydrophobic or hydrophilic nature of the coated surfaces, which is crucial for
understanding their interaction with liquids.

2.4.3. Photostability and Durability

To evaluate the long-term effects of light exposure on the designed coatings, a xenon
arc chamber (Q-Sun Xe-1-SCE, Q-Lab, Westlake, OH, USA) was employed. This chamber
simulates the damage caused by full-spectrum sunlight. The tests were conducted using
a window glass filter, producing spectral outputs equivalent to sunlight passing through
window glass on the studied flat specimens. The xenon arc chamber provides a controlled
environment for accelerated weathering, allowing for the assessment of the photodegra-

22



Ceramics 2025, 8, 17

dation and colour stability of the coatings under conditions that closely mimic real-world
indoor light exposure through windows.

Before and after the test, the colour of the samples was periodically measured with a
PerkinElmer Lambda 950 UV /VIS/NIR spectrophotometer (PerkinElmer, Inc., Waltham,
MA, USA) in order to know the effect of the tests. At first, these periodic measurements
were taken once a day, but over time, the intervals were gradually extended as the aim
was to monitor the colour evolution. The process was stopped once a significant colour
change was observed. In total, the samples remained in the xenon chamber for 22 days.
This colour change was measured by calculating the yellowness of the coatings or Ab from
the CIELab scale [37].

2.4.4. Tribological Study

The glass bottles used in wine bottling are coated with a protective layer designed
to prevent friction with other bottles during transport, storage or bottling lines. This
phenomenon is also known as scuffing and causes visible wear marks or scratches on the
glass, often appearing as white or dull grey areas. Measuring the tribological behaviour of
the new coatings helps us to verify whether the anti-scuffing properties are maintained in
the new coatings. If the coating has a high coefficient of friction, abrasion or surface damage
to the bottles may occur. The friction behaviour between coated surfaces was evaluated
using a reciprocating tribometer in a ball-on-disc configuration (UMT Tribolab, BRUKER,
Billerica, MA, USA). To simulate the interaction between identically coated bottles, both
the disc and the counterpart 6 mm glass ball were coated with the same formulation
for each test. This experimental setup allowed for the assessment of potential coating
damage or failure under conditions to simulate the contact between coated bottles during
bottling, handling or transportation. The tribological tests provided quantitative data on
the coefficient of friction and wear characteristics, offering insights into the durability and
performance of the coatings under simulated contact conditions.

The tribological assessment was conducted using a reciprocating motion test protocol.
The experiment consisted of 1000 cycles, with each cycle comprising a 20 mm back-and-
forth linear path at a frequency of 1 Hz. A constant normal load of 1 N was applied between
the sample and the counterpart throughout the test.

2.5. Scaling up to Bottle

The coating that exhibited the best properties in the characterisation phase was selected
for scaling up to bottle application. The coating application on bottles was performed using
an airbrush (Suction XTECH 500, SAGOLA, Alava, Spain). Spraying was conducted for
1 min at 2 bars of pressure while the bottle was kept rotating at approximately 0.5 m from
the tip of the airbrush. The curing process of each layer was carried out in the UV chamber
for 10 min with the bottle in rotation around the lamp.

2.6. Photoprotection Study

To assess the photoprotective capacity of the coatings on wine, an accelerated UV
degradation apparatus was utilised [6]. This system comprises 24 high-pressure tungsten
filament lamps (ULTRA-VITALUX®, Osram, Munich, Germany) arranged in a 6 x 4 grid.
The total irradiance within the chamber is equivalent to natural sunlight at the Earth’s
surface when the sun is at its zenith. Throughout the experiment, the temperature of the
wine bottles was maintained below 26 °C.

For the selection of irradiation times for the experiment, a study was conducted using
rosé wines in standard colourless bottles at 0, 20, 38, 53, and 67 h. At 38 h, the wine already
exhibited defects during sensory evaluation and a significant decrease in anthocyanins and
colour. Therefore, this point, which had previously demonstrated damage in an uncoated
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wine, was chosen to compare wine in an uncoated bottle (as in the preliminary tests) with
wine in coated bottles. Subsequently, the analysis of the rosé wine markers defined for
this trial was carried out. Untreated wine was kept in darkness throughout this study
as control.

2.7. Determination of Total Anthocyanin Content

The total anthocyanin content was quantified using a validated spectrophotometric
pH differential method [38]. Samples were diluted at a 1:4 ratio in two buffer solutions, one
at pH 1.0 (0.025 M potassium chloride buffer) and another at pH 4.5 (0.4 M sodium acetate
buffer). Absorbance readings were then taken at 520 nm and 720 nm for each pH condition.
Rosé wine samples were prediluted 1:4 with methanol. Then, the results were calculated
using the following formula:

Total anthocyanin content (expressed as malvidin-3-glucoside equivalents)

(mg/L) = (A x MW x DF x 10%)/(e x P), @

where A = (A520 nm — A700 nm) at pH 1.0 — (A520 nm — A700 nm) at pH 4.5;
MW = molecular weight of malvidin-3-glucoside; DF = dilution factor (4); ¢ = extinc-
tion coefficient, in L-mol~t-cm~1, for malvidin-3-glucoside (28,000); P = path length in
cm (1 cm).

2.8. Evaluation of Wine Chromatic Properties

A spectrophotometric analysis was conducted using a high-performance PerkinElmer
Lambda 950 UV /VIS/NIR spectrophotometer (PerkinElmer, Inc., Waltham, MA, USA) to
examine absorbance profiles across a wavelength range of 250-800 nm. Distilled water
served as the blank, while dark-stored wines were used as reference samples. CIELab
colour coordinates (L*¥, a*, b*) were determined through reflectance measurements. To
quantify perceptible colour changes, AE values were computed based on the Euclidean
distance between points in the CIELab colour space, adhering to internationally recognised
standards for colour difference evaluation [36,37].

2.9. Sensory Analysis

A sensory panel of eight expert judges performed visual, olfactory, and gustatory
assessments for the wine descriptors across different wine samples. The tasting, conducted
at ENONATURA (Villatuerta, Spain), adhered to the guidelines of the International Or-
ganization of Vine and Wine (OIV). Samples were evaluated immediately after the bottle
opening and served at a temperature of 18 °C.

3. Results
3.1. Optical Properties

The study of the transmittance profile is key to evaluating the filtering of the deposited
layers. Figures Al and A2 show the optical characterisation of the layers developed in
this work. For the two additives used, the 1.5% concentration gave better light filtering
results in the UV-A range (300-400 nm) than the undoped (or control) coating. These results
are shown in Figure 3, where it can be seen that the UVA protection is somewhat higher
when using the 1.5% T-doped coating in monolayer form than the 1.5% S-doped coating.
Furthermore, it illustrates that above 400 nm, this T-doped layer absorbs some light, and
its deposition could generate the appearance of colouration on the sample. This does not
occur with the 1.5% S-doped layer. The bilayer conformation could only be implemented in
the case of S since, in T, the second layer promoted the appearance of bubbles. The addition
of a second layer of 1.5% T on top of the sample would certainly promote a worsening of
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the light absorption in the visible part of the spectrum and generate samples that would
not be valid for this study.

100 4——— ~——
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%\:, 60 - —Zero
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x ——Control (single layer)
g 40 - )
2 ——Control (bilayer)
©
= —1.5% T (single layer)

20 A —1.5% S (bilayer)

O T T T T 1

250 300 350 400 450 500

Wavelength (nm)

Figure 3. Transmittance profile of the different coatings applied on a flat holder.

Table 1 shows the comparative colour properties of the different additive coatings
on flat glass. To begin with, coating the glass sample with the undoped formulation
keeps the properties of the substrate unchanged if only one layer is added. By adding
the second coating layer, the sample becomes yellowish (increase of b with respect to
uncoated). Adding increasing amounts of Tinuvin to this starting formulation causes a
gradual increase of the colour component b* and a slight increase of a*. This is accompanied
by a slight decrease in the lightness of the sample or L*. In the case of semaSORB doping,
the behaviour of Tinuvin is repeated. None of the layers exceeds the critical colour change
set to be perceptible to the human eye (AE > 3) [39], but doped with 1.5% T as a monolayer
has a AE > 2. At 2, the colour change of a sample is categorised as “visible to most people
under normal conditions”, and for decorative applications, this can be critical.

Table 1. CIELab L*, a*, and b* coordinates and colour difference of the optimised coatings in contrast
to an uncoated sample (first row).

Coating L* a* b* AE (v. Uncoated)

Uncoated 92.62 £+ 0.02 0.83 £ 0.01 1.66 +0.03 0.00 £ 0.04
Control (11.) 92.27 +0.03 0.80 = 0.01 1.83 £0.02 0.39 + 0.01
Control (2 1s.) 92.22 4+ 0.04 0.80 + 0.01 2.51 +0.03 0.94 £+ 0.02
05% T (11.) 91.87 4+ 0.06 0.91 + 0.01 3.08 + 0.01 1.61 +0.03
0.75% T (11.) 91.86 £ 0.02 0.91 + 0.04 3.10 £0.01 1.63 £ 0.01
1%T(11) 91.42 £+ 0.01 0.90 £ 0.03 3.09 £ 0.01 1.87 +£0.01
1.5% T (L) 91.41 +£0.05 0.91 4+ 0.02 3.34 +£0.03 2.07 £0.08
0.5%S(11) 92.00 £ 0.03 0.85 + 0.03 2.75 +0.02 1.25 £ 0.05
1%S(11) 92.10 4+ 0.02 0.93 £ 0.02 3.09 £0.01 1.53 + 0.01
15%S(11) 91.94 + 0.02 0.90 £ 0.03 3.35 £ 0.01 1.82 +£0.01
0.5% S (21s.) 92.17 £ 0.02 0.89 £ 0.01 2.83 £0.03 1.26 +0.01
1% S (21s.) 92.00 £ 0.01 1.00 £ 0.01 3.00 £+ 0.03 1.49 £0.01
1.5%S (21s.) 91.70 £ 0.10 1.01 £0.01 3.09 £+ 0.05 1.71 £ 0.07

3.2. Surface Properties (Thickness, Roughness and Wettability)

The surface properties of the coated samples are of great importance. Roughness

impacts the coating’s aesthetics, functionality, and durability, influencing tactile and visual

25



Ceramics 2025, 8, 17

perception, optical properties, and resistance to wear. Uniform thickness is crucial to
maintain the coating’s properties, while inappropriate values may compromise protection
or create defects. Finally, controlling wettability enhances the product’s appearance and
perception, with features such as hydrophobicity being associated with higher quality.
The roughness, thickness and contact angle provided by the different coatings applied are
shown in Table 2.

Table 2. Surface roughness properties (Ra, Rq, Rt, and Rz), thickness, and contact angle of coatings

obtained by doping commercial sol gel coatings with S and T.

Coating Ra (nm) Rq (nm) Rz (um) Rt (um) Thickness (um)  Contact Angle (°)

Uncoated 95+0.6 120 £0.7 02+0.0 02+0.0 - 31.8+3.0
Control (1 1) 193+ 4.3 312+63 07+£02 1.3+0.3 03+£0.0 78.6 £3.0
Control (2 1s.) 268 £7.2 51.7 £17.8 0.8+02 1.5+04 0.6£0.0 825+24
0.5%T (1) 18.6 £ 2.1 304 £ 44 0.8+0.1 1.24+0.1 0.5+£0.0 822+ 4.2
0.75% T (11) 175+ 1.3 314£35 0.8+02 1.5+04 04+£0.1 825+1.0
1% T (11) 1239 +62 1911 £123 1.6 £04 22+0.5 0.8+0.0 82.6 +24
1.5% T (L) 1203 +8.0 177.8 £14.38 20+£02 3.0+£05 0.7+£0.1 86.6 £4.1
0.5%S(11) 20.1 £44 448 £13.8 1.2+0.2 1.5+0.4 1.0+0.2 80.7 £0.3
1%S(11) 359+£9.8 762 £16.8 1.4+0.2 1.2+0.5 1.0+0.1 842+24
1.5%S (L) 20.1 +4.0 37.3+9.7 09+02 1.7 £05 0.7+0.2 90.2+29
0.5%5S (21s.) 27.7 £ 89 71.0 £18.7 1.5£02 1.6 £04 1.0 £0.0 829+1.2
1% S (21s.) 311+7.1 729 + 16.4 1.5+0.3 1.3+0.5 1.3+0.3 82.6 £1.6
1.5%S (21s.) 233+74 59.5 £21.9 1.2+0.3 1.2+0.3 1.4+0.2 88.3£23

The commercial formulation increases the roughness of flat substrates, but when S
is added at different percentages, this value does not vary significantly, and no defects
are observed in the layers when studied by microscopy (Figure 4). This occurs both when
applying the formulations as a monolayer and as a bilayer. On the other hand, when
1% and 1.5% T are added in monolayer form, the roughness of the coating does increase
significantly. This change in values is clearly seen in Ra and Rt. These effects are not
evident to the naked eye, but when the layers are studied under the optical microscope, the
appearance of irregularities in these coatings can be seen (Figure 5).
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—
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—
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Figure 4. Images obtained by optical microscopy at 10x magnification of coatings with different
percentages of S deposited on flat glass sample.
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Figure 5. Images obtained by optical microscopy at 10x magnification of coatings with different
percentages of T deposited on flat glass sample.

With both absorbents, layers between 0.4 and 1 um are obtained (Table 2). In the case of
T-layers, as the percentage of absorbent increases, the thickness of the layer increases. This
can be related to the appearance of increased roughness and flaws mentioned previously at
1% T and 1.5% T. On the other hand, when S is added at different percentages, there is no
noticeable increase in layer thickness. The contact angle increases equally in the commercial
coating and in the additivated coatings. This is not a significant change, and the additives
are not responsible for it.

3.3. Photostability and Durability

The colour variation of the different coatings applied when subjected to degradation
tests in Xe chambers is shown in Table 3. In this case, it makes sense to focus this study
on the yellowing (Ab) produced by the samples. As the results show, with exposure to
these tests on uncoated and undoped samples, the colour of the final sample is not altered
towards either yellowing (+Ab) or bluing (—Ab).

Table 3. Yellowing (Ab) of layers with different coatings during exposure to accelerated ageing tests.

Coating 24 h 48 h 72h 93 h 163 h 333h 528 h
Uncoated 0.0+0.0 0.0£0.0 0.0+0.0 0.0£0.0 0.0+0.0 0.0£0.0 0.0£0.0
Control (11.) 0.0+0.0 0.0£0.0 0.0£0.0 0.0£0.0 0.0£0.0 0.0£0.0 0.0£0.0
Control (2 1s.) 0.0+0.0 0.0£0.0 0.0+0.0 0.0£0.0 0.0£0.0 0.0£0.0 —-0.1£0.0
1% T(11) 0.0+0.0 0.0£0.0 0.0+0.0 0.0£0.0 0.1+0.0 0.6£0.2 1.0£0.1
1.5% T (11L) 0.1£0.0 0.0£0.0 0.1+£0.0 0.1 +£0.0 0.1+£0.0 0.5+01 1.1£0.1
1.5%S(11) -01+00 -03+00 -04+00 -044+£00 -04+00 —-04£00 —-04%00
0.5%S (21s.) -01+00 -04+00 -04+£00 -054£00 -05+£00 —-05£00 —-05%£0.0
1% S (21s.) -04+00 -04+00 -04+£00 -04+£00 -04+£00 —-05£00 —-06=x0.0
1.5%S (21s.) -02£+£00 -03+00 -05£00 -05+00 -05+£00 —-05£00 —-05+0.0

When these tests are carried out on the T-doped samples, no significant colour changes
are visible up to 163 h. After that point, the 1% T and 1.5% T coatings become increasingly
yellow, giving values of Ab = 1 after 528 h. These Ab values are considered critical for
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decorative applications such as the objective of this work. In contrast, samples with S-
doped coatings start to show signs of blueing in the first 24-48 h. These changes are of a
Ab of around —0.5, and as the test time increases, they remain constant. This means that
the colour changes of this second family of coatings are imperceptible to slightly noticeable
after 528 h.

3.4. Tribological Study

Both 1.5% T single and 1.5% S bilayer coatings were selected for the tribological testing
before proceeding to the selection of the coating that would be scaled up to the bottle.
Figure 6 shows the results of the coefficient of friction (COF) measurement tests of the
layers against glass balls with the same coating. The COF of the uncoated glass sample
against an uncoated glass ball is 0.87. When both counterparts are coated with two layers
of the base formulation (control), the COF decreases to 0.34. The formulation doped with
1.5% S bilayer shows that the integration of the additive does not significantly alter the
COF, as counterparts coated with this formulation yield a value of 0.36. However, when the
counterparts are coated with 1.5% T, the resulting COF is 0.40. This test supports the irreg-
ularities and roughness variations previously detected in the 1.5% T layer characterisation
and is most likely attributed to solubility issues of the additive within the base formulation.

1 A

——Uncoated

——Control (single layer)

COF

——Control (bilayer)
——1.5% T (single layer)

——1.5% S (bilayer)

0.2 A

0 T T T T 1
0 200 400 600 800 1000

Time (s)

Figure 6. Coefficient of friction of the deposited coatings that offered the most UV light filtering in
this work (vs. ball coated with the same coating tested).

As there were no tribological differences, the 1.5% S-doped coating was selected as a
bilayer for bottle scale-up since it gave better results after their complete characterisation.

3.5. Results After Bottle Scaling

Figure 7 shows uncoated and coated with two layers of the 1.5% S-doped formulation
bottles. As it can be seen in the images, no colouring or defects from the applied coating
were visible to the naked eye. When the bottles coated with the S-doped formulation were
introduced into the accelerated degradation chamber, problems with the adhesion of the
coating to the bottle were detected. The bottles retained the coating, but part of the additive
they contained dissolved in the water, turning it yellowish. For this reason, the protection
reflected in the oenological parameters may be less than it should be, as part of the additive
passed to the water of the irradiation chamber and did not perform its filtering function.
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Figure 7. Double coated with the commercial formulation doped with 1.5% S (A,C) and uncoated
bottles (B,D) from different angles.

3.6. Wine Change with Accelerated Exposure in Colour and Anthocyanins

Rosé wines packaged in coated bottles showed less colour deterioration after 38 h
of irradiation than wines in uncoated bottles. This is evident from the increase in the
L* coordinate and the reduction in a* and b*, which, as shown in Table 4, were more
pronounced in wines stored in uncoated bottles compared to those in coated bottles.
Furthermore, the colour change in these wines was greater than 1, which implies that
the colour of this wine can be differentiated by a buyer from an unexposed wine. This
would not be the case for wines in coated bottles, both undoped and S-doped, as the colour
change values are maintained below 1. The small differences in colour between the wines
in control-coated bottles and S-doped coated bottles are not significant.

Table 4. CIELab coordinates and colour change of wines exposed to 38 h of accelerated irradiation in
different containers.

Index Unexposed Bottle  Uncoated Bottle-38 h  Control (21s.) Bottle-38 h  1.5% S (21s.) Bottle-38 h

L* 89.0 £0.1 90.1 £ 0.0 89.3 £ 0.1 89.5+0.1
a* 13.6 £ 0.1 12.7 £ 0.0 13.5£0.0 132 £0.1
b* 132+ 0.1 123 £ 0.1 125 £0.1 125 £0.1
AE 00£0.1 1.6 £0.1 0.8=+0.1 09+0.1

On the other hand, the study of the evolution of anthocyanins, shown in Figure 8,
gave more information than that collected by the colour indices of the wines. It shows that
the irradiation of rosé wines, irrespective of the type of bottle they are in, produces a loss of
anthocyanins. The wines in uncoated bottles experienced a loss of 26% of anthocyanins.
The wines in coated bottles preserved a greater quantity of these polyphenols, and in this
case, it lost 20% of these polyphenols. The study of anthocyanins shows that there are
differences between the bottle coated with commercial solution and the one added with
semaSORB. The latter preserves more anthocyanins than the other ones and only lost 17%
of them.
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Figure 8. Anthocyanin loss in rosé wines exposed to 38 h of accelerated irradiation in glass containers
with different coatings.

3.7. Sensory Analysis

The differences seen in the colour and anthocyanin parameters of the wines translate
into the tasting results shown in Table 5. After 38 h of accelerated irradiation, the wines in
coated bottles, both S-doped and undoped, present tasting values and descriptors similar
to those of the wines not exposed to irradiation. On the other hand, the wines exposed in
uncoated bottles have unpleasant and bitter flavours. In addition, visually, a lower layer is
visible, which is usually related to a lower number of compounds in the wine matrix.

Table 5. Sensory results with distinctive features appreciated at each stage (visual, olfactory, and
taste) in rosé wines packaged in bottles with different coatings after 38-h trials.

Wine @ ‘ } Final Score
Treatment

Unexposed More layer (1*) Flat (1*) Flat (1*) 74
Bitterness (4%),
Uncoated Less layer (2%) Flat (3%) Unpleasant 69
(29
Control .
(bilayer) - Flat (1*) - 74
1.5% S (bilayer) - Humidity (2%) - 73

* The number in brackets refers to the number of tasters who detected the mentioned descriptor.

4. Discussion

Protecting the organoleptic and visual properties of rosé wines from light exposure is
a key challenge in the wine industry [4-6]. In this study, commercial coatings doped with
two additives (T and S) were explored to determine their ability to filter UV light, preserve
wine properties, and maintain the aesthetic appearance of the bottles. The results obtained
allow the effects of these coatings to be evaluated from multiple perspectives, supporting
their potential application at industrial scales.

Variations in additive concentration can influence sol formation by affecting param-
eters such as hydrolysis and condensation rates, particle size distribution, and overall
stability. Higher additive concentrations may lead to increased viscosity and faster gelation,
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while lower concentrations might result in insufficient cross-linking, impacting the final
coating properties.

Comparing the coatings based on the percentage of dopant agent accepted in each
case, formulations with 1.5% T were obtained and applied as a single layer due to poor
adhesion of a second layer, and formulations with 1.5% S were applied as bilayers. Both
dopants are UV absorbers with an absorption peak at 350 nm. The UV filtering performance
of T in a single layer is slightly better than that of S in a bilayer. Furthermore, there is no
need to add a second layer to achieve the desired effect, making T initially appear as the
most suitable option for scaling up.

As the layers were characterised, it became evident that T doping caused a greater
colour change compared to S. Under accelerated irradiation, T-doped coatings exhibited
yellowing, which, after 528 h of Xe exposure, would become noticeable to customers. This
suggests that after storage with exposure to fluorescent light, there is a risk of yellowing
becoming detectable to clients.

Although S-doped coatings do not deliver exceptional results in light filtering, when
it is applied as a bilayer, it achieves similar effects from the previously mentioned T-doped
coatings. Characterisation shows that coatings with this formulation align better with
the objective of the project as they exhibit minimal colour changes and result in a more
imperceptible final finish. That is the reason why 1.5% S-doped coating as a bilayer was
the chosen one for the scale up to bottles.

After 38 h of accelerated irradiation, significant differences in anthocyanin degra-
dation were observed in rosé wines depending on the type of bottle coating used. In
uncoated bottles, anthocyanin levels decreased by 26% compared to nonirradiated wine
(Figure 7), leading to perceptible changes in colour (Table 4). The commercial coating
reduced anthocyanin loss to 20%, which also moderated the changes in the wine’s colour
coordinates. Finally, the coating doped with 1.5% S provided superior photoprotection,
limiting anthocyanin loss to 16%, indicating enhanced efficacy due to the doping.

A relevant study in the literature employed a UV absorber to photoprotect rosé
wines [40]. In this work, Tinuvin 1577 was incorporated into low-density polyethylene via
hot extrusion, achieving a homogeneous dispersion used to make rosé wine bottles. After
912 h of UV aging in a chamber, rosé wines in uncoated bottles exhibited a 78% anthocyanin
loss, whereas bottles with coatings doped with 0.8% Tinuvin 1577 reduced this loss to 71.5%.
Although this reduction was significant, the authors concluded that it was insufficient
to fully prevent wine degradation. However, when Tinuvin 1577 was combined with
Chimassorb 2020, a hindered amine light stabiliser (HALS), anthocyanin loss decreased
further to 60%. HALS do not directly absorb UV radiation but are highly effective in
neutralising free radicals generated during sunlight exposure, acting synergistically with
UV absorbers. This approach appears promising for enhancing the efficacy of the S-doped
coatings used in our study.

No other studies have been found that employ UV absorbers specifically to mitigate
wine degradation, although research exists for other products, such as milk and oils [41].
De Oliveira [42] reported the incorporation of Tinuvin 234 into PET resins to manufacture
oil bottles, achieving a 90% filtration of light at 360 nm. However, after irradiating the oils
in bottles with and without the additive, no significant differences were observed in the
stability of the oil’s compounds. In contrast, in our study, S-doped coatings filtered 37%
of the light at 360 nm, which was sufficient to preserve anthocyanins (Figure 7), maintain
the wine’s colour (Table 4), and improve sensory characteristics during tasting (Table 5).
This suggests that the effectiveness of filtration may depend on the critical wavelength
responsible for the oxidation of specific compounds in each product.
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Other studies, such as that by Coltro et al. [43], demonstrated that using Tinuvin 326 at
0.08% reduced UV light transmission at 360 nm by 90% in doped bottles, providing optimal
photoprotection for oils stored under fluorescent lighting for six months. Similarly, De
Azeredo et al. [44] reported that Tinuvin 234 improved the oxidative and sensory stability
of soybean oil at minimum concentrations of 0.1% during storage at 25 °C. These studies
underscore how the concentration and specific type of additive significantly influence the
photoprotection provided by coatings.

The loss of semaSORB observed during the introduction of the bottles into the exposure
chamber will be addressed by extending the curing time of the sol-gel layers on the bottles.
Additionally, based on our results, the layers with 1% S and 1.5% S show very similar
properties. Therefore, the percentage of S can be reduced to 1% in the layers to see if this
improves the curing of the coatings and prevents the additive from dissolving in the water
of the exposure chamber.

The results obtained in this study suggest that the coating doped with S (semaSORB
20109) has strong potential for photoprotecting rosé wines, preserving both their chromatic
and sensory attributes. As an optimisation strategy, the incorporation of HALS additives
is proposed to enhance photoprotective effects further. Additionally, this strategy could
be extended to the coatings doped with 1.5% T developed by our group, which showed a
similar 43% light filtration at 360 nm on flat glass (Figure 2).

5. Conclusions

This study demonstrates the effectiveness of sol-gel coatings doped with 1.5% sema-
SORB 20109 (S) for protecting rosé wines from photodegradation, preserving anthocyanin
levels and maintaining sensory properties. Despite the slightly superior UV-filtering per-
formance of Tinuvin 479 (T)-doped coatings, their poor adhesion and noticeable yellowing
under accelerated aging tests make them less suitable for commercial applications.

The S-doped bilayer coatings proved to be optically stable, maintaining high trans-
parency and minimal colour, roughness and wettability alterations, which align with
market aesthetic preferences. Wines stored in S-doped coated bottles showed reduced
anthocyanin loss and better sensory attributes after UV exposure compared to uncoated
bottles. Although the preservation of sensory properties cannot be attributed specifically to
the use of the S additive, as the bottle coated with the control formulation without additives
yields the same results, the anthocyanin measurement does reflect additional protection
provided by S.

The scalability of the 1.5% S-doped coating was successfully demonstrated with air-
brush application on glass bottles, confirming its potential for industrial implementation.
Tests have been carried out to ensure that there will be no issues arising from variations in
roughness, friction between bottles, or the durability of the coating during the manufactur-
ing /bottling process. Even so, the curing process and the concentration of additive used
still need to be adjusted to achieve the full potential of the coating.

The results highlight that these coatings could be a practical solution for the wine
industry to meet consumer demand for transparent bottles while ensuring product quality.
Further optimisation, such as incorporating hindered amine light stabilisers (HALS), could
enhance photoprotective efficacy. This development represents a promising strategy to
extend the shelf life and preserve the sensory characteristics of high-value rosé wines.

6. Limitations

Due to experimental constraints, crystallographic tests are not included in the present
study, but we plan to incorporate them in future works.
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Figure A1. Transmittance profile of the different S percentages coatings applied on a flat holder.
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Figure A2. Transmittance profile of the different T percentages coatings applied on a flat holder.
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Abstract: Yb:CaF, transparent ceramics represent a promising laser gain medium for ultra-short
lasers due to their characteristics: low phonon energy, relatively high thermal conductivity, negative
thermo-optical coefficient, and low refractive index. Compared to single crystals, Yb:CaF, ceramics
offer superior mechanical properties, lower cost, and it is easier to obtain large-sized samples with
proper shape and uniform Yb®* doping at high concentrations. The combination of air pre-sintering
and Hot Isostatic Pressing (HIP) emerges as a viable strategy for achieving high optical quality and
fine-grained structure of ceramics at lower sintering temperatures. The properties of the powders
used in ceramic fabrication critically influence both optical quality and laser performance of Yb:CaF,
ceramics. In this study, the 5 atomic percentage (at.%) Yb:CaF, transparent ceramics were fabricated
by air pre-sintering and hot isostatic pressing (HIP) using nano-powders synthesized through the
co-precipitation method. The co-precipitated powders were optimized by studying air calcination
temperature (from 350 to 550 °C). The influence of calcination temperature on the microstructure
and laser performance of Yb:CaF, ceramics was studied in detail. The 5 at.% Yb:CaF, transparent
ceramics air pre-sintered at 625 °C from powders air calcined at 400 °C and HIP post-treated at
600 °C exhibited the highest in-line transmittance of 91.5% at 1200 nm (3.0 mm thickness) and the
best laser performance. Specifically, a maximum output power of 0.47 W with a maximum slope
efficiency of 9.2% at 1029 nm under quasi-CW (QCW) pumping was measured.

Keywords: Yb:CaF, transparent ceramics; air pre-sintering; hot isostatic pressing; microstructure;
laser performance

1. Introduction

High peak power and ultrafast laser have broad applications in the fields of laser
inertial confinement fusion, high-energy accelerators, femtosecond chemistry, and nuclear
physics [1-4]. Nd:Glass, Yb:S-FAP, Ti:Al,Os, Yb:YAG, and Yb:CaF; are popular materials as
gain media in ultrafast lasers [5-10]. Among the materials, Yb:CaF, has some advantages,
such as broad emission band (72 nm) at 1060 nm, long luminescence lifetime of Yb3+,
relatively high thermal conductivity, low non-linear index, and negative thermal-optical
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coefficient [11,12]. In addition, the phonon energy of Yb:CaF, is low (320 cm’l), which
is beneficial for reducing the probability of non-radiative transitions and the waste heat
generation [13,14]. Thanks to these advantages, Yb:CaF, single crystal has been applied in
the relevant ultrafast pulse laser devices, and has achieved a peak power of 200 TW [15].
However, the mechanical properties of Yb:CaF, single crystal are poor, which could result
in scratches and cracks on samples during the machining and cutting processes [16]. In
contrast, the mechanical properties of Yb:CaF, transparent ceramics are much better than
Yb:CaF; single crystals [17]. Ceramics have the advantages of high concentration uniform
doping, low cost, and highly versatile function design compared with single crystals [18-23].
Therefore, Yb:CaF; transparent ceramics are promising laser materials and have attracted
considerable attention over the last decades.

The hot forming of single crystals was the first method applied to fabricate Yb:CaF,
ceramics. Basiev et al. fabricated laser-quality CaF,-SrF,-YbF3 ceramics by hot forming
and obtained a continuous laser output through the ceramics for the first time in 2008 [24].
Five years later, Akchurin et al. produced Yb:CaF;, ceramics through hot forming and
investigated the relationship between the Yb®* concentration and thermal conductivity [17].
However, hot forming needs single crystals as starting materials, and the micro-hardness
and fracture toughness of ceramics were not remarkably enhanced [25]. A substitute
fabrication method of Yb:CaF, ceramics includes the synthesis of nano-powders and
powder sintering. The primary synthesis approach for Yb:CaF; nano-powders is the co-
precipitation method, known for its simplicity and cost-effectiveness. It has been widely
utilized for various RE:CaF; nano-powders (RE = rare earth ions) [26-32], yielding powders
with consistent particle size and cubic morphology [28,33-35]. However, there is limited
literature concerning the optimization of powder morphology and the further study of
sintering behavior.

Commonly, the powder sintering method includes vacuum sintering, hot pressing
(HP), and hot isostatic pressing (HIP). Recently, Mei et al. fabricated Yb:CaF; ceramics by
HP and studied the effects of Yb>* doping concentration, sintering aid YF3 and NaF on
Yb:CaF, transparent ceramics [33,36-38]. Among our earlier studies, Yb:CaF, transparent
ceramics were prepared through vacuum sintering combined with HP post-treatment from
co-precipitated powders [39]. The HP temperature has been effectively reduced in this
way. However, since HP often involves the use of graphite molds, it may not only lead
to carbon contamination of ceramics but also limit the fabrication of large quantities of
ceramics [29]. In comparison, HIP technology is a proper method for large-scale production
of ceramics, and it is frequently utilized to treat pre-sintered Yb:CaF, ceramics with certain
densities [40—43]. Air pre-sintering is more readily accessible and cost-effective compared to
other sintering techniques. In addition, the organic impurities in ceramics can be removed
during the pre-sintering process. During the HIP process, uniform pressure is maintained
in all directions of the ceramics and provides a large driving force to discharge the pores
inside the pre-sintered ceramics [44—46]. Kitajima et al. fabricated laser-quality Yb:CaF;
ceramics by air pre-sintering combined with HIP post-treatment and achieved the best
continuous laser output available for fluoride transparent ceramics [42]. The influence
of air pre-sintering temperature and HIP post-treatment on Yb:CaF; ceramics have been
studied [40,41]. However, the achieved maximum output power and slope efficiency of
the ceramics are not meeting expectations. In addition, the properties of the powders
play a crucial role in determining the optical quality and laser performance of Yb:CaF,
transparent ceramics [47,48]. However, there are few studies investigating powders utilized
in air pre-sintering, and the comprehensive impact of air calcination temperature on the
properties and microstructure of Yb:CaF, ceramics remains largely unexplored.

In this paper, 5 at.% Yb:CaF; nano-powders were synthesized using the co-precipitation
method. These powders were air calcined at different temperatures. Then, fine-grained
Yb:CaF, transparent ceramics were fabricated by employing air pre-sintering followed by
HIP post-treatment using the air-calcined powders. The research focused on examining
how air calcination temperatures influenced the microstructure and optical properties of
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the Yb:CaF; samples. Finally, the laser performance of these samples was investigated to
evaluate their suitability for laser applications.

2. Materials and Methods

The 5 at.% Yb:CaF; nano-particles were synthesized through the co-precipitation
method, utilizing the following raw materials: Ca(NO3),-4H,0O (99.90%, Sinopharm Chem-
ical Reagent Co., Ltd., Shanghai, China), KF-2H,O (99.90%, Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China), and Yb,O3 (99.99%, Alfa Aesar, Stoughton, MA, USA). Deion-
ized water served as the solvent to create the Ca(NOj3), solution and KF solution, respec-
tively. The Yb(NO3)3 solution was prepared through a process involving the dissolution of
Yb,O3 powders in hot nitric acid followed by dilution with deionized water. Subsequently,
the KF solution was added gradually to the mixed cationic solution containing Ca(NO3);
and Yb(NOs)3, with a titration rate of 6 mL/min. The synthesis aimed to produce 5 at.%
Yb:CaF, nano-particles, guided by the following formulation:

0.95 Ca(N03)2 + 0.05 Yb(NO3)3 +2.05 KF — Yb0405Ca0,95F2_05¢ + 2.05 KNO3 (1)

The mixed solution underwent stirring for 30 min followed by aging for 12 h at
room temperature. Subsequently, the precipitation was washed with deionized water and
subjected to centrifugation on multiple occasions to eliminate residual NO*~ and K~ ions.
The resulting precipitation was then stored at —50 °C for 5 h before freeze-drying in the
freeze dryer (Scientz-10N, Ningbo Scientz Biotechnology company, Ningbo, China) under
10 Pa pressure for 12 h and then sieved through a 200-mesh screen. The same method was
also described in our previous work [43].

The synthesized nano-powders were calcined in air for 2 h at various temperatures,
i.e., 350, 400, 450, 500, 550 °C. Then, the uncalcined and calcined powders were initially dry-
pressed in the 20 mm diameter die at 20 MPa. Subsequently, cold isostatic pressing (CIP)
was applied at 250 MPa to form green bodies. These green bodies were then air-sintered
for 2 h at 625 °C. Then, the pre-sintered samples underwent HIP post-treatment at 600 °C
for 3 h under 100 MPa in an Ar atmosphere. The acquired 5 at.% Yb:CaF, ceramic samples
were double-polished into 3.0 mm for further characterizations. The polished samples were
chemically etched in HCl solution for 1 min to observe the microstructure.

The phase identification of the synthesized nano-powders was performed using X-ray
diffraction (XRD, Model D/max2200 PC, Rigaku, Tokyo, Japan). The average crystallite
size (Dxgrp) of the 5 at.% Yb:CaF; powders can be calculated through Scherrer’s formula:

0.89A
Dxrp = A(20) - cos 0 @

where A denotes CuK« radiation wavelength (A = 1.54056 A), peak position denoted by 26,
and A(20) is the diffraction peak-corrected FWHM.

The powder morphology and ceramic microstructures were observed through scan-
ning electron microscopy (FESEM, Model SU8220, Hitachi, Tokyo, Japan). The average
grain sizes of the ceramics were measured utilizing the linear-intercept method from FESEM
images [49]. The in-line transmittance of the samples was assessed using the UV-VIS-NIR
spectrophotometer (Model Cray-5000, Varian, CA, USA). Laser emission experiments were
performed on 5 at.% Yb:CaF, ceramic samples using the longitudinally pumped cavity,
utilizing a fiber-coupled laser diode emitting at a wavelength of 930 nm

3. Results and Discussion

Figure 1 illustrates powder X-ray diffraction pattern of the 5 at.% Yb:CaF, nano-
powders synthesized using the co-precipitation method. The diffraction peaks of the
uncalcined powders closely coincide with the standard cubic CaF; phase pattern (PDF#35-
0816, space group: Fm3m), suggesting the absence of secondary phases. The lattice
parameter of the sample is determined to be 5.4688 + 0.0005 A, with a corresponding
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theoretical density of the 5 at.% Yb:CaF, samples being 3.4418 g/cm>. The determined
average crystalline size of the powders is approximately 30.0 & 4.0 nm.
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_
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Figure 1. XRD pattern of 5 at.% Yb:CaF, nano-particles.

Figure 2 presents the FESEM micrographs illustrating the 5 at.% Yb:CaF; nano-
powders air-calcined at varying temperatures for 2 h. Prior to air calcination, the powders
exhibit a cubic shape and relatively small particle size (see Figure 2a). Upon air calcination
at 350 °C, the powder grains undergo further development, transitioning from cubic to
spherical in shape. With the increase in calcination temperature to 450 °C, the particle size
of the powders enlarges while the degree of agglomeration diminishes, with an average
particle size of approximately 60 nm. Upon reaching a calcination temperature of 550 °C,
the emergence of sintering necks becomes apparent, and the average particle size of the
powders expands to about 200 nm, consequently leading to a reduction in the powder

sintering activity (see Figure 2f).

Figure 2. Cont.
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Figure 2. FESEM micrographs of the 5 at.% Yb:CaF, nano-powders air calcined at different temperatures
for 2 h: (a) without calcination, (b) 350 °C, (c) 400 °C, (d) 450 °C, (e) 500 °C, and (f) 550 °C.

Figure 3 shows the relative densities and average grain sizes of 5 at.% Yb:CaF, ceram-
ics air pre-sintered at 625 °C for 2 h from powders air calcined at different temperatures.
The relative density was determined by the Archimedean method. As the calcination
temperature rises from 350 °C to 450 °C, the relative densities of pre-sintered ceramics
escalate from 96.5% to 98%, contrasting with the 95.3% relative density of ceramics fabri-
cated from uncalcined powders. This elevation in relative density may be attributed to the
decreased sintering activity of calcined powders, consequently limiting the formation of
pores. When the calcination temperature reaches 550 °C, the relative density of ceramics
drops to 90.0%. Meanwhile, it is noticeable that the calcination temperatures of powders
exhibit little influence on the average grain sizes of pre-sintered ceramics, which ranges
from 250 nm to 300 nm with increasing calcination temperature.

Figure 4 shows the microstructure evolution of pre-sintered Yb:CaF, ceramics fabri-
cated from various air calcination temperatures powders. Strip-shaped pores are evident
on the surfaces of pre-sintered ceramics derived from uncalcined powders. Following air
calcination at 350 °C and 400 °C, the pores on the surfaces of ceramics are mostly isolated
pores, characterized by smaller sizes. Compared to strip-shaped pores, smaller isolated
pores are more conducive to full discharge during subsequent HIP processes [41]. Upon
elevating the calcination temperature to 550 °C, both the size and number of pores on the
ceramic surfaces increase, which is consistent with the change of the relative densities of
the ceramics (see Figure 3).
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Figure 3. Relative densities and average grain sizes of 5 at.% Yb:CaF, ceramics air pre-sintered at
625 °C for 2 h from powders air calcined at different temperatures.

Figure 4. FESEM micrographs of the acid etched surfaces of 5 at.% Yb:CaF, ceramics air pre-sintered
at 625 °C for 2 h from powders air calcined at different temperatures for 2 h: (a) without calcination,
(b) 350 °C, (c) 400 °C, (d) 450 °C, (e) 500 °C, and (f) 550 °C.
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Figure 5 presents photographs of 5 at.% Yb:CaF; transparent ceramics, air pre-sintered
at 625 °C, and subsequently HIP post-treated at 600 °C, derived from powders calcined
at various temperatures. Notably, ceramic samples fabricated from powders air-calcined
at 350~500 °C exhibit remarkable transparency, allowing clear observation of printed text
through the samples. This observation suggests that the isolated pores within the pre-
sintered ceramics have been effectively eliminated during the HIP treatment. However,
the 5 at.% Yb:CaF, ceramics prepared by 550 °C air calcination powders cannot achieve
transparency. This is because the relative density of the corresponding pre-sintering ceramic
sample is relatively low, and there are too many internal pores, larger in size, and mostly
connected pores (see Figure 4f). During the HIP process, connected pores are difficult
to fully discharge and compress compared to isolated pores, forming a large number of
scattering centers and ultimately leading to the opacity of the ceramics (see Figure 5).
Furthermore, a discernible improvement in transparency is evident in ceramics fabricated
from powders air-calcined at 350~500 °C compared to those from uncalcined powders.

without

calcination B508C 409 °C ﬂ"c S(EC 550 °C
Yb:Cak, fl):(‘:.l?F: _6}(7:!]“2 'Yb:Can ﬁ)c_g\y b
i
) icm 2 3 4 5 6 7 8 9 105l 12185514

Figure 5. Photograph of the 5 at.% Yb:CaF, ceramics air pre-sintered at 625 °C and HIP post-treated
at 600 °C from powders air calcined at different temperatures, double-face polished to thickness of
3.0 mm.

Figure 6 shows the in-line transmittance curves of 5 at.% Yb:CaF; transparent ceramics
air pre-sintered at 625 °C and HIP post-treated at 600 °C from powders air calcined at
different temperatures. Following double-face polishing, the thickness of the 5 at.% Yb:CaF,
transparent ceramics measures 3.0 mm. It is obvious that the ceramic samples prepared by
low-temperature air calcination powders demonstrate a significant improvement in the
linear transmittance at short wavelengths. Ceramic samples derived from powders calcined
at 400 °C exhibit the highest in-line transmittance at 1200 nm, achieving 91.5%, with the
corresponding transmittance of 63.5% at 400 nm. Conversely, samples corresponding to
powders calcined at 350 °C demonstrate superior in-line transmittance at 400 nm, reaching
65.5%, while registering the transmittance of 91.0% at 1200 nm. Notably, there is a rapid
decrease in transmittance within the visible range, likely attributable to residual nano-
scale pores within the ceramics (see Figure 7). In accordance with the Rayleigh scattering
theory [50,51], light scattering intensity rises as the wavelength decreases. It is likely that
pores act as the primary contributors to scattering losses in this material.

Figure 7 shows the FESEM micrographs of acid etched surfaces of 5 at.% Yb:CaF,
transparent ceramics air pre-sintered at 625 °C and HIP post-treated at 600 °C from powders
air calcined at different temperatures. It can be seen that a small amount of nano-scale
pores are still observed on the surfaces of Yb:CaF, ceramic samples corresponding to
the powders calcined at 350-500 °C, predominantly clustered along the trigeminal grain
boundaries. These pores contribute to a decline in the ceramics’ linear transmittance,
particularly at shorter wavelengths. With escalating calcination temperatures, the grain
sizes of ceramics after HIP post-treatment are relatively close. At the same time, the ceramic
samples prepared by air calcination of powders at 550 °C exhibit a large number of pores
on the surfaces after HIP post-treatment, measuring several hundred nanometers, which
accounts for the inability of ceramics to attain transparency after HIP post-treatment (see
Figure 7f). The above results indicate that the air calcination of powders at appropriate
temperatures can moderately reduce the sintering activity of Yb:CaF;, nano-particles and
thus avoid the formation of intracrystalline pores due to rapid grain growth during the
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pre-sintering process. Ultimately, the optical quality of ceramics after HIP post-treatment
can be further improved.
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Figure 6. In-line transmittance of 5 at.% Yb:CaF, ceramics air pre-sintered at 625 °C and HIP
post-treated at 600 °C from powders air calcined at different temperatures.

Figure 8 depicts the average grain sizes before and after HIP post-treatment of the
samples derived from powders air-calcined at various temperatures. Following HIP post-
treatment, the average grain size of all ceramics measures below 500 nm, with an approxi-
mate 200 nm increase observed. This phenomenon may arise due to the close proximity
between the post-treatment temperature of HIP and the sintering temperature during hot
pressing, potentially limiting the sintering driving force necessary for secondary grain
growth. Moreover, the findings suggest that combining air pre-sintering with HIP post-
treatment is a promising approach for producing high optical quality and fine-grained
Yb:CaF, transparent ceramics.

Figure 7. Cont.
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(c)

Figure 7. FESEM micrographs of acid etched surfaces of the 5 at.% Yb:CaF, ceramics pre-sintered

at 625 °C and HIP post-treated at 600 °C from powders air calcined at different temperatures:
(a) without calcination, (b) 350 °C, (c) 400 °C, (d) 450 °C, (e) 500 °C, and (f) 550 °C.
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Figure 8. Average grain sizes before and after HIP post-treatment of Yb:CaF, ceramic samples pre-

sintered at 625 °C and HIP post-treated at 600 °C from powders calcined at different temperatures.

Finally, to conclusively confirm the applicability of the resulting material as the laser
medium, we investigated the laser emission properties of the ceramic sample fabricated
using the 400 °C air calcined powders, which has a better overall in-line transmittance.
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The test setup used to investigate laser performance is shown in Figure 9a. The laser
cavity utilizes a V-shaped design with a folding angle of approximately 10°. The cavity
configuration includes arms of 55 mm between the high-reflectivity end-mirror (EM) and
the folding mirror (FM) and 160 mm between the folding mirror (FM) and the output
coupler (OC). This setup ensures the cavity remains stable for optimal operation. Various
output coupler mirrors (OCs) are employed, offering transmission rates ranging from
Toc = 1.8% to Toe = 12.3%. Heat dissipation is managed by soldering the 2 mm sample
with indium onto a copper heat sink, water-cooled to 20 °C. The fiber-coupled laser diode
emitting light at A = 930 nm was used to achieve efficient pumping. The optical fiber core
diameter in the system is 105 um with a numerical aperture of 0.22. This quasi-CW laser
operates at a frequency of 10 Hz with a pulse length of 20 ms.

SM b)0-5
@) (b) —=— T, =18%
Yb:CaF: ceramics 0.4 —— T, =58%
EM e ——T_ =12.3%
Achromatic \\\\ = °©
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Figure 9. (a) Schematic diagram of the laser cavity: EM: End Mirror; SM: Spherical Mirror; OC:
Output Coupler Mirrors and (b) Laser output power vs. absorbed pump power for different values
of the output coupler mirror transmission.

The laser performance of the hot-pressed ceramic sample fabricated from powders air
calcined at 400 °C and HIP post-treated at 600 °C is as shown in Figure 9b. Under the QCW
pumping condition, the maximum output power is 0.47 W achieved with T = 5.8%, which
corresponds to the optical-to-optical efficiency (1,) of 8.1%, and the slope efficiency (1s)
reaches its peak of 9.2%. Detailed parameters of the laser emission can be found in Table 1.

Table 1. Main laser emission parameters of ceramic sample fabricated using the 400 °C air calcined
powders with slope efficiency being calculated with respect to the absorbed pump power.

Output Coupler Maximum Slope Optical Lasing
Transmission/% Power/W Efficiency/% Efficiency/% Wavelength/nm
1.8 0.36 7.6 5.7 1028.9
5.8 0.47 9.2 8.1 1029.0
12.3 0.33 8.9 6.4 1030.0

4. Conclusions

Using the co-precipitation method, 5 at.% Yb:CaF; nano-powders were successfully
synthesized. The co-precipitated powders were then air calcined at different temperatures.
When the calcination temperature increases from 350 to 550 °C, powder average particle
size increases from 40 nm to 200 nm, transitioning from cubic to spherical in shape. The air
pre-sintered ceramics corresponding to the powders calcined at 400 °C exhibit the highest
relative density of 98.0%. Through HIP post-treatment (600 °C x 3 h, 100 MPa Ar), the pores
in the samples are effectively eliminated, and the average grain sizes of the samples through
HIP post-treatment show a slight increase, ultimately reaching about 450 nm. Moreover, the
5 at.% Yb:CaF; transparent ceramics pre-sintered at 625 °C and HIP post-treated at 600 °C
corresponding to the powders calcined at 400 °C exhibit good optical quality, reaching the
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in-line transmittance of 91.5% at 1200 nm. Finally, the laser performance of the ceramic
sample produced using the 400 °C air calcined powders was tested under QCW pumping
condition. The maximum output power of 1.51 W was measured by closing the laser cavity
with Toc = 5.8%. The highest slope efficiency was 9.2% with Toc = 18.1%, which corresponds
to an optical-to-optical efficiency 1o = 8.1%.
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Abstract: Transparent materials in contact with harmful environments such as sandstorms are
exposed to surface damage. Transparent MgAl,Oy spinel used as protective window, lens or laser
exit port, among others, is one of the materials affected by natural aggressions. The impact of sand
particles can cause significant defects on the exposed surface, thus affecting its optical and mechanical
behavior. The aim of this work is to improve the surface state of a spinel damaged surface by the
deposition of a thin layer of SiO,-ZrO;. For this purpose, spinel samples obtained from different
commercial powders sintered by Spark Plasma Sintering were sandblasted and further coated with a
Si0,-ZrO; thin layer. The coating was successfully synthesized by the sol/gel method, deposited
on the sandblasted samples and then treated at 900 °C, reaching a final thickness of 250 nm. The
results indicated that sandblasting significantly affects the surface of the spinel samples as well as the
optical transmission, confirmed by UV-visible spectroscopy and profilometry tests. However, the
deposition of a SiO,-ZrO; coating modifies the UV-visible response. Thus, the optical transmission
of the S25CRX12 sample presents the best transmission values of 81%, followed by the S25CRX14
sample then the S30CR sample at 550 nm wavelength. An important difference was observed between
sandblasted samples and coated samples at low and high wavelengths. At low wavelengths (around
200 nm), sandblasting tends to improve significantly the transmission of spinel samples, which
exhibit a low transmission in the pristine state. This phenomenon can be attributed to the healing of
small superficial defects responsible for the degradation of transmission such as pores or flaws. When
the initial transmission at 200 nm is high, the sandblasting worsens the transmission. Sandblasting
reduces slightly the transmission values for long wavelengths due to the formation of large superficial
defects like chipping by creation and propagation of lateral cracks. The coating of the sandblasted
samples exhibits some healing of defects induced by sandblasting. The deposition of the SiO,-ZrO,
layer induces a clear increase in the optical transmission values, sometimes exceeding the initial
values of the transmission in the pristine state.

Keywords: spinel; MgAl,Oy; SiOy-ZrO; coatings; sandblasting; SPS sintering; optical transmission

1. Introduction

The degradation of optical and mechanical properties of materials used for precise
imaging and detection of IR or near-IR radiation produced by particles suspended in the

Ceramics 2024, 7, 743-758. https:/ /doi.org/10.3390/ ceramics7020049 50 https:/ /www.mdpi.com/journal /ceramics
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air, such as silica particles in the Saharan regions, is a serious problem [1,2]. Transparent
ceramics are very promising materials in the field of protection of IR detection devices
thanks to their high transparency in the range between 300 and 900 nm wavelength and
their interesting mechanical properties [3,4]. However, these materials suffer erosion—
corrosion as a consequence of the exposition of natural attacks such as sandstorms. Studies
based on the fragility of materials such as glass are numerous, but in the case of transparent
ceramics, they are limited. In fact, numerous works of research [5,6] have shown that
erosion of brittle materials is affected by many factors, including the properties of the
incident particles (properties of the target materials (i.e., their hardness, fracture toughness
and their surface condition) and the test conditions (i.e., impact speed, impact angle and
temperature). During sandstorms, all these factors take place at the same time and in a
random way (wide range of grain size, variable shape of sand particles, variable speeds
during the same storm, variable impact angles, etc.), producing defects in the surface.
Indeed, the cracks and defects created act as effective scattering centers for the incident
radiation. Therefore, optical transmission and resolution are affected, decreasing the
performance of detection equipment. Cracking also weakens the material and may be
enough to cause failure of the protective window [3].

Magnesium aluminate spinel (MgAl,Oy) is one of the most important ceramic ma-
terials used as transparent shielding ceramics and also as protective windows for sensor
applications in aeronautics since these applications require high optical and mechanical
performances [7-9]. Spinel possesses very good mechanical properties, i.e., hardness, tough-
ness and wear resistance, high transmission and an appropriate refractive index [10,11]. For
possible applications in aggressive environments, these characteristics should be preserved
for a long time to maintain the structural integrity and optical transparency. Mechanical
properties and transparency depend on powder characteristics (particle size and chemical
purity) and subsequent sintering conditions. Only a few research studies have addressed
the surface degradation of transparent spinel. For example, Lallemant et al. [2] studied
the erosion of several types of transparent materials including spinel. They observed that
the increase in surface roughness caused by erosion directly affected the optical quality
of spinel. They concluded that the variation depends on three parameters: wavelength,
microstructure and hardness. Thus, if the size of the defects (roughness Rq) is small
compared to the wavelength, the reflectance of the surface increases, and, consequently,
the optical properties also increase, except for the infrared, where the variation can be
neglected. Tokariev et al. [8] reported that coarse-grained spinel wear resists erosion better
than fine-grained spinel. On the other hand, Von Helden et al. [4] studied the behavior of
spinel under abrasion by performing erosion tests using sand particles at different dura-
tions. They found that spinel exhibits minimal degradation of its surface state after erosion
and that hardness has a direct influence on short-term wear of the samples. However, the
stress intensity factor KIC influenced long-term wear.

To improve the wear resistance of spinel, different groups of researchers have consid-
ered two different approaches: (1) to strengthen the mechanical properties of the surface
through thermal or thermochemical treatments before exposure to sandstorms and (2) the
deposition of thin transparent layers on the surface of the damaged material to restore the
properties (optical transmission and mechanical strength) [12]. Various techniques are used
to prepare these layers, such as chemical vapor deposition (CVD), physical vapor deposi-
tion (PVD) or atomic layer deposition (ALD), among others. However, the sol-gel technique
is a good alternative to obtain adherent and homogeneous coatings on a wide variety of
substrates, including MgAl,Oy spinel, with good stoichiometric control of the synthesis
process [13,14]. Several researchers have reported that the deposition of SiO,, ZrO, and
5i0,-ZrO; coatings on soda-lime glass significantly increases the optical transmission and
mechanical strength of the glass [15,16]. Zhang et al. [17] reported that the deposition of
5i0,-ZrO, coatings on glass improves the wear properties and controls the degradation.
Zhang et al. [18] also studied the indentation properties of SiO,-ZrO, coatings on glass
substrates and observed that increasing the ZrO, amount leads to a remarkable increase
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in hardness. A hardness of 22 GPa and a Young’s modulus of 193 GPa were achieved for
100% ZrO;. In general, the deposition of a sol-gel coating can improve the mechanical
properties by healing the superficial defects [18], filling flaws or crack tips [19]. The in-
corporation of ZrO, in the composition of the coatings is beneficial because ZrO, offers
mechanical resistance, good surface properties and good biocompatibility and biological
properties [17,20], making it a beneficial material for reinforcement. To our knowledge,
there has been no study focused on the deposition of a SiO,-ZrO, coating on spinel except
the paper of DiGiovanni et al. [3]. In this paper, the authors consider that the success of the
method is limited, particularly at high temperatures, and thus, more studies are necessary
to consider the feasibility of the method.

In this work, spinel samples fabricated from different spinel powders by Spark Plasma
Sintering (SPS) at different temperatures are sandblasted to simulate erosion by sand
particles. Then, a Si0,-ZrO; coating is deposited on the eroded spinel samples and the
surface roughness and optical transmission are analyzed and compared with pristine
spinel samples.

2. Experimental Procedure
2.1. Materials and Methods
2.1.1. Powders and SPS Sintering

MgAl,Oy spinel is produced from pure powders supplied by Baikowski (La Balme de
Sillingy, France) in three different batches (S25XRX12, S25CRX14, S30CR). Table 1 shows
the chemical composition, specific surface area (SSA) and crystallite size of each batch. The
S30CR powder has the highest sulfur content (600 ppm) compared to S25CRX12 (200 ppm)
and 525CRX14 (300 ppm). The commercial powders were placed into a graphite matrix and
then sintered by SPS (HPD 25, FCT System) without any further preparation. A pressure of
72 MPa was applied at ambient temperature. The heating rate was controlled at 100 °C/min
up to above 800 °C. Then, the temperature was increased up to 1100 °C with a heating
rate of 10 °C/min. At these stages, the increase of punch displacement can be mainly
attributed to the powder shrinkage. Maximum densification is reached after heating to the
final sintering temperature with a low heating rate (1 °C/min), without holding time. By
using a low heating rate, residual porosity and pore size can be reduced without significant
grain growth. At the end of the heating up to the final sintering temperature, the pressure
is removed. The sintering cycle is completed by a subsequent annealing at 1000 °C for
10 min to eliminate any residual stresses. The cooling rate between the end of sintering
and annealing and after subsequent annealing is 100 °C/min. The used sintering cycle
was previously optimized to obtain transparent samples of MgAl,Oy spinel [21]. Three
sintering temperatures, 1290 °C, 1310 °C and 1330 °C, were chosen to obtain different
microstructures. The resulting samples were polished on both surfaces following a well-
defined polishing protocol [9] in order to obtain the best possible surface conditions. The
final thickness of the samples varies between 1.9 and 2.4 mm.

Table 1. Average chemical composition (in ppm by weight) of the used powders (for the S25CRX12
and S25CRX14 powders, the abbreviated names S 12 and S 14 are used).

Chemical Composition Weight Crystallite Size SSA
(ppm) (nm) (m?/g)
Na K Fe Si Ca S
S12 11 14 8.1 13 43 200 29 17.1
S14 11 13 6.5 14 6.9 300 60 27.4
S30CR 13 35 1 36 <1 600 73 31

2.1.2. Optical Transmission

The samples were characterized using a UV-visible spectrophotometer (Shimadzu
UV-1800, Shimadzu corporation, Kyoto, Japan) to follow the evolution of optical trans-
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mission before and after sandblasting and after deposition of the layer. The spectral band
was recorded between 200 nm and 1100 nm. Since thicknesses of the samples are dif-
ferent, the transmittance measurement was normalized at a thickness of 0.88 mm using
Equation (1) [21]:

dy/dq
T(dy) ) 1)

() = (1-Re) (122

T (d;) = transmittance for a sample of starting thickness d;
T (dy) = transmittance for a sample of thickness d; = 0.88 mm
RS = total normal surface reflectance (0.14)

2.1.3. Microscopic Observations

Scanning electron microscopy (SEM) was used to analyze the morphology of the
different spinel samples obtained by SPS. SEM images were obtained on Zeiss Supra 55VP
(Zeiss, Oberkochen, Germany) and analyzed by the free software Image] (version 1.50b)
using a three-dimensional correction factor of 1.225 [22].

Figure 1 shows the microstructural morphology of the spinel samples sintered at
1310 °C using the different powders. S25CRX14 has a higher porosity than the other ones,
associated with the lower compressibility of the powder [9]. The fine pores are essentially
located at the multiple junctions of the grains, and their average size is around 100 nm
(Figure 1). As reported in reference [9], a small amount of residual porosity can significantly
weaken the transparency. The grain size was also determined from the microscopic images.
Table 2 summarizes the grain size for the different spinel samples sintered at different
temperatures. It is worth noting that increasing the sintering temperature results in the
formation of larger grains for all the used powders. The S30CR powder sample sintered at
1330 °C shows the highest grain size compared to the others.

1pm EHT = 4.00 kv Signal A= SE2 lq’ IE‘S
WD = 39mm Grand. = 10.00 KX Heure :16:53:00 N

EHT = 2.00 kV Signal A = SE2

WD = 2.7 mm Grand. = 15.00 KX

N N
T

Figure 1. Cont.
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Figure 1. SEM images of samples (a) S25CRX12, (b) S25CRX14 and (c) S30CR sintered at 1310 °C.

Table 2. Grain size (nm) for the S25CRX12, S25CRX14 and S30CR samples sintered at 1290 °C, 1310 °C
and 1330 °C by SPS.

Grain Size (nm)

Sintering temperature (°C) 1290 1310 1330
S12 338 500 835

S14 366 628 805

S30CR 408 614 964

2.1.4. Sandblasting

Sandblasting of the sintered spinel samples was carried out using a horizontal sand-
blasting device according to the standards for erosion tests by particles suspended in air
(DIN 50 332 [23] and ASTM G76 [24]). The flow speed was set at 30 m/s, and the angle of
incidence was 90°. According to previous research, the 90° angle is considered the most
harmful angle for fragile materials such as alumina during particle erosion [25]. Finally, the
projected mass used was 200 g. The sand used in this study comes from the desert region
of Ouargla (southern Algeria) and was used as it is, without any preliminary washing. The
sand grains come in various shapes (round and elliptical) and different colors, as shown in
Figure 2. This suggests that the chemical composition of the sand is not pure, and it may
contain silica (transparent) and silica mixed with other metal oxides. Sand microhardness,
determined in a previous study [26] (under a load of 0.6 N for a batch of 30 particles), is
14.49 + 3.28 GPa.

Figure 2. Micrograph of used sand particles from the desert region of Ouargla.
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The sand particles of the desert region of Ouargla have wide particle size distribution.
For that, using several sieves of different sizes and a vibratory sieve shaker, a sorting was
carried out to keep only the particles of size between 250 and 850 pm (Table 3). The particle
size distribution of the sand used is determined by a laser particle size analyzer, and the
results are presented in Figure 3.

Table 3. Sand particle size distribution parameters.

Diameter (D) Particles Size (um)
D (0.1) minimum diameter 235
D (0.5) average diameter 515
D (0.9) maximum diameter 815
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Figure 3. Particle size distribution of the used sand.

Then, the samples were sandblasted and characterized. The surface roughness of
the central area of the sample was characterized before and after sandblasting with a
profilometry instrument (Form Talysurf Series 120i by Taylor Hobson Company, Leicester,
UK). The Ra roughness parameter (Equation (2)) is universally recognized, and it is the
most used roughness parameter, defined as the arithmetic average of the absolute values of
the Z(x) ordinates within a base length. As well, Z(x) is the function which describes the
profile of the analyzed surface in terms of height (Z) and position (x) of the sample over an
evaluation length “1”.

R, = [ 12,0 dx @)

The morphology of the coated surface was observed by atomic force microscopy
(Asylum MFP3D, Oxford Instruments Asylum Research, Santa Barbara, CA, USA).

2.1.5. Coating of Sintered Samples

Silica-zirconia (S5i0;,-ZrO;,) films were prepared by the hydrolysis and condensation of
tetraethoxysilane (TEOS, Si(OC,;Hs),, Sigma-Aldrich, Darmstadt, Germany, 99%), methyl-
triethoxysilane (MTES, CH3Si(OC,;Hs)s) (Sigma-Aldrich, 98%) and zirconium n-butoxide
(ZrBu) as precursors. The sol was prepared in two steps; TEOS and MTES were first
pre-hydrolyzed with acidified water (0.1 N HCI) for 2 hours at 40 °C. The molar ratios
used were MTES/TEOS = 20/80. In a second step, ZrBu was mixed with acetylacetone
in a molar ratio of ZrBu/AcAc = 1 and stirred for one hour. Then, distilled water was
added while maintaining agitation for 1 h at 25 °C. Once both solutions were obtained,
they were slowly mixed, and after 15 minutes, the remaining water was added dropwise
(H,O/(TEOS + MTES + ZrBu) = 1.1) until the completion of hydrolysis, and the mixture

55



Ceramics 2024, 7

was kept for 2 hours at 40 °C. The molar composition used is SiO, /ZrO; = 95/05. The final
concentration of (5i0,-ZrO;) was fixed to 130 g/L.

Si0,-ZrO; sol was analyzed by an infrared spectrophotometer to monitor the hydrol-
ysis and condensation reactions that occurred during the solution preparation. Figure 4
presents the FTIR transmittance spectra in the range of 4000-400 cm ™! of the silica-zirconia
sol. The three dominant peaks characteristic of the Si-O were mentioned: The band at near
to 1070 cm ! is attributed to antisymmetric stretching of the oxygen atoms in the bond of
Si-O-Si. The frequency peak below 450 cm ™! is attributed to the oscillatory movements of
oxygen atoms perpendicular to the Si-O-Si plane or deformation vibrations of O-5i-O. The
band at frequency near 878 cm™~! is associated with the symmetric stretching motion of
oxygen atoms. These peaks confirm the hydrolysis reaction of the silica precursors and the
formation of the Si-O-Si bond. The bands at 1262 cm~! and 2900-3000 cm ™! are assigned
to the Si-CHj3 bonds.

Si-O
0O-Si-O

Si-0-zr | T /

Si-O-Si
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wave length (cm™)

Figure 4. Infrared spectrum of the SiO,-ZrO; solution.

The various bands observed in the infrared spectroscopy curve are summarized in
Table 4.

Table 4. Different structures in the SiO,-ZrO; solution depending on wave number.

Wave Number

N° (em-1) Vibration Structure References
1 3323 Stretching O-H and Si-O-H H-O-H/H,0 [27]
2 2973 vs C-H Si-CHj3/-CHj [28]
3 1262 ds C-H Si-CHj3 [29]
4 1042 Vas S1-O-5i 5i-O-5i [30]
5 940 vg Si-O ESIOOZ? g}
6 878 vg Si-O Si-O [33]
7 432 5 O-Si-O 0O-Si-O [30]

Vibration types: vs symmetric stretching vibration, v,s antisymmetric stretching vibration, v in-plane stretching
vibration, 4 deformation vibration, 6s symmetric deformation vibration (bending).

According to Gongalves et al. [32], the band located at around 940 cm ! can be
attributed to Si-O-Zr or Si-OH. The emergence of this band indicates the incorporation of
zirconia into the silica network.
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It is important to note that the solution stability is crucial to prevent poor deposition
on the sample, thus the viscosity of the solution was measured using a vibro-viscosimeter
SV-1A (A&D Company, Tokyo, Japan), and a value of 3. 71 mPa-s was obtained.

5i0,-ZrO; sol was deposited on transparent spinel substrates by the dip-coating
method. The samples were carefully cleaned with water and detergent and rinsed with
distilled water and finally with ethanol in an ultrasonic bath, followed by drying. The
deposition layer was carried out at a constant withdrawal rate of 3 cm/min.

After deposition, the obtained samples were heat treated in a furnace at 900 °C for 1 h
to eliminate organic residues, densify the layer and impart final properties to the deposited
layer. Typically, treatment of layers deposited on fragile materials such as glasses is carried
out at temperatures below 500 °C. However, in our case, the layer was treated at 900 °C,
which is likely to provide the deposited layer with very interesting optical and especially
mechanical properties. This treatment helps to reduce the porosity by eliminating open
pores and reducing pore size [34]. The deposited layer has an average thickness of 250 nm,
measured by a mechanical profilometry.

3. Results and Discussion

The spinel samples before and after being sandblasted and then after the deposition
of 5i0,-ZrO; coatings were characterized by a UV-visible spectrophotometer. Figures 5-7
show the UV-vis spectra between 200 and 1100 nm for the S25CRX12, S25CRX14 and S30CR
spinel samples sintered at different temperatures before and after sandblasting and after
the deposition of a S5i0,-ZrO; coating.
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Figure 5. Evolution of optical transmission before and after sandblasting, then after coating of
S25CRX12 spinel samples sintered at 1290, 1310 and 1330 °C.
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Figure 6. Evolution of optical transmission before and after sandblasting then after coating of
S25CRX14 spinel samples sintered at 1290, 1310 and 1330 °C.
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Figure 7. Evolution of optical transmission before and after sandblasting then after coating of S30CR
spinel samples sintered at 1290, 1310 and 1330 °C.
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Figure 5 shows the evolution of optical transmission for S25CRX12 samples sintered at
1290, 1310 and 1330 °C. The optical transmission depends on the sintering temperature. In
the pristine state at 200 nm, samples sintered at lower temperatures exhibit very low optical
transmission, whereas the transmittance becomes important after sintering at 1330 °C. The
increase in sintering temperature leads to an increase in optical transmission at 550 nm
wavelength. It varies from 51.8 to 80.9% when the sintering temperature varies from 1290
to 1330 °C. At 1000 nm, similar effects were observed.

Concerning the damaged samples, at 200 nm, it is important to note that sandblast-
ing increases the optical transmission of the fabricated spinel samples by approximately
40%, excepting for the sample sintered at 1330 °C, where sandblasting did not produce a
great effect. Sandblasting has no significant effect on the optical transmission at 550 nm
wavelength for the sintered samples, whatever the sintering temperature. At 1000 nm,
sandblasting also degraded slightly the optical transmission of the samples, except for the
sintering at 1330 °C.

After deposition of the coating layer, very small changes in optical properties are
observed for 200, 500 and 1000 nm wavelengths; just a slight increase in the transmittance
can be noted.

Figure 6 shows the UV-vis spectra for the S25CRX14 samples sintered at 1290, 1310 and
1330 °C before and after sandblasting and after the deposition of SiO,-ZrO; coating. It is
obvious that for the pristine state, increasing the sintering temperature increases the optical
transmission of the spinel samples in the visible range at 550 nm wavelength. At 200 nm
wavelength, the optical transmission for the pristine state is very low for the sintering at
1290 and 1310 °C, and for the sintering at 1330 °C, a relatively higher optical transmittance
is noted. At 1000 nm wavelength, there is also an increase in optical transmission while
increasing the sintering temperature.

Sandblasting of the spinel samples has an effect on the optical transmission of the
S25CRX14 samples. Indeed, at 550 nm wavelength, sandblasting has slightly damaged
the surface reflected by the reduction in the optical transmission values from 70 to 67 and
from 69 to 60% for the sintering temperatures 1310 and 1330 °C, respectively. At 200 nm
wavelength, the optical transmission is increased from 10 to 49%, and from 8 to 49% for
the sintering temperatures 1290 and 1310 °C, respectively. For the sintering at 1330 °C, the
optical transmission is reduced from 52 to 18%. Then, at 1000 nm wavelength, sandblasting
reduces slightly the optical transmission for all the samples.

After deposition of the layer on the spinel samples, a clear improvement in the optical
transmission at 550 nm wavelength of the sample sintered at 1310 °C is observed. At
550 nm wavelength, it can be noted that the coating has little effect on the transmission
for the sintering at 1290 and 1310 °C, and an improvement in the optical transmission is
observed for the sample sintered at 1330 °C. We also notice that at 200 nm wavelength,
by applying the coating, an improvement in the optical transmission of the sandblasted
sample sintered at 1330 °C is achieved from 18 to 53%. On the other hand, the coating
has little effect on samples sintered at 1290 and 1310 °C. At 1000 nm wavelength, we can
consider that the coating improves optical transmission, especially for samples sintered at
1310 and 1330 °C. The transmission varies from 73% after sandblasting to 84% after coating
for the sample sintered at 1330 °C.

Figure 7 represents the variation of the optical transmission as a function of the
wavelength of the S30CR samples sintered at 1290, 1310 and 1330 °C, respectively. In the
pristine state, the samples exhibit at 200 nm wavelength a low optical transmission for the
two sintering temperatures 1290 °C and 1310 °C and a relatively high transmission for the
sintering at 1330 °C. At 1000 nm wavelength, all samples have high transmittance values
up to 83%.

For the 200 nm wavelength, sandblasting has a considerable effect on the recorded
values. For the sintering temperatures 1290 °C and 1310 °C, sandblasting increases sig-
nificantly the optical transmission, whereas for the sintering temperature 1330 °C, the
opposite effect is observed, with a significant reduction in the transmission. At 550 and
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1000 nm wavelengths, sandblasting affected optical transmission by reducing slightly the
optical properties.

Finally, after coating of the samples, we note a clear improvement in the optical
transmission at 200 nm wavelength for the samples sintered at 1330 °C and a small effect
for the sintering temperatures 1290 °C and 1310 °C. At 550 and 1000 nm, the coating
increases slightly the transmission for all the sintering temperatures. Also, it is interesting
to note that the transmission values after coating even exceed the initial values in the
pristine state (see Tables 5-7).

Table 5. Optical transmission values recorded at 200 nm for the S25CRX12, S25CRX14 and S30CR
samples sintered at 1290, 1310 and 1330 °C.

Transmittance at A = 200 nm

Sintering Pristine (%) Eroded (%) Coated (%)
Temperature S12 S14 S30CR S12 S14 S30CR S12 S14 S30CR
1290 °C 42 10 0 50.7 49.0 43.1 47.6 48.5 40.8
1310 °C 2.8 8.1 2.47 47.8 49.1 474 47.0 49.5 429
1330 °C 62.9 52.1 45.34 54.1 182 0 52.6 52.8 46.1
Table 6. Optical transmission values recorded at 550 nm for the S25CRX12, S25CRX14 and S30CR
samples sintered at 1290, 1310 and 1330 °C.
Transmittance at A = 550 nm
Sintering Pristine (%) Eroded (%) Coated (%)
Temperature S12 S14 S30CR S12 S14 S30CR S12 S14 S30CR
1290 °C 51.8 52.1 75.5 53.2 54.3 69.5 529 54.9 80.2
1310 °C 76.6 70.2 72.6 62.9 67.4 68.4 65.2 66.6 75.6
1330 °C 80.9 68.5 67.6 76.9 60.2 63.2 82.1 76.5 73.1
Table 7. Optical transmission values recorded at 1000 nm for the S25CRX12, S25CRX14 and S30CR
samples sintered at 1290, 1310 and 1330 °C.
Transmittance at A = 1000 nm
Sintering Pristine (%) Eroded (%) Coated (%)
Temperature S12 S14 S30CR S12 S14 S30CR S12 S14 S30CR
1290 °C 74.6 69.7 81.4 64.5 65.9 77.6 67.4 66.2 84.3
1310 °C 83.5 81.1 82.7 74.2 77.3 77.0 75.9 80.4 82.1
1330 °C 85.2 80.9 79.5 84.9 73.4 79.9 86 83.5 82.3

The optical transmission values recorded at 200, 550 and 1000 nm for the S25CRX12,
S25CRX14 and S30CR samples sintered at 1290, 1310 and 1330 °C are summarized in
Tables 5-7.

From the results, it is possible to conclude that the transmission in the visible range
depends significantly on the sintering temperature. The optical transmission presents
the best values in the pristine state for the S25CRX12 powder, followed by the S30CR
and the S25CRX14. Grain size measurements indicate that all samples present a small
grain size ranging from approximately 300 to 900 nm (Table 2). It can also be noted that
increasing the sintering temperature leads to the formation of larger grains for all the
powders. Therefore, it appears that the good optical transmission depends neither on grain
size nor on the surface area of the starting powders because the best performing sample,
S25CRX12, has the lowest specific surface area (17.1 m?/g) and a relatively large grain size
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(835 nm). These interesting results can be attributed to the significant higher purity of this
powder (S25CRX12) and, in particular, to the low sulfur content mentioned previously
(Table 1). S25CRX14 contains a pore volume greater than the other two powders, with this
powder exhibiting a lower compressibility [9]. The fine pores are especially located near
the multiple grain junctions with a mean size of about 100 nm.

It can be noted that at 200 nm wavelength, the sandblasting tends to improve the
transmission of spinel samples when the pristine transmission is low, which corresponds to
some healing of small defects responsible for transmission, such as pores or flaws. Studies
have shown that sensitivity to small defects is greater at low wavelengths. On the other
hand, when the initial optical transmission is high for short wavelengths, the sandblasting
of samples provokes a significant decrease in the transmission. For high wavelengths, the
effect of sandblasting on the degradation of the optical transmission is lower. This can be
attributed to the formation of large defects like chipping, as indicated by several studies [35]
which report that after sandblasting transparent samples such as glasses or transparent
ceramics, material removal takes place by formation and propagation of lateral cracks which
develop into chipping. Evenly, increasing surface reflection can also be a contributing factor
to the decrease in optical transmission [26]. Table 8 presents the roughness values Ra of the
spinel samples in the pristine, sandblasted and then coated states.

Table 8. Roughness Ra of spinel samples S25CRX12, S25CRX14 and S30CR before and after sand-
blasting and after coating.

Ra (nm)

Sintering Pristine Eroded Coated
Temperature S12 S14 S30CR S12 S14 S30CR S12 S14 S30CR
1290 °C 6.3 4.6 8.6 15 14.9 27.6 12 6.7 5.7
1310 °C 8.3 7.6 10.1 25.3 16.7 19.2 6.7 8.6 7
1330 °C 6.4 5.5 12 23.1 39.2 22.5 8.8 8.3 8.1

Sandblasting degrades the surface of the samples, starting with a roughness Ra of
around 8 nm in the pristine state to a higher roughness around 25 nm after sandblasting,
which clearly affects the optical transmission of the material in most spectra, although,
at 200 nm, there is a healing phenomenon, and the transmission increases. The trans-
mission increases after sandblasting when the initial transmission is low, indicating a
healing phenomenon.

The coating increases the optical transmission after sandblasting for all the wave-
lengths. This increase is very significant at 200 nm when the transmission after sandblasting
is very low. The roughness values decrease after the deposition of the coating. On S30CR
samples sintered at 1290, 1310 and 1330 °C and the S25CRX12 sample sintered at 1310 °C,
the roughness Ra has lower values than in the pristine state, proving the effectiveness of
the deposited layer in restoring the characteristics of an eroded material.

On S25CRX12 powder sintered at 1330 °C, and at a low wavelength of 200 nm, the
coating improves the optical transmission lost during sandblasting. However, if sandblast-
ing increases transmission (for the sintering temperatures 1290 and 1310 °C), the coating
effect becomes very small to negligible. For the same wavelengths and for the S25CRX14
and S30CR powders, we have a behavior similar to that just shown. Then, at visible wave-
lengths, i.e., 550 nm, the S25CRX12 powder exhibits surface degradation, which implies a
reduction in the optical transmission of the samples sintered at 1310 and 1330 °C. The same
effect is observed on the S25CRX14 sample sintered at 1330 °C; otherwise, on the other
samples, the effect of the coating is almost unremarkable. In the case of S30CR powder,
all samples, regardless of their sintering temperature, are affected by sandblasting. Then,
their optical properties are restored after coating. We can say that by applying a silica-
based coating, the initial characteristics of the eroded spinel samples are largely restored,
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namely roughness and optical transmission. Indeed, sol-gel coatings can penetrate into
the micro-defects and defects generated during sandblasting by filling them, adding an
improvement in the morphology of the non-eroded zone. Previous results have shown that
the coating heals defects in the pristine surface, thereby decreasing light reflection [26]. To
better explain the restoration of surface roughness, an atomic force microscopy study was
carried out. Figure 8 shows the variation in the roughness profile after sandblasting for the
S25CRX14 and S30CR samples and then after coating.

50mm

50

40 nm

20 20

40 -40

(b)

Figure 8. Surface roughness after sandblasting and after coating for samples; left: uncoated, right:
coated. (a) S25CRX14 sintered at 1310 °C, (b) S30CR sintered at 1310 °C.

From the microscopic images, it is clear that the surface roughness degraded by
sandblasting is much improved after coating. This results in the filling of defects resulting
from sandblasting, leading to a reduction in reflection and consequently an increase in
optical transmission. Thus, the coating can restore optical properties and even exceed
the transmission values recorded for the pristine sample. This is observed on samples
of S25CRX 12 powders sintered at 1330 °C, S25CRX14 sintered at 1330 °C and on S30CR
sintered at 1290 °C (Figure 9). This behavior can be linked to a decrease in the effect of
sharp-bump defects, which became more spherical, as observed by Ayadi et al. [26] for
glasses. It should be useful to make some SEM observations in order to specify this point.
On the other hand, roughness alone is not sufficient to explain the results. Sandblasting
can also increase the optical transmission of a spinel sample at short wavelengths thanks to
a phenomenon of a defect’s healing such as pores or flaws.

At long wavelengths (1000 nm), the sintered S25CRX12 powder shows a degradation
of the optical properties after sandblasting then a restoration of these properties after
coating, except for the samples where sandblasting has no effect on the pristine state; then,
a minimal effect can be cited. The same phenomenon was recorded on the S25CRX14
and S30CR powders, where there is no effect of the coating when sandblasting does not
degrade the surface or optical transmission. On the other hand, when the sandblasting
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provokes a strong reduction in optical transmission, a significant improvement after coating
is observed.
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Figure 9. Best optical transmission values obtained after coating.

For the future, it would be interesting to investigate the damage caused on the surfaces
eroded by sandblasting and the coating effect by making some microscopic observations
with an optical or a scanning electronic microscope. Furthermore, it would be suitable to
consider the two other alternative scenarios:

- Asandblasted and coated sample is again exposed to sandblasting; thus, the optical
endurance of the repaired ceramic can be determined.

- A pristine sample is directly coated and characterized without sandblasting: what is
the potential of such treatment and how it will perform when sandblasting.

4. Conclusions

Sand erosion of a transparent spinel fabricated with different powders (S25CRX12,
S25CRX14, S30CR) sintered at different temperatures (1290, 1310, 1330 °C) was carried out,
simulating the harsh conditions of a sandstorm in the Sahara. Then, a Si0,-ZrO, layer
deposition was carried out after sandblasting in order to correct the damage of the eroded
surface. The results obtained allowed us to conclude with the following points:

e In the pristine state, the optical transmission presents the best transmission values
(85% at 1000 nm) for the S25CRX12 powder, followed by the S30CR then the S25CRX14.
This good result can be attributed to the significant difference which lies in the high
purity of this powder, particularly the sulfur content.

e At 200 nm wavelength, sandblasting tends to improve the transmission of spinel
samples (nearly 40%) for the specimens exhibiting a low transmission in the pristine
state. This behavior can be attributed to the healing of small superficial defects
responsible for the degradation of transmission, such as pores or flaws, for instance.
Evenly, when the pristine transmission at 200 nm is high, the sandblasting worsens
the transmission, which can be due to the formation of impact flaws.

e  Sandblasting reduces slightly the transmission values for long wavelengths due to
the formation of large superficial defects like chipping by creation and propagation of
lateral cracks. Furthermore, sandblasting degrades the surface of the samples, starting
with a roughness Ra of around 8 nm in the pristine state to a significant roughness
after sandblasting around 25 nm.

e Using a silica-based coating can largely restore the initial roughness and optical
transmission of the eroded spinel samples by repairing the superficial defects and
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filling flaws or cracks tips. After coating, the optical transmission is restored, and
sometimes it is higher than the initial value.
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Abstract: Our objective is to achieve a new good-quality and mechanically durable high-transparency
material that, when activated by rare earth ions, can be used as laser sources, scintillators, or
phosphors. The best functional transparent ceramics are formed from high-symmetry systems,
mainly cubic. Considering hexagonal hydroxyapatite, which shows anisotropy, the particle size of
the initial powder is extremely important and should be of the order of several tens of nanometers. In
this work, transparent micro-crystalline ceramics of non-cubic Cao(PO4)s(OH), calcium phosphate
were fabricated via Spark Plasma Sintering (SPS) from two types of nanopowders i.e., commercially
available (COM. HA) and laboratory-made (LAB. HA) via the hydrothermal (HT) protocol. Our study
centered on examining how the quality of sintered bodies is affected by the following parameters:
the addition of LiF sintering agent, the temperature during the SPS process, and the quality of the
starting nanopowders. The phase purity, microstructure, and optical transmittance of the ceramics
were investigated to determine suitable sintering conditions. The best optical ceramics were obtained
from LAB. HA nanopowder with the addition of 0.25 wt.% of LiF sintered at 1000 °C and 1050 °C.

Keywords: non-cubic calcium phosphates; nano-crystalline powders; SPS; transparency; optical
material

1. Introduction

Over the past two decades, transparent ceramics have gained significant attention
as advanced optical ceramic materials. Recently, the list of applications of transparent
ceramics, for which some of them are highly sophisticated, for laser media, phosphors,
scintillators, armor windows, infrared domes, and electro-optical components has widely in-
creased in all domains and has impacted our daily lives [1-3]. They are recognized for their
combination of optical transparency and outstanding mechanical properties. Moreover,
their application in photonics, particularly with rare earth doping, has become prominent.

Itis now well known that this is not universally achievable for all inorganic compounds
and is significantly impacted by factors such as light scattering due to residual pores and
the presence of secondary phases or impurities. Also, potential candidates for well-light-
transmitting ceramics have to crystallize in the high-symmetry system (preferably in cubic).
This group of materials is very limited, and taking into account non-doped and RE**-doped
host lattices, it contains only garnets (Y3Al501,, LuzAl50y3), sesquioxides (Y203, Sc;03,
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and LuyO3), spinels (MgAl,Oy), fluorides (Caky), selenides (ZnSe), sulfides (ZnS), and
perovskite-type BMT (Ba(MgZrTa)Os3), primarily utilized in lasers, scintillating materials,
or solid-state lighting, as previously highlighted in our earlier publications.

For polycrystalline non-cubic ceramics, additional scattering losses due to birefringent
splitting of the beam at grain boundaries occur. This scattering depends on the grain size
and is smaller the smaller the grain size is (the grain size must be in the sub-pum range) [4].

Given the extensive research conducted on transparent ceramics, it was revealed that
the incorporation of MgO, LiF, or SiO, as sintering aids can improve the transparency of
sintered bodies [5-7]. For example, the groundbreaking fabrication of transparent ceramic
Nd-doped yttrium aluminum garnet, Nd:YAG, was performed by Ikesue using SiO; as the
sintering aid [8]. This cubic transparent ceramics has been demonstrated to be superior to
its single-crystal counterpart for laser applications [9]. Nonetheless, certain transparent
ceramics, such as MgAl,Oy spinel [10], Al,O5 [11,12], CaF, [13], and (La,Y),03 [14], can
be crafted without employing a sintering aid. This is frequently achieved through a
synergistic combination of appropriate initial powders and a densification process that
imparts a substantial driving force to the sintering process, namely via techniques like Hot
Isostatic Pressing (HIP), Hot Pressing (HP), or Spark Plasma Sintering (SPS) [15].

One of our research programs is focused on exploring novel materials (mainly cubic)
with the potential to yield highly transparent optical ceramics from families other than
those already known and applied. For example, our studies comprised cubic molybdates
of YsMoO; [16], molybdato-tungstates of La,MoWOy [17-19], tungstates (articles under
review), and most recently, eulytite-type phosphates of Ba/Sr3Y(POy)s [20], from which
we have succeeded in obtaining some translucent ceramic bodies.

Current research involves different interesting phosphates characterized by high
thermal and chemical stability, such as calcium phosphate. As it crystallizes in a hexagonal
structure, the size and homogeneity of the initial powder are extremely important. The
fabrication of transparent ceramics from non-cubic raw materials is possible, but their
nanoparticles should be of the order of several tens of nanometers.

In the literature, one can find a few papers reporting studies on polycrystalline trans-
parent ceramics based on phosphates from three groups: CazPOy), B-TCP [21], hydroxyap-
atite Cao(POy4)s(OH), (HA) [22], and fluorapatite Cayg(PO4)3F, (FAP) [23]. They crystallize
in the trigonal (s. g., R3c, no. 111) and hexagonal (P63/m, no. 176) crystal systems, respec-
tively. Among them, calcium phosphate transparent ceramics were considered a good
candidate for storage phosphors in dosimetry and may also be applied as scintillators for
a-ray detection [24], while fabricating transparent bio-compatible hydroxyapatite ceramics
with nanosized grains is important for direct observations of in vivo interactions with
proteins and/or cells [25,26].

In turn, the most important achievement for fluorapatites is a diode-pumped anisotropic
(non-cubic) ceramic laser that uses microdomain-controlled Nd3*—doped hexagonal fluora-
patite (Nd>*:Cao(PO4)sF2, Nd:FAP) polycrystalline ceramics as the gain medium. They
were fabricated by the RE>*-assisted magnetic grain-orientation control method as a step
toward achieving giant micro-photonics [27,28]. Furuse et al. demonstrated laser oscillation
in randomly oriented non-cubic FAP ceramics activated with Nd3* and Yb®* ions [29,30].

All these transparent materials were obtained viaz advanced sintering techniques, i.e.,
SPS. Eriksson et al. conducted intriguing research, exploring the use of a high-pressure SPS
approach to achieve transparency in SPS processes conducted at lower temperatures but un-
der elevated pressure conditions [31]. However, none of these studies used sintering aids.

In this work, we chose non-cubic calcium phosphate as Cayo(PO4)s(OH), hydroxyap-
atite to investigate the effect of using different amounts of LiF on the quality of the obtained
sintered body. LiF is a well-known sintering aid with a melting point of approximately
850 °C [2,3]. When utilized as an additive in the densification processes of ceramic mate-
rials, particularly in methods involving uniaxial pressure such as HP and SPS, LiF plays
a crucial role. It manifests a distinctive capacity to generate a low-viscosity lubricating
film upon compact particles. This film, in turn, facilitates the processes of particle sliding

67



Ceramics 2024, 7

and rearrangement, thereby creating enhanced densification through the mechanism of
liquid-phase sintering. The use of LiF was particularly useful to obtain transparent ce-
ramic materials of MgAl,Oy spinel [32], but also YAG [33], Dy3*:Y,0; [34], Sm3*:Y,05 [35],
Nd3*:Lu,03 [36], and MgO [37].

The use of sintering additives may reduce the temperature, which is optimal for
obtaining a transparent material; therefore, the effect of the temperature applied during the
sintering on the quality of the sintered bodies was also checked.

From the articles of Kim et al. and Kato et al. [22,24], we know that the fabrication of
transparent ceramics based on calcium phosphate is possible. However, the experiments
described by the Japanese researchers used a commercially available powder from Japan,
which is not accessible to us. As in the next stages of our project, we want to activate
hydroxyapatite with rare earth ions, so optimizing the sintering conditions to obtain the
highest quality transparent undoped host lattice was crucial. This is why we also checked
the effect of the starting powder used for the process on the optical quality of our sintered
specimens. All sintering procedures were performed via the SPS process, which is an
efficient method of consolidating polycrystalline materials at relatively low temperatures
in a short time.

2. Materials and Methods
2.1. Powders Used for Sintering via SPS Method

Two types of nanopowders, i.e., commercially available and synthesized by us, were
used for sintering experiments. The commercially available powder was tricalcium phos-
phate Caz(POy),+ x HpO (Sigma-Aldrich, St. Louis, MI, USA) with particle size <200 nm
(BET), which was in reality hexagonal hydroxyapatite, as we will show in the next part. So,
we named it in this paper COM. HA. The second nano-crystalline powder was obtained in
our laboratory.

Here, it is necessary to mention that the literature is rich in reports on hydroxyapatite
synthesis methods, particularly those employing hydrothermal [38,39] or precipitation
reactions [40] as well as sol-gel techniques [41-43]. Microwave radiation has also been
explored as a novel means to achieve higher purity and ultrafine-sized powders [44,45].
Additionally, innovative synthesis protocols, such as mechano-chemical synthesis [46] and
surfactant-modified hydrothermal methods [47], have been explored.

We decided to fabricate nanopowdered hydroxyapatite via hydrothermal (HT) reaction
following the protocol described in [48]. This laboratory-made powder is named in the
paper as LAB. HA. For this synthesis, commercially available Ca(NOs3), * 4H,O (Alfa Aesar,
99.98%) and analytically pure NH4H,PO4 (Chempur, 99.5%) were used. Proper quantities
of calcium nitrate and ammonium phosphate were individually dissolved in distilled water.
The controlled addition of the NH4H,PO, solution to the Ca(NO3), solution, executed
drop-wise with continuous stirring, led to the formation of a precipitate, achieving a
targeted Ca/P ratio of 1.67. The initial pH of the suspension was approximately 5.1, but as
a result of the gradual introduction of NH;OH (Sigma-Aldrich, ACS reagent grade), the
pH increased to achieve the desired value of 11.0. The addition of NH;OH not only makes
it possible to precise pH control, but it also serves to protect against carbonate formation
during the synthesis process. After vigorous stirring for an additional 10 min, the solution
was transferred into a Teflon-lined HT reactor and heated at 200 °C for 24 h. Under
natural cooling to RT, the particulate product was collected through centrifugation. The
collected powder underwent a thorough washing process involving repeated resuspension
in distilled water and subsequent particle sedimentation through centrifugation at 6000 rpm
for 5 min. This washing procedure was repeated five times, with a concluding methanol
rinse to reduce feasible agglomeration in the final dried powder. The drying process was
executed in an oven at 80 °C for 12 h.
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2.2. Sintering by SPS

The samples were sintered using an SPS sintering machine, type FCT System HP D25,
Rauenstein, Germany. The nanopowder of calcium phosphate was poured into a graphite
die with an internal diameter of 10 mm. The die was surrounded with a 5 mm thick layer
of graphite wool to ensure thermal insulation. The interior surface of the graphite die was
lined with a 0.35 mm thick graphite foil. Temperature monitoring was facilitated by an
axial pyrometer focused on a designated orifice positioned 3 mm above the material surface
within the die. Pellets were produced under vacuum conditions, maintaining consistent
powder quantities (0.5 g) inserted between the pistons in the die for all experiments. In some
cases, the appropriate amounts of 0.25 to 1 wt.% of LiF (Alfa Aesar, 99.98%) were added to
the initial powder and ground in an agate mortar using a small amount of ethanol. The
sintering conditions used in numerous tests were similar in terms of pressure, moment of
pressure application, temperature rise, and dwell time. However, the sintering temperature
was modified. Initially, the temperature was increased from 20 to 750 °C for 30 min. under
pressure of 38 MPa and kept at this temperature for 10 min. Subsequently, the temperature
was raised from 750 °C to the expected temperature (950-1100 °C), respectively, while
the applied axial pressure increased to 100 MPa. The temperature was held for 15 min
while maintaining the applied pressure. Sintering was performed in a vacuum. Finally,
the pressure was reduced to 38 MPa and the temperature to 950 °C in 10 min. Then the
specimen was cooled to RT naturally. The sintering cycle of calcium phosphate powder was
chosen based on the studies of Kim et al. [22] and. Kato et al. [24]. The sample thickness
after sintering was in the range of 1.03-1.36 mm. Before characterization to eliminate
any geometric imperfections and remove the carbon-contaminated layer resulting from
contact with the graphite die and punch, both sides of the sintered pellets were polished, as
described below. All samples were polished to the same thickness of approximately 1 mm.

2.3. Analysis and Characterization Technigues

Structural analysis and Rietveld refinements from X-ray powder diffraction data. The
powder X-ray diffraction patterns for nanopowdered samples and micro-ceramics were
recorded at RT using a Bruker D8 Advance X-ray diffractometer with Ni-filtered CuKy;42
radiation (Ky1.0, A = 1.5418 A). The step rate was 0.032° per step, and the counting time
was 1.5 s per step within the range of 10-80° 26. The diffractograms were compared
with the simulated XRD patterns of hexagonal Cao(PO4)s(OH), (PDF 01-086-1203) and
trigonal Caz(POy4), (PDF 00-70-2065), respectively. X-ray diffraction analyses were realized
to check if the desired initial phases are present in the powder and that there is no phase
decomposition during sintering. Also, it was checked whether the obtained specimens did
not contain a trace of contamination by carbon originating from the graphite die.

The Rietveld refinements were performed for sintered bodies in order to determine
the ratio between the two phases, i.e., hexagonal and trigonal, present in each sintered
body. Calculations were performed using the HighScore Plus 3.0 software, with the initial
parameters derived from crystal data of two phases: hexagonal Cap(PO4)s(OH); s. g.,
P63/m no. 176 (COD #1011242) and trigonal Caz(PO4)s s. g., R3¢, no. 161 (COD #1517238).
A determined background was used, and peak shapes were modeled using a pseudo-
Voigt function. Global variables, specifically specimen displacement [mm], were refined
for the obtained patterns. Structural parameters involved the scale factor and unit cell
parameters. Peak profile variables were fine-tuned using “U left”, “V left”, and “W left”
with respect to Peak Shape 1 Left. A crucial parameter for achieving well-refined results
was the incorporation of preferred grain orientation during calculations. Due to the distinct
crystal cell parameters (a and c) of the two phases, the intensities of XRD diffraction lines
vary. Refining this parameter resulted in achieving low percentages of R, and Ry values
(where Ry, is the R profile and Ry, is the weighed profile), hence more precise phase ratios
for the analyzed samples.
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2.3.1. Microscopic Analysis of Starting Powders by TEM

To check the quality, particle size, and morphology of nanopowders used for sintering
via SPS, the Transmission Electron Microscopy (TEM) technique was employed. The
measurements were carried out on a H-8100 TEM of a Hitachi company (Tokyo, Japan)
equipped with a Penta FET EDX detector (Oxford Instruments, UK). An acceleration
voltage of 200 kV was applied. The nanopowders were suspended in ethanol, subsequently
deposited onto a copper grid coated with carbon, and then dried in air.

2.3.2. Microscopic Analysis of Sintered Ceramics by SEM

All sintered bodies were investigated by scanning electron microscopy (SEM) using a
Hitachi S-3400 N equipped with an energy-dispersive X-ray spectroscopy EDS detector,
Thermo Scientific Ultra Dry. The observations were made in the secondary electron (SE)
mode with a high voltage of 2.00 kV and a beamed current equal to 50 pA. The ceramic
samples were not coated with any gold alloy layer; however, to perform these measure-
ments, they were properly polished and annealed for 1h at a temperature 100 °C lower
than the sintering one.

2.3.3. Disc Polishing

The polishing process proceeded in the following manner: first, diamond shields
with grit sizes of 200, 500, 1200, and 4000 um were employed. Then the diamond grains,
suspended in a lubricating fluid, were applied to the polishing cloth with grit sizes of
5 um, 3 pm, 1 um, and 100 nm. The polishing effect was continuously controlled after each
polishing cloth to obtain the best-quality mirror-faced polished samples.

2.3.4. Density Measurements

The density of the sintered samples was measured using Archimedes” method with
distilled water. The values of the relative densities were calculated assuming a theoretical
density of 3.13 g/cm? for the hexagonal phase and 3.14 g/cm? for the trigonal phase,
and taking into account the ratio of both phases for each ceramics. The measurement
uncertainty was £0.2.

2.3.5. Transmission Measurements of Sintered Ceramics

To evaluate the optical quality of the obtained polished ceramics, the total optical
transmission of the specimens was measured at RT in the spectral region of 300-850 nm
using an Edinburgh FLS980 spectrofluorometer, equipped with a 450 W xenon continuous
arc lamp, R928P, R2658P PMT detectors, and an integrating sphere. The transmission was
normalized to 1 mm thickness.

3. Results
3.1. Raw Nanopowder Characterizations

Before sintering, both powders, i.e., COM. HA and LAB. HA, were carefully investi-
gated in terms of phase purity (XRD) and morphology (TEM).

3.1.1. Phase Analysis

The hexagonal crystal system is the most commonly occurring structure for hydroxya-
patite. It is characterized by P63/m (no. 176) space group symmetry and lattice parameters
ofa=b=9432 A, c=6.881 A, and y = 120°. The structure comprises an arrangement
of POy tetrahedra, which are interconnected by Ca?* ions scattered throughout. These
Ca?* are sited in two distinct crystal positions: in precisely aligned columns (Ca(I)) and
within equilateral triangles (Ca(Il)) that revolve around the screw axis. The OH groups
are situated in columns on the screw axes, whereby neighboring OHs diverge in rival
directions. It is important to note that such an arrangement suggests the existence of steric
hindrance among the closest OHs. Hence, to inverse the direction of OH™ within a column,
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it is necessary to eliminate some of the OH™ to create reversal points. It may be achieved
by substituting OH™ with a vacancy, F~, Cl~, or any suitable replacement [49].

B-TCP is a high-temperature phase that is typically obtained by thermal conversion of
amorphous calcium phosphate and has the most stable tricalcium phosphate crystalline
structure. This material was confirmed to have a rhombohedral structure (s. g., R3c, no.
161). Unit-cell parameters with higher precision (a2 = b = 10.4352(2) A, c =37.402905) A,
a =B =90° and 7y = 120° in the hexagonal setting) and positional parameters for oxygen
with equal precision were obtained by the neutron powder diffraction technique, compared
with the single-crystal X-ray diffraction data by Dickens et al. [50]. The site Ca(4) with
atomic coordinates (0.0, 0.0, —0.0851(6)) was confirmed to be very different from the other
four Ca sites. The position Ca(4) is three-fold coordinated with oxygen atoms and has
a lower occupancy factor of 0.43(4) and a higher isotropic thermal parameter. On the
contrary, each of the Ca(1), Ca(2), Ca(3), and Ca(b) is fully occupied by one Ca atom, and
these positions are coordinated with seven, eight, eight, and six oxygen atoms, respectively.

Both powders used for sintering represent a hexagonal crystal system. Figure 1
presents the XRD patterns acquired for COM. HA and LAB. HA nanopowders. The
diffraction patterns show a big similarity between both samples.

* Trigonal Ca,(PO,),

Normalized Intensity

PDF 01-086-1203

. . |.||.,|.||| ||”.,|| DN NN A\

T
10 20 30 40 50 60 70 80 30 32 34
260

Figure 1. Powder XRD patterns of COM. HA and LAB. HA nano-crystalline calcium phosphates
together with simulated PDF #01-086-1203 of hexagonal hydroxyapatite.

' Ca,,(PO,)s(OH),, Hexagonal
| || | Il L

Reflexes within the 10-80 26 range were identified and indexed to the hexagonal phase
of Cal0(POy4)s(OH), with s. g., P63/m. The wider reflexes, indicating smaller grains, are
observed for the sample prepared in our laboratory. In turn, the diffraction patterns for
the COM. HA display an additional line of very weak intensity at 30.5 26, corresponding
to the trigonal phase of Ca3(POy);. The studies show that the powder obtained by us is
characterized by greater quality.

3.1.2. Morphology and Particle Size of Nanopowders by TEM Analysis

Using high-resolution TEM imaging, it was possible to determine the particle size
of the investigated materials. As depicted in Figure 2, the micrographs of COM. HA and
LAB. HA nanopowders exhibit big differences in the homogeneity, shape, and size of
the nanopowder.
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Figure 2. TEM image of COM. HA and LAB. HA nano-crystalline calcium phosphates.

The COM. HA possesses crystallites of different shapes, including spheres, rectangles,
and ovals within the size range of 20-80 nm. The image obtained at low magnification
shows that the material is quite homogeneous, the crystallites are well-separated from
each other, and grain boundaries are clearly visible. However, spontaneously emerging
agglomerates in the form of balls with a diameter of 200-500 nm are also visible. The
micrographs shown in Figure S1 reveal the morphology of this nanopowder in detail.
To check whether these agglomerates were not accidental, other commercially available
powders were tested. The obtained results were identical. The elementary analysis by EDS
(not presented here) was performed; however, it did not detect changes in the chemical
composition of the big grains and the smaller ones. It is difficult to properly conclude why
these large agglomerates are present in these commercially available powders.

In contrast, the LAB. HA demonstrates a significantly more homogeneous morphology
without agglomerates in the form of balls. Nonetheless, the shape of the obtained crystallites
is different; they form uniform rods with sizes ranging from 20 to 100 nm, as presented in
detail in Figure S2.

The particle size distribution was analyzed more carefully. As can be seen in the
histograms of both types of powder (Figure 3), the COM. HA powder in the majority
is composed of particles with an average size of approximately 40 nm, while the sizes
of the aggregates range from 175, 225, and 275 nm (marked with red arrows). For the
nanopowders of LAB. HA, the particles in the form of rods reach an average size equal
to 40-55 nm (length) and 19 nm (width). There is no doubt that LAB. HA nanopowder is
more homogeneous.
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Figure 3. TEM images and particle size distribution of COM. HA (a) and LAB. HA (b).

3.2. Characterizations of Micro-Ceramics Fabricated by SPS

The current literature includes a few papers devoted to the fabrication of translu-
cent and transparent polycrystalline ceramics based on tricalcium phosphate (8-TCP),
hydroxyapatite (HA), and fluorapatite (FAP). Mainly, they are obtained by the SPS protocol,
and the procedures exhibit variations in the applied sintering temperature, pressure, and
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dwell time. Furthermore, different synthesis methods were employed to obtain the initial
materials, resulting in sintered bodies differing in quality.

Here, the influence on the quality of sintered materials of changing parameters, such
as: (a) application of the sintering additive LiF; (b) temperature used during SPS; and
(c) starting materials, i.e., commercially available nanopowder synthesized by us via the
HT method, were investigated and are described below.

3.2.1. Influence of LiF Doping

These experiments were performed using only COM. HA nanopowder. Different
amounts of LiF (0.25-1 wt.%) were added to the initial powder and ground in an agate
mortar using a small amount of ethanol. The sintering conditions used in the four tests
were identical in terms of pressure, moment of pressure application, temperature rise, and
dwell time.

The SPS experiments were conducted based on the protocol proposed by Kato et al. [24].
The effect of the addition of LiF on SPS-produced calcium phosphate is illustrated in
Figure 4. The best optical quality was observed when 0.25 and 0.5% of LiF were used.
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Figure 4. Photographs and total transmission spectra of translucent ceramics obtained by SPS at
1050 °C from COM. HA powder with different LiF contents. Transmittance normalized to ceramics’
thickness = 1 mm.

The transmission spectra are similar, particularly within the infrared range of the
spectrum, demonstrating a total transmittance of approximately 30% at 650 nm and 40-45%
at 880 nm. Undoubtedly, the addition of LiF improves the quality and transmission
of sintered bodies. However, when the concentration of the additive reaches 1 wt.%,
the sample becomes completely opaque. This can be seen both in the photo and in the
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graph presenting the transmission spectra. Sporadically occurring black spots are mainly
caused by the penetration of carbon into the ceramics from the graphite die during the
sintering process.

Figure 5 presents the images of the surfaces of ceramics obtained under the conditions
described above. The most homogeneous morphology is observed for samples with 0.25%
and 0.5% of LiF, which is consistent with the observed light transmission. Both samples
possess well-compacted grains of spherical shapes, and the grain boundaries between
the microcrystals are clearly seen. The average grain size in a sample with 0.25% LiF is
equal to 2 pm, and possible pores appear very rarely. In the case of ceramics with 0.5% LiF,
the average grain size is equal to 3 um, but sometimes there are places where the grains
are smaller, with a size of approximately 1 um. The pores between grains are also more
common. For the sample without sintering additive, the grains are the smallest, with an
average size of 1 pm. In turn, the lack of transparency in the sample with 1% LiF is reflected
in the least favorable morphology. The lost transparency of this sample can be attributed to
the growth of large grains reaching even 8.5 um and the lack of homogeneity.

1% LiF

Figure 5. SEM micrographs of surfaces of ceramics obtained by SPS at 1050 °C from COM. HA
nanopowder with different LiF contents.

The interesting and difficult-to-understand phenomenon, also observed but not dis-
cussed by Kato et al. [24], is the presence of two phases in all ceramics obtained as the
result of the SPS process. Powder XRD patterns of all discussed here obtained by SPS at
1050 °C from COM. HA nanopowder with different LiF content are presented in Figure S3.
Detailed information on the phase composition was gathered using Rietveld calculations.
The ratio of HA to -TCP varies depending on the percentage of LiF used. A rise in the
hexagonal phase was observed with increasing LiF, and when 1% LiF was used, the amount
of the hexagonal phase was close to 100%. However, in the case of the highest amount of
hexagonal phase, the sintered body is completely opaque.

The values of relative densities range from 98.8 to 99.5%. The values for the samples
containing 0.25% and 0.5% LiF are the lowest (98.8%). However, these two samples out of
the four analyzed show the best light transmission. In the case of a sample with 1% LiF
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(density 99.5%), a compact microstructure is observed, but the bigger grain size makes it
impossible to obtain transparency. Table 1 summarizes all the results discussed above.

Table 1. Based on Rietveld calculations, phase compositions of ceramics sintered by SPS at 1050 °C
from COM. HA nanopowder with different LiF content; grain size observed by SEM; values of total
transmittance monitored at 650 and 880 nm (transmittance normalized to ceramics’ thickness = 1 mm);
and measured density.

Phase 1—Main Phase 2
LiF Cas(PO4);(OH) Ca3.(PO4)2 G1:a1n Transmission in Transmission in Relative
wt. % Hexagonal Trigonal Size % at 650 nm % at 880 nm Density %
: P63/m (No176)  R3c (No 161) (um) ¥
HA B-TCP
0 71.4% 28.6% 0.41-2.1 23.4 33.8 99.0
0.25 77.7% 22.3% 0.55-3.2 29.7 42.8 98.8
0.5 81.8% 18.2% 2.1-5.4 30.5 45.6 98.8
1 94.5% 5.5% 1.8-8.5 5.5 12.8 99.5

3.2.2. Influence of Temperature of SPS

The next stage of the research was to check the effect of the temperature used during
the SPS process. Based on the results described above, we decided to use 0.25 wt.% LiF as a
sintering aid. All the tests were performed using COM. HA nanopowder. In the literature,
one can find a few papers on ceramics made from calcium phosphates and their procedures
using different sintering temperatures (remark to the correcting person: temperature is only
valid in the singular) [22,24,25,34]. However, no additives were used in these studies. All
experiments were carried out using the same sintering parameters; only the temperature
was modified.

Figure 6 presents the photographs and total transmission spectra of translucent ceramic
samples obtained by SPS at different temperatures from COM. HA powder is mixed with
0.25 wt.% of LiF as a sintering additive. The best optical quality was observed for the
samples sintered at 1000 °C. Although the quality of the sample obtained at 1050 °C is
also good, the worst results were obtained for the ceramics sintered at the lowest (950 °C)
and highest (1150 °C) temperatures. Both samples are almost black due to the effect of
contamination by carbon originating from the graphite die.

The specimen obtained at 1100 °C is also darker than the two best samples. Tempera-
ture is a key parameter that plays a huge role in the process of manufacturing transparent
ceramics. The analysis of the morphology of ceramics (Figure 7) and their optical quality
shows a strong correlation. The best and most homogenous morphology is observed for
the samples obtained at 1000 °C and 1050 °C. The grains of spherical shapes are well-
compacted, and pores are observed to be extremely rare. In both cases, the average grain’s
size is equal to 2 um. The specimen obtained at 950 °C creates crystallites of the smallest
sizes (~1 um), but the morphology is not very homogenous. An increase in the temperature
of the SPS process resulted in a proportional increase in average grain size to even 6 or
7 um at the highest temperature, i.e., 1150 °C.

Powder XRD patterns of all ceramics obtained by SPS at different temperatures from
COM.HA nanopowder with 0.25% LiF are presented in Figure S4. The analysis revealed,
as previously, the presence of HA and B-TCP, while the starting powder initially exhibited
an almost pure phase of HA. The ratio of these two phases stays more or less on the same
level around 3 (HA): 1 (8-TCP), regardless of temperature (Table 2). Its changes are not as
significant as they were observed when the amount of LiF varied. A slight increase in the
content of the HA phase was notable up to a temperature of 1000 °C, and then the amount
of this phase decreased slightly.
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Figure 6. Photographs and total transmission spectra of ceramics obtained by SPS at different
temperatures from COM. HA nanopowder with 0.25% LiF. Transmittance normalized to ceramics’
thickness = 1 mm.

Table 2. Based on Rietveld calculations, phase compositions of ceramics sintered at different tem-
peratures from COM.HA powder with 0.25% LiF; grain size observed by SEM; values of total
transmittance monitored at 650 and 880 nm (transmittance normalized to ceramics thickness = 1 mm);
and measured density.

Phase 1—Main Phase 2

TemPerat.ure of Cas(PO,)3(OH) Cas(PO,), G1:a1n Tran.sm:sswn Tran.sm:sswn Relative
Sintering HA B-TCP Size in % in % Densitv %
x °C/15 min . (um) at 650 nm at 880 nm ty 7
Hexagonal Trigonal

950 °C 77 4% 22.6% 0.6-1.5 16.8 29.2 99.4
1000 °C 79.3% 20.7% 0.7-2.6 34.8 48.7 99.3
1050 °C 77.7% 22.3% 0.55-3.2 29.7 42.8 98.8
1100 °C 71.5% 28.5% 0.7-6.4 24.5 37.2 98.9
1150 °C 73.9% 26.1% 2.1-7.2 16.2 25.6 99.2

The values of measured densities range from 98.8 to 99.4%. The samples characterized
by the best transmission of light and the best morphology show the highest density, as
presented in Table 2.
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Figure 7. SEM micrographs of surfaces of ceramics obtained by SPS at different temperatures from
COM.HA nanopowder with 0.25% LiF.

3.2.3. Influence of the Starting Material

According to the results presented above, the obtained sintered bodies did not exhibit
the expected high level of transparency, similar to that which we could see in the reported
papers [22,24]. The quality of the sintered specimens seems to be strongly influenced by
the quality of the initial powder. All the experiments carried out by us, are based on the
only calcium phosphate nanopowder available on our market.

So, taking into account our results indicating the optimal temperature and LiF content
applied for the fabrication process, in the last step we decided to check how the starting ma-
terials influence the transparency of sintered materials. We prepared four samples from the
nanopowdered hydroxyapatite synthesized in our laboratory by the hydrothermal method.

Two samples did not contain LiF, and the temperature of sintering was 1000 °C and
1050 °C, respectively. The next two were prepared at the same temperature, but using
0.25% LiF as a sintering aid.

Figure 8 presents photographs and total transmission spectra of translucent ceramic
samples obtained by SPS from COM. HA and LAB. HA nanopowders. Without a doubt, it
can be concluded that ceramics prepared from laboratory-made nanopowders are of much
better quality and exhibit higher transparency. The sample from COM.HA powder without
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LiF additive shows the worst light transmission, while the best specimens were obtained
from LAB. HA with the addition of 0.25 wt.% LiF.
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Figure 8. Photographs and total transmission spectra of ceramics obtained by SPS from COM. HA
and LAB. HA nanopowders with and without the addition of LiF and sintered at 1000 °C or 1050 °C.
Transmittance normalized to ceramic thickness = 1 mm.

Presented in Figure 9, SEM micrographs of surfaces of sintered bodies obtained from
two different starting powders with and without the addition of LiF and sintered at 1000 °C
or 1050 °C revealed that the temperature of 1000 °C applied for the sintering is too low or
the time (15 min) is too short to obtain good homogeneity and uniform grain sizes. The
sintered material consists of larger and smaller grains.

Powder XRD patterns of all ceramics obtained by SPS from COM. HA and LAB. HA
nanopowders with and without the addition of LiF and sintered at 1000 °C or 1050 °C
are presented in Figure S5. As previously stated, Rietveld’s calculations (Table 3) made
it possible to evaluate the ratio between HA and B-TCP phases present in all obtained
ceramics. For the LAB. HA, the amount of hexagonal phase is higher than that calculated
for specimens obtained from COM. HA powder, especially for both ceramics fabricated
using 0.25 wt.% LiF, for which the values reach almost 90%. For these two samples, the
highest values of transmission of light, almost 60%, were obtained.

In the case of the samples from two types of starting materials, the values of all
measured densities are above 99%. The highest density was observed for the ceramics from
LAB. HA with 0.25% LiF sintered at 1050 °C (Table 3), which corresponds to the best results
obtained from SEM and transmission analysis (Figure S6).
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Figure 9. SEM micrographs of surfaces of ceramics obtained by SPS from COM. HA and LAB. HA

10 pm

1000°C

38
.25% LiF

1050°C
COM.

——— | () nm

10 pm

0.25% LiF

‘.
'

. O &
- ks
A . »

20 ‘p m

nanopowders with and without the addition of LiF and sintered at 1000 °C or 1050 °C.

Table 3. Based on Rietveld calculations, phase compositions of ceramics obtained by SPS from COM.
HA and LAB. HA nanopowders with and without application of LiF and sintered at 1000 °C or
1050 °C; grain size from SEM; values of total transmittance monitored at 650 and 880 nm (transmit-

tance normalized to ceramics’ thickness = 1 mm); and measured density.

Temp. . - s
Starting LiF of SPS Phase 1 Phase 2 Gl:am Tran.smolsswn Tran.smolsswn Relative
. o o HA B-TCP Size in % in % s o
Material wt. % x°C/ . Density %
. Hexagonal Trigonal (um) at 650 nm at 880 nm
15 min
0 R 70.3% 29.7% 0.48-2.1 241 34.4 99.0
COM. HA 1050 °C
0.25 77.7% 22.3% 0.55-3.2 29.7 42.8 98.8
0.29-0.35

1000 °C 87.2% 12.8% 35.3 459 100.2

0 0.9-1.5
1050 °C 84.6% 15.4% 0.7-2.7 33.3 45.1 99.6

LAB.
HA 0.4-1

1000 °C 89.8% 10.2% 47.3% 59.1% 99.8

2.2-3.2

0.25

0.5-0.8
1050 °C 89.4% 10.6% 50% 59.3% 99.9

2.4-5.0
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4. Conclusions

Two types of nanopowders, i.e., commercially available (COM. HA) and laboratory-
made by us (LAB. HA) via the hydrothermal (HT) protocol, were used to fabricate non-cubic
hydroxyapatite Ca;g(PO4)s(OH);-based microcrystalline ceramics. All sintering procedures
were performed via the SPS process, which is an efficient method of consolidating poly-
crystalline materials at relatively low temperatures in a short time. The effect of affected
parameters such as the addition of LiF sintering agent, the temperature applied during
the SPS process (in the range 950-1100 °C), and the quality of the starting nanopowders,
on the optical quality of sintered ceramics were checked. XRD, microscopic (TEM and
SEM) techniques, and light transmission measurements were used to characterize both the
starting materials as well as the quality of the sintered samples. Highly transparent HA
micro-ceramics were obtained from nano-crystalline powder obtained via the hydrothermal
method. The addition of LiF as a sintering aid has a positive effect on the quality of ceramics
when added in an amount of 0.25-0.5 wt.%, while the most favorable temperature for SPS
sintering of this material was 1000-1050 °C for 15 min under 100 MPa pressure. These opti-
mal conditions result in well-compacted dense micro-ceramics with a grain size of ~2-3 pm
and transmission at 880 nm of ~60%. The research highlighted the crucial role of the quality
of the starting materials on the quality and optical transparency of polycrystalline ceramics
sintered by the SPS method. The values of measured densities stay in agreement with the
results obtained from SEM analysis and measurements of light transmission.

Subsequent investigations toward enhancing transparency through the exploration
of variations in applied pressure as well as the fabrication of HA ceramics doped by RE3*
ions are the subject of our present research.
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micrographs of surfaces of ceramics obtained at 1050 °C from COM.HA nano-powder with 0.25% of
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Abstract: Developing an effective method of quantifying defects in the bulk of transparent ceramics
is a challenging task that could facilitate their widespread use as a substitute for single crystals.
Conventionally, SEM analysis is used to examine the microstructure but it is limited to the material
surface. On the other hand, optical transmittance assesses material quality, but does not provide
information on the size and concentration of defects. In this study, we illustrate the use of a digital
optical microscope for the non-destructive, precise, and rapid analysis of residual porosity in trans-
parent ceramics. YAG-based ceramics doped with Yb have been selected for this study because they
are used as laser gain media, an application that requires virtually defect-free components. Different
production processes were used to produce YAG samples, and the digital optical microscope analysis
was used to compare them. This analysis was shown to be effective and precise to measure the
size and concentration of the residual pores. In addition, the comparison of samples obtained with
different production processes showed that the size and distribution of the residual porosity is
affected by the drying step of the powders before shaping by pressing, as well as by the sintering
aids used to ease the densification. It also showed that the transmittance is influenced by both the
total volume and the concentration of the pores.

Keywords: transparent ceramics; YAG; optical microscope; residual porosity; pore quantification

1. Introduction

Transparent polycrystalline ceramics can replace single crystals in optical applica-
tions, such as scintillators, light converters, and, in the case of YAG-based compositions,
solid-state laser gain media [1-3]. The ceramic process offers several advantages over
the melt growth methods used to prepare single crystals: in particular, faster production
times, increased doping levels and the opportunity to design profiles and structures before
sintering. Although significant progress has been made in improving the optical quality,
ceramics often scatter light more than single crystals due to microstructural features like
pores, impurities, grain boundaries, and birefringence effects [4,5]. Ceramics are polycrys-
talline materials with a microstructure that forms during the sintering process and that
is strongly influenced by the shaping process. A green compact is formed by particles
assembled together through pressing, casting, or other shaping techniques and is then
densified during the sintering process. Transparent ceramics need to reach full density
during sintering; i.e., pores should be completely removed. To promote complete densi-
fication, during the shaping step, compact particle packing should be obtained and the
porosity should be homogeneous in size and shape. In addition, to ease the densification,
advanced sintering techniques (e.g., vacuum sintering, sintering in the atmosphere of a
specific gas, or pressure-assisted sintering) are often used, separately or together, and are
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often coupled with suitable sintering aids [6-9]. The production of transparent ceramics is
therefore a complex process that involves several processing steps, and each of them could
be responsible for defect formation. All these features make it challenging to identify the
source of any defects that may arise. Furthermore, most of the defects can be identified
only at the end of the production process and after sample polishing.

To ensure competitiveness with a single crystal, it is important for the ceramic to be
free from defects. The presence of secondary phases and residual porosity are among the
most common defects that need to be addressed [10,11]. Yet, of all the factors that contribute
to light scattering, the most significant cause of light attenuation in transparent ceramics is
pore scattering [4,10,12]. This is due to the major difference between the refractive index
of the ceramic matrix and the defects: the difference between the ceramic phase and the
pores is about one order of magnitude higher compared to that of two oxide phases. The
difference between the refractive indexes is determinative of the attenuation of the effects
of scattering centres in a transparent medium.

Measuring the concentration and dimensional distribution of defects is a daily chal-
lenge in the study of transparent ceramics. Frequently used analytical techniques include
scanning electron microscopy (SEM) and measurements of optical transmittance [13,14].
SEM analysis can be used to examine the microstructure and determine the nature of the
defects. However, this analysis is limited to the surface of the material, and, in the case
of high optical quality, the concentration of defects decreases to such an extent that many
images would need to be taken for a thorough analysis. In addition, it is a destructive
analysis because several layers of the material should be cut, polished, and observed.
Optical transmittance measurement provides a rapid means of assessing the optical quality
of the material. In this case, the entire thickness of the sample is analysed, providing
more information about the material’s performance under real-world conditions. However,
transmittance alone does not provide accurate information about the size and distribution
of the defects.

There is therefore a need for a non-destructive experimental technique for the quan-
titative evaluation of the concentration and size of defects present in a volume that is
representative of the entire sample. Many groups have proposed methods to characterize
residual porosity in transparent materials. In 1991, Lopez et al. used the custom setup of a
1.06 um YAG laser and an IR camera to capture the pores inside a fluoride glass [15]. More
recently, Stuer et al. [16] proposed a characterization technique utilizing 3D focused ion
beam (FIB) tomography coupled with SEM to slice and reconstruct pore positions in trans-
parent alumina. This technique is well suited to the characterization of nanometric-sized
pores (<150 nm in diameter), resulting in a relatively small analysed volume of approxi-
mately 69 um3, due to the high magnification used. Another drawback of this technique is
that it is destructive. Boulesteix et al. [17] used confocal laser scanning microscopy (CLSM)
to reconstruct the pore distribution within Nd:YAG. However, due to the low resolution of
CLSM, an additional SEM analysis over many images was required to determine the pore
size. Kosyanov et al. and Yavetskiy et al. used CLSM to calculate both the pore size and
their concentration in Nd:YAG [18,19]. These techniques are non-destructive and allow for
the analysis of larger volumes, approximately ~1.25 x 10° pm? according to Yavetskiy et al.
and 2 x 10° um? according to Boulesteix et al. The average pore size detected for Yavetskiy
was from 150 to 200 nm, and for Boulesteix, it was from 0.5 to 0.7 um [17,19].

All these techniques, which involve the use of SEM or CLSM, are subject to the so-
called “corpuscle problem”, which was raised and solved by Wicksell in 1925 [20]. The
“corpuscle problem” addresses the problem of determining the distribution of spherical
particles from planar sections by reconstructing the true size of pseudo-spherical features
on a flat image that represent a cross-section of the material under examination. When
arbitrarily slicing a transparent ceramic, in the search for defects, the chances of having
all the defects sliced in their centre is zero. It has also been observed that large defects are
statistically more prone to be sliced compared to smaller ones. As a result, the observed
diameter of the defects is generally smaller than the real diameter of the defects and the
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smaller portion of defects can be under-assessed. It is worth noting that this issue is not
limited to defect quantification in transparent polycrystalline ceramics, but it is also present
in various other branches of natural sciences, ranging from biology to astronomy. Other
researchers have also contributed to the refinement of Wicksell’s results [20], including
Saltykov [21], Cruz-Orive [22], and, more recently, Pabst et al. [23].

Jin et al. [5] quantified the overall amount of residual porosity of ceramics based on
YAG using an optical microscope and found a relationship between the residual porosity
and the scattering coefficient. In their study, they captured an image focused on each
pore that they found in the analysed volume. This approach is effective in avoiding the
“corpuscle problem” because the slicing process captures the pore at its maximum diameter
and all the pores are recorded, not only the larger ones, thus simplifying the calculation.
This method is particularly suitable for materials of high optical quality, in which the
number of pores is low. However, it is important to note that the number of images quickly
increases, making analysis slow.

In this study, we use a digital optical microscope for the rapid analysis of large sample
volumes (~2.2 x 107 pm?) and for a precise quantification of the number and size of
pores, which are the main defects observed in YAG-based ceramics. The specific technique,
called bulk defect analysis, is based on capturing focus-stacked images within the sample,
which are then analysed using image analysis software. The depth of field of the optical
microscope is much higher compared to CLSM and, above all, is higher than the distance
between the stacked layers. This means that the image takes into account all the pores at
their maximum diameter. Therefore, the “corpuscle problem” does not apply to bulk defect
analysis in the same way as it does for Jin et al. [5].

For transparent materials, optical microscopy allows for the examination of not only
the surface but also the entire volume of the sample. However, bulk defect analysis is not
meant as a substitute for SEM, but as a complementary analysis. Bulk defect analysis may
be particularly useful for the analysis of micrometric pores, which have greater scattering
properties than nanopores (<150 nm) from the visible to NIR spectrum [12,24].

2. Experimental Methods

High-purity powders, including Y,O3 (>99.99%, Ds: 0.22 um; Nippon Yttrium Co., Ltd.,
Fukuoka, Japan), Al,O3 (>99.99%, Dsy: 0.12 um; Baikowski, Poisy, France), and Yb,O3
(>99.9%, Dsp: 0.27 um; Nippon Yttrium Co., Ltd., Fukuoka, Japan) were used. As sintering
aids, TEOS (TetraEthyl OrthoSilicate, >99.999%, Sigma Aldrich, Burlington, MA, USA)
and MgO (>99.99%, Ds(: 1.35 um; Baikowski, Poisy, France) were incorporated. Defloc Z3
(Werner G. Smith Inc., Cleveland, OH, USA) was used as the dispersant at a concentration
of 2 wt.% relative to the solids” weight. Samples with a composition of 10 at.% Yb:YAG
(Ybg3Y27Al5012) were produced through reactive sintering in high vacuum furnace. The
ceramic process is similar to the one reported in our previous work [25], with minor modi-
fications, as reported in Table 1. The powders, TEOS, and the dispersant were dispersed in
absolute ethanol with high purity (99.9%) alumina milling media in polyethylene bottles
and mixed on a roller mill for 24 h at 80 rpm. The powder-to-ethanol ratio used was
1 to 2, while the powder-to-milling-media ratio was 1 to 2. Then, the milling media were
separated from the suspension and the solvent removed via rotary evaporator or oven
drying. The use of a rotary evaporator was expected to help avoid selective sedimentation
of the powders since, during the desiccation, the suspension was kept in motion; after
ethanol evaporation, the powders were placed in oven at 80 °C for 12 h. To remove the
solvent via oven drying, the suspension is poured into a glass crystallization dish and
placed into an oven at 80 °C for 24 h. The dried powders were sieved using a 134 um
(110 mesh) disposable plastic silkscreen. The samples were shaped into pellets with diame-
ter of 15 mm via linear and isostatic pressing. For linear pressing, the powders were poured
into a steel die and pressed at 80 MPa. The pressed pellets were cold-isostatic-pressed at
250 MPa. Pellets were calcinated in air at 800 °C for 1 h to remove humidity and residual
organics. The calcinated pellets were sintered at 1750 °C for 16 h under high vacuum in a
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clean furnace with tungsten heating elements. In selected mixtures, an ultrasonication step
was added between ball milling and desiccation using a 20 kHz ultrasonic probe (Sonics
GEX500, Sonics & Materials, Inc., Newtown, CT, USA); the probe settings were amplitude
of 35%, cycles of 10 s on and 2 s off, and total time of 20 min.

Table 1. List of samples and the relative differences in the preparation procedure.

Sample TEOS MgO Dispersant  Ultrasonication Desiccation
1 0.5 wt.% - no no rotary evaporator
2 0.5 wt.% - yes no rotary evaporator
3 0.5 wt.% - yes yes rotary evaporator
4 0.5 wt.% - yes no oven drying
5 0.5 wt.% - yes yes oven drying
6 0.5 wt.% 0.08 wt.% yes no oven drying

The sintered samples underwent mirror polishing on both faces with diamond suspen-
sions from 15 um down to 0.25 um using an automated polishing machine (Tegramin 25,
Struers, Copenhagen, Denmark). Transmittance spectra were recorded with a UV-Vis
spectrometer (Lambda 750, PerkinElmer Inc., Shelton, CT, USA) in the wavelength range
from 200 to 1500 nm. The microstructure of the polished surfaces was analysed with a scan-
ning electron microscope (XIGMA, Carl Zeiss microscopy GmbH, Oberkochen, Germany)
equipped with Energy Dispersive X-ray analysis (EDX) probe INCA Energy X-Act (Oxford
Instrument plc, Abingdon, UK). The X-ray diffractometry analysis (XRD) was performed
with the D8 Advanced instrument (Bruker Co., Billerica, MA, USA).

In the bulk defect analysis, a digital optical microscope (RH-2000, Hirox Co., Tokyo,
Japan) was employed. To conduct porosity analysis, an automated focus stacking function
was used to acquire multiple images (slices) at different depths of focus and to merge them
into a single image with only the in-focus pixels. The magnification used was 400x. The
distance between each slice was 4 um. Thanks to the high depth of field of the Hirox optical
microscope (20 pm at 400x), all the pores in the focus-stacked image were captured at
their maximum diameter. This enhanced the precision of the measurement and greatly
simplified the calculations. The focus-stacked image is a flat image that represents a portion
of the sample volume.

The acquired images were processed using the Image] (version 1.5.3) image analysis
software. The software requires a binary (1 bit, black and white) image that distinguishes
material from porosity. Image processing and analysis are shown in Figure 1. The analysed
depth in the samples is 250 um, and pictures are squares with a side length of approximately
300 um. The total volume analysed with each picture is approximately 2.2 x 107 um?.
Three pictures were captured in different areas of each sample. A spherical pore shape
was considered.

Figure 1. Focus-stacked image as captured (left), binary image (centre), and the Image] graphical
output with the defects identified, highlighted, and numbered (right).
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Using the obtained data, the average pore diameter, residual porosity by volume
(rpV, the quantity generally described simply as porosity), and residual porosity by number
(rpN, the number of pores per volume) were calculated using the following formulae:

2{1 Vpore

analysed

rpV = x 10° [expressed in ppm] (1)

_ total number of pores

rpN x 10° [expressed in ppm] )

Vanalysed
3. Results and Discussion

Figure 2 displays photographs of the obtained samples; it can be observed that they
all have a transparent appearance and are free from macro-defects.
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Figure 2. Photographs of analysed samples with their respective numbers as reported in Table 1; the
green coloration is caused by the presence of Yb%* ions.

The SEM analysis (Figures 3 and 4) revealed the absence of secondary phases. The
identified defects comprised a few pores (highlighted by red circles in Figure 3), except for
sample 3, where no defects were detected via SEM observation. However, the concentration
of pores on the sample surface was too low to be accurately measured via SEM and to
allow a comparison between samples. The composition and crystal structure of YAG were
confirmed via EDX and XRD analysis (Figure 4).

Figure 3. SEM images representative of the morphology of the polished surface of the samples with
their respective numbers as reported in Table 1; red circles indicate pores.
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Figure 4. BSE image of a grain boundary and energy dispersive X-ray (EDX) analyses of two different
grains in sample 1 ((top) and table); high-magnification SEM images of sample 1 near a pore with

back-scattered electrons (BSE) and secondary electrons (SE2) detectors (centre left); and XRD analysis
of sample 2 (bottom).

Conversely, when we compared the transmittance spectra and the transmittance
values at 1100 nm (Figure 5), differences emerged among the samples. Sample 6 exhibited
the highest transmittance value, followed by samples 3 and 5. This suggested that despite
the absence of visible pores on the surface of sample 3, there were pores within the volume.
Sample 5 and 3 exhibited the same transmittance (79%, Table 2). On the other hand, sample
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5 was considerably thicker than sample 3. As a consequence, sample 5 should have shown
a lower overall porosity, i.e., lower linear losses, compared to sample 3.
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Figure 5. Transmittance spectra of the samples with their respective numbers as reported in Table 1
and value at 1100 nm.

Table 2. Results of the bulk defect analysis.

Sample Thickness Avg. Pore Size rpV Transmittance
[mm] [um] [ppm] @ 1100 nm
1 1.73 1.81 +1.09 66.7 75%
2 1.64 1.81£1.21 254 77%
3 1.93 1.84 +1.09 27.4 79%
4 1.71 1.52 £1.29 24.0 77%
5 3.00 164 £1.13 21.0 79%
6 2.95 2.25 £ 1.69 13.6 83%

Further confirmation of the presence of defects within the volume was obtained by
illuminating the samples from the edge, as shown in Figure 6. The key question was
“how many defects are there?” The state-of-the-art techniques are not able to quantify
the concentration of defects in the samples. Moreover, the size distribution of the defects
cannot be derived from the transmittance curve, although the reverse is possible [12].

Figure 6. Sample 1 illuminated from the side; the presence of defects become evident.
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On the contrary, the novel bulk defect analysis technique introduced here provided
information on the size and concentration of defects, even when present in small amounts,
as reported in Table 2 and Figure 7. This enabled a comprehensive understanding of the
impact of various process parameters on the final samples” microstructure and properties.
Since no secondary phases were detected via SEM, we assumed that all the defects observed
with the optical microscope were pores. As shown in Table 2, the standard deviation of the
pore size was quite high. On the other hand, the size of the pores varied considerably in
each sample, as shown in Figure 7. Specifically, we found the following:

e samples 1 to 3, obtained via rotary evaporation, had a similar average pore size
(around 1.8 pm);

e samples 4 and 5, obtained via oven drying, had a smaller pore size (around 1.6 um)
compared to 1, 2, and 3;

e sample 6, containing MgO, had the highest average pore size (2.25 pm).
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Figure 7. Pore size distribution histogram obtained via bulk defect analysis.

The variation in pore size distribution among the samples is also confirmed by the
graph shown in Figure 6. Notably, the maximum number of pores for samples 1 to 3 is in the
range from 1.5 to 2.0 um, whereas for samples 4 and 5, it is in the range from 1.0 to 1.5 pm.
The residual porosity by volume (rpV), i.e., the relative volume of the pores in the samples,
shown in Table 2, decreases from sample 1 to 6, with the exception of sample 3. The highest
rpV in sample 1 may be due to the absence of the dispersant in the mixing process. The
dispersant helps to disperse the powders during milling and prevents reaggregation during
drying. It also helps the particles to slide against each other during pressing, resulting in
more homogenous powder packing. Samples 2 and 4 were prepared using a dispersant
and differ in the drying step: rotary evaporation for sample 2 and oven drying for sample
4 (Table 2).

Samples 3 and 5 were also prepared using a dispersant and dried via rotary evapora-
tion and oven drying, respectively, but the powder suspensions were ultrasonicated prior
to drying. The ultrasonication probably increased the deagglomeration of the powder, as
the transmittance was higher compared to samples 2 and 4. Ultrasonication did not seem
to have a significant effect on the rpV or the average pore size, as shown in Table 2. Finally,
sample 6 was prepared using a dispersing agent and a combination of TEOS and MgO as
sintering aids and oven-dried. This sample had the highest transmittance of all the samples
studied. On the other hand, it also had the highest average pore size combined with the
lowest rpV.

For a more comprehensive comparison of samples with the highest transmittance
(samples 3, 5, and 6), we also considered the residual porosity by number (rpN), i.e., the
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number of pores per unit volume, which has a direct impact on the scattering losses
of transmittance.

As indicated in Table 3, the high transmittance of sample 6 is not only associated with a
low rpV, but also a low rpN compared to samples 3 and 5. The very low pore concentration
(rpN) is therefore the factor contributing to the higher transmittance, which conversely
does not appear to be influenced by the pore size.

Table 3. Bulk defect analysis results for samples 3, 5, and 6 with the additional value of rpN.

Sample Avg. Pore rpV rpN Transmittance
P Size [um] [ppm] [ppm] @ 1100 nm
3 1.84 £1.09 274 3.12 79%
5 1.64 +1.13 21.0 3.05 79%
6 2.25 £ 1.69 13.6 0.58 83%

4. Conclusions

In this study, bulk defect analysis, a technique based on digital optical microscopy, has
been shown to be a method that is both fast and non-destructive, making it an effective
way to quantify defects in the bulk of transparent ceramics, thanks to the fact that in the
case of transparent materials, optical microscopy allows for the examination not only of
the surface but also of the entire sample volume. Furthermore, this technique is capable of
analysing larger volumes than other techniques.

In the research, the bulk defect analysis was used to provide detailed information on
the average pore size and concentration of YAG-based ceramics doped with Yb. A volume
of 2.2 x 107 um3 of each sample was analysed.

Upon visual inspection, it was observed that all the samples appeared transparent
and free from macro-defects. However, differences between the samples were indicated by
the transmittance spectra and the transmittance values at 1100 nm. The concentration of
pores on the sample surface was too low to be accurately measured via SEM, making it
difficult to compare between samples. bulk defect analysis revealed differences between the
samples that were not visible via SEM. This provided a comprehensive understanding of
how the process parameters affected the microstructure and properties of the final samples.
In particular, it was observed that samples obtained from the rotary evaporator have a
larger pore size compared to the ones obtained via oven drying. The combined use of MgO
and TEOS resulted in a significant decrease in pore concentration in the material, even
though an increase of pore size was observed. Additionally, the study found that there was
a correlation between the increase in the transmittance value and the decrease in the rpV
and rpN values.
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Abstract: In this work, transparent ceramics were manufactured from nanopowders synthesized
by aqueous coprecipitation followed by Spark Plasma Sintering (SPS) to ensure rapid and full
densification. The photoluminescence of Ho:Lu, O3 transparent ceramics was studied in the Visible
and IR domains as a function of Ho>* dopant level from 0.5 at.% to 10 at.%. A cross-relaxation
mechanism was identified and favors the 2 um emission. All of the obtained results indicate that the
optical properties are very similar between Lu,_HoyxOj3 transparent ceramics and single crystals.
Thus, the SPS technique appears to be a very promising method to manufacture such ceramics, which
could be used as amplifier media for high-energy solid-state lasers.

Keywords: LuyOs; holmium; transparent ceramics; photoluminescence; lifetime; SPS

1. Introduction

In recent years, transparent ceramics have appeared as a very interesting new class of
material for high-power solid-state lasers, leading to the development of multi-kilowatt
laser systems [1-4]. Among the variety of the targeted laser characteristics, lasers emitting
at 2 pm have been mainly studied for their great potential in the medical field because of the
absorption bands of water around this wavelength [5-8]. Compared to other 2 pm emitting
ions, Ho®* has the advantage of presenting the largest emission cross-section [9]. Due to
their high mechanical resistance, good chemical stability and high thermal conductivity,
rare-earth sesquioxides (S5c;O3, Y203 and LuyO3) and garnet structures like YAG (Yttrium
Aluminum Garnet) are well adapted and the most used host matrix for such ions [10-13].
Among these materials, LuyOj3 is of primary interest because it maintains a high thermal
conductivity close to 12 W-m~!-K~! even for high concentrations of dopant [14].

A high concentration of active ion has great potential for use in high-power laser appli-
cations, especially in sesquioxide ceramic matrices where the dopant is inserted in a solid
solution [15,16]. Indeed, it can be supposed that a higher doping rate could induce a higher
luminescence intensity [17,18]. However, a high dopant volume density can also generate
undesired energy transfers, called non-radiative transitions, such as cross-relaxation (CR)
or excited-state absorption (ESA), causing quenching of the photoluminescence signal. For
the Ho3* ion, the most common transfers are CRs between two ions, called the donor and
acceptor, which are performed by up-conversion or down-conversion depending on the
initial state of the acceptor and the final state of the donor [19].

The main results concerning the previous developments of sesquioxide ceramics for
laser applications were recently summarized in the review of Liu et al. [20]. According
to their conclusions, Lu,O3 sesquioxide ceramics seem to be the most promising host
materials for high-power laser operation. However, they highlight the long road ahead to
obtain transparent sesquioxide ceramics of large size and high optical quality. Especially,
they pointed out the crucial role played by the synthesis step of nanopowders, as well as
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the production of powder compacts with ideal microstructures. According to the works
cited in the literature, the elaboration of transparent ceramics requires control of each
process step, especially that of sintering. In fact, full densification and total elimination
of porosity is mandatory to ensure high optical properties and high laser performances.
Pressureless sintering under vacuum, pressure-assisted densification or a combination of
these techniques is an efficient way to remove all pores, and non-conventional sintering
techniques like Hot Pressing (HP), Hot Isostatic Pressing (HIP) or Spark Plasma Sintering (SPS
also called Field Assisted Sintering Technique—FAST) have been developed and extensively
studied for a wide variety of ceramics. Some recent studies were lead, for example, on Y,O3 by
HP + HIP [21], Yb:LuyO3 and Tm:Lu,O3 by vacuum sintering + HIP [22,23] or Er:(ScxY1-x)203
by vacuum sintering [24]. Among other techniques, Spark Plasma Sintering relies on the
densification of a powder inside an electrically conductive matrix, heated by the Joule
effect thanks to the application of a pulsed current with a high intensity, and submitted to a
uniaxial pressure generally in the range of 50-150 MPa. SPS is increasingly used for fast and
efficient densification of numerous ceramics, including nitrides, carbides and oxides [25].
However, the fast shrinkage and physical phenomena involved during sintering lead to
a lack of knowledge on sintering mechanisms, more precisely on the densification step
and the subsequently formed microstructures. Moreover, carbon contamination from the
common use of a graphite matrix is a main issue often encountered for the sintering of
oxides and could strongly affect their optical and spectroscopic properties [26]. Concerning
the elaboration of transparent ceramics, few studies have compared the microstructure
optical properties’ relationships to other non-conventional sintering techniques or have
highlighted the specificities of SPS on this family of materials. As an example, some studies
were interested in Nd:LuyO3 [27,28] or Yb:Sc,O3 [29] ceramics elaborated by either SPS or
HIP techniques. Their main conclusions highlighted that such ceramics in the rare-earth
oxide family have similar optical properties to single crystals. In the case of the Ho®* ion,
no study has been reported on the implication of the fabrication process parameters on the
luminescence properties of as-obtained materials, more especially on the CR mechanisms.

In this work, transparent ceramics of LuyO3 with various Ho** doping rates were
manufactured by a process combining nanopowder synthesis and direct densification by
Spark Plasma Sintering. Chemical synthesis by the co-precipitation route has the advantage
of producing well-crystallized Ho-doped Luy;O3 nanopowders with nanometric grain size
and great chemical homogeneity [30]. The microstructure (i.e., grain size), luminescence
properties and optical transparency of as-obtained transparent ceramics were studied as a
function of the holmium doping content. The results were compared to ones reported in
the literature for similar single crystals or transparent ceramics manufactured by HIP in
order to highlight the specificities induced by the SPS process.

2. Materials and Methods
2.1. Synthesis of Ho:Lu,O3 Nanopowders

Ho-doped Lu,O3 nanopowders were synthesized by inverse co-precipitation. Rare-
earth nitrates were used as precursor and ammonium bicarbonate as precipitant. Com-
mercial oxides of LupO3; and Ho,O3 (AUER REMY, Lehvoss group, Hamburg, Germany)
were first dissolved in hot nitric acid (HNOj3, 65 vol.%, Thermo Fisher Scientific, Waltham,
MA, USA). The nitrate solution was poured drop by drop at a rate of 3 mL-min~! into the
solution of ammonium bicarbonate (NH4HCOj3, 99wt.%, Acros Organics, Thermo Fisher
Scientific, Waltham, MA, USA). The co-precipitation was operated at room temperature
with vortex stirring according to the set-up described in Figure 1.
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Figure 1. Set-up used for Ho:Luy O3 precipitation.

Ammonia solution (NH4OH, 35 vol.%, Thermo Fisher Scientific, Waltham, MA, USA)
was added to maintain the pH at 9. Then, the solution was aged for 24 h under stirring
at room temperature. The obtained precipitate was washed three times with distilled
water by centrifugation and three times with ethanol and was dried at 70 °C. The dried
precipitate was milled in an agate mortar and calcined at 1000 °C for 2 h under air to
form the final crystallized Ho:Lu;O3 nanopowder. Powder morphology, structure and
chemical homogeneity were obtained by TEM (Transmission Electronic Microscopy) in
classical or scanning (STEM) modes and high-resolution TEM coupled with SAED (Selected
Area Electron Diffraction) (2100 F, JEOL, Tokyo, Japan). Crystalline phases were identified
by X-ray diffraction analyses (D8, Bruker, Karmsruhe, Germany) using CuK« radiation.
CuKoa?2 radiation contribution was removed and obtained diagrams were indexed with
DIFFRACplus EVA™ software V5 and the PDFmain™ database.

The TEM observations reported in Figure 2a show a slightly edged shape and narrow
size distribution of particles with a mean diameter of about 63 nm. No holmium segregation
in the form of isolated Ho, O3 particles was detected, as illustrated by the STEM micrograph
in Figure 2b. That means there is no differential precipitation of Ho and Lu cations during
the synthesis process. The particles also appeared well crystallized in the bixbyite structure
(Ia-3, cubic C-type), as revealed by diffraction pattern (Figure 2c). As a result, the Ho:LuyO3
nanopowder can be considered as a Lu(;_,)HoxO3 homogeneous solid-solution (x = 0.02
for 1 at.% holmium doping content) with a cubic crystalline structure. The diffraction
patterns registered as a function of the calcination temperature in Figure 2d also prove that
the powder is single phased in the bixbyite structure and well crystallized for temperatures
higher than 600 °C. A calcination temperature of 1000 °C was chosen regarding the higher
crystallinity of the powder particles at this temperature.

2.2. Densification by Spark Plasma Sintering

A commercial device (825 series 8000 A, FUJI-SPS, Saitama, Japan) was used for
SPS experiments. The powder samples were put in a 13 mm diameter graphite die with
Papyex® foil (MERSEN, La Défense, France). Sintering experiments were led under primary
vacuum (P < 20 Pa) with a pulse sequence of 12:2. A digital IR pyrometer was used for
thermal regulation on the surface of the graphite die, which started detecting at a minimum
temperature of 573 °C. For all treatments used to elaborate fully dense ceramics, the heating
rate was fixed to 100 °C-min~! until 1200 °C. Then, the heating rate was 10 °C-min ! until
1400 °C, where the temperature was maintained for 15 min under uniaxial pressure of
130 MPa. The cooling rate was 100 °C-min~!. Then, ceramics were annealed under air at
985 °C for at least 50 h to re-oxidize them and eliminate the carbon contamination caused
by the contact with graphite.
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Figure 2. STEM micrographs of the coprecipitated 1 at.%Ho:Luy,O3 powder calcined at 1000 °C
in bright field (a) or in dark field (b), and high-resolution TEM micrograph with corresponding
diffraction pattern (c). XRD patterns registered as a function of the calcination temperature of
1 at.%Ho:LuyO3 powder (d).

2.3. Characterization of Sintered Samples

Prior to optical characterizations, the samples were ground to obtain flat and parallel
surfaces and then mirror polished with 30 nm colloidal silica after pre-polishing with
SiC papers and diamond pastes. A Cary 5000 spectrophotometer was used to record the
transmission curves of transparent samples (Agilent, Santa Clara, CA, USA). The spectra
resolution was 1 nm with an integration time equal to 0.1 s.

The photoluminescence spectra of various doped ceramics were obtained from 450 nm
to 2200 nm into 3 sub-intervals: Visible [450-800 nm], Near-IR [1000-1300 nm] and Mid-IR
[1800-2200 nm]. For all ranges, a photoluminescence spectrometer was used (Fluorolog3,
Horiba, Kyoto, Japan) using a 450 W Xe lamp for excitation in Visible and 450 nm laser
diode (50 mW) for Near-IR and Mid-IR. For detection, a photo multiplicator detector (PMT-
Hamamatsu R298, Shizuoka, Japan) was used in Visible, an InGaAs detector for Near-IR
and a PbS photoconductor for Mid-IR. For Visible acquisitions, the spectral resolution was
2 nm/mm of opening slits (for both entry and exit ones). Some corrections were applied
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to the raw spectra to account for variations in the intensity of the excitation source, set-up
geometry and detector sensitivity. For measurements in IR range, the spectral resolution
was 12 nm/mm of opening slits and the integration time was 0.5 s.

Lifetime measurements were performed with a 10 nm step-by for each wavelength
using an Optical Parametric Oscillator (OPO) for source pumping. Infrared lifetime mea-
surements were performed with an Edinburgh FLS1000 spectrometer coupled with a digital
Tektronix oscilloscope to record the time-dependent decay. All the measurements were
taken at room temperature.

3. Results
3.1. Sample Microstructure and Optical Transmittance

After sintering at 1400 °C for 15 min, annealing and polishing, Lu,O3 ceramics with
doping rates from 0.5 at.% to 10 at.% Ho were obtained (Figure 3). All specimens were
2 mm thick and presented good transparency.

Figure 3. Transparent Ho:LuyO3 ceramics with various Ho®* doping rates (from the left to the
right: 0.5 at.%, 1 at.%, 5 at.% and 10 at.%) sintered by SPS at 1400 °C for 15 min under 130 MPa of
uniaxial pressure.

The SEM micrographs taken for the 1 at.%Ho:LuyO3; sample (Figure 4a) showed a
dense microstructure with a small and homogeneous grain size in the order of
200-500 nm. Nevertheless, few intergranular and/or intragranular residual pores were
also found, especially by the TEM observations (Figure 4b). Their diameter did not exceed
50 nm and their concentration was estimated to be 90 pores-um 3. These defects could
be related to the presence of microstructural inhomogeneities in powder compacts before
sintering and/or rapid grain growth [31]. In fact, it has been highlighted in a previous
paper that grain growth starts to be significant for temperatures higher than 1300 °C in
such ceramics during sintering by SPS, independently of the applied pressure [32].

The transmission curves of the samples are presented on Figure 5. Data have been
obtained for wavelengths from 400 nm to 2500 nm. All of the ceramics present the same
optical absorption peaks corresponding to 4f electronic transitions of Ho>* ion with corre-
sponding intensity generally increasing with the doping rate. The most intense absorption
peaks between 1800 nm and 2200 nm correspond to the °Is—°1 transition level. The opti-
cal transmittance baseline of all samples presents a continuous decrease from wavelengths
of 1200 nm to 300 nm. The obtained curves were compared to the maximum theoretical
transmittance of the LupO3 samples. To determine these values, one has to consider the
general law giving the transmittance of a transparent material (Equation (1)):
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Figure 4. SEM (a) and TEM (b) micrographs of transparent 1 at.%Ho:Lu,O3 ceramics sintered by SPS
at 1400 °C for 15 min under 130 MPa of uniaxial pressure. Residual porosity was identified by TEM
(white arrows).

T(A) = Tinax exp(—ax) 1)

where T,y is the maximal transmittance that could be obtained for a perfectly polished
sample with planar and parallel surfaces, « is the attenuation coefficient and x is the sample
thickness. By considering multiple reflections at the sample’s surface (no antireflective
coatings were applied in our case), the maximal transmittance at normal incidence is given
by Equation (2):

2n(A)
Tax(A) = @)
@+nm))
where n(A) is the refractive index of cubic Lu,O3 given by Equation (3) [33]:
) 0.04131 >
n(A)” = 3.6196 + ———————— — 0.00856-A 3
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Figure 5. Optical transmission (a) and absorption (b) as a function of wavelength of Ho:LuyO3
transparent ceramics with various Ho®* doping rates.
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As a result, one is able to calculate the maximum transmittance value for a perfectly
transparent LuyO3 sample. The values are reported in Figure 5.

According to Figure 5a, a strong difference appears between the maximum transmit-
tance and the transmittance baseline of Lu,O3 samples. This phenomenon is well-known
for transparent ceramics and is generally induced by light scattering coming from residual
porosity [34]. However, despite the presence of such optical losses, all Ho-doped LuyO3
ceramics have a transmittance higher than 75%, i.e., more than 90% of the theoretical limit,
for wavelengths > 2 pum. On the absorption curves (Figure 5b), the effect of the doping
rate is clearly highlighted. Indeed, the intensity of absorption transition *Is—°I7 increases
gradually with the Ho®* concentration.

The absorption cross-sections of the Ho:LuyO3 ceramics o,,; were then calculated for all
dopant contents from linear absorption coefficient «; and by using Equations (4) and (5):

ax = (Ax/x)-In(10) 4)

Oabs = XA/ CHo ®)

where A, is the absorbance for a specific wavelength A, x is the thickness of sample and
CHo is the volume density of Ho*. The values of volumetric density of Ho®* (Table 1) were
determined thanks to Equation (3) below:

Cho = (p-%atHo-Na)/ (MpLu203:Ho) (6)

where p is the theoretical volumetric mass of Luy,Os3 with la-3 cubic crystalline structure (obtained
by XRD measurements), %aty, is the doping rate, N4 is the Avogadro constant and My,y203:Ho
is the molar mass of Luy_HoxO3 compound at a specific doping rate (0.01 < x <0.2).

Table 1. Spectroscopic characteristics of Luy.,HoxO3 samples as a function of Ho>* concentration.

%at. HO 0.50/0 10/0 50/0 100/0
Cho (em™3) 1.43 x 1020 2.85 x 1020 1.42 x 102! 2.84 x 102

Absorption cross section

—20 —20 —20 —20
at 1927 nm (cm2) 1.26 x 10 1.03 x 10 1.26 x 10 1.03 x 10

Fluorescence lifetime at

2030 nm (ms) ) 115 ) 4.92

The data reported in Table 1 were used to plot the evolution of the absorption cross-
section in the wavelength range 1900-1960 nm for all samples (Figure 6). It was shown that
the curves seemed to follow the same evolution of o,,s whatever the doping rate. Moreover,
they overlapped despite a slight offset for 0.5% and 5%, which was obviously caused by a
lower transmittance baseline (i.e., higher scattering by residual porosity) obtained for both
samples. However, for the samples with low residual scattering, the calculated value of
Oabs Was approximately 1 x 10729 ¢m? at 1927 nm, which corresponded to the measured
data for some Ho-doped systems, for example Ho:YAG [35].

3.2. Photoluminescence and Fluorescence Decay Time

To highlight the different energy transfers and associated light emissions and to
attempt to locate some specificities of the elaboration process by SPS, photoluminescence
spectroscopy was carried out on all samples in three interesting wavelength domains to
highlight potential CR transitions: Visible (from 450 to 800 nm), Near-IR (from 1000 to
1300 nm) and Mid-IR (from 1800 to 2200 nm). The as-obtained results are summarized in
Figure 7.
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Figure 6. Evolution of absorption cross-section of Ho:Lu, O3 transparent ceramics with various Ho*
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Figure 7. Emission spectra (excitation at 450 nm) of Ho:Lu,O3 transparent ceramics in the Visible
range (a), Near-IR range (b) and Mid-IR (c) and the associated energy levels diagram built from

experimentation (d).

In the Visible range, the emission bands symbolized by red arrows presented a strong
decrease when the doping rate increased, with an extinction at 10 at.%Ho (Figure 7a). The
identified transitions were °F3 + °F, + 3Kg—’Ig at 480 nm, °F; + °S,—°Ig at 550 nm and
58,—%1, at 750 nm. However, the transition at 650 nm corresponding to 5F5—°I; was
the only one to increase when the Ho>" content increased. This change in the relative
lines intensity was also observed in the Near-IR range, where the transition 5F; +58,—51,
at 1020 nm decreased, whereas the one at 1200 nm, associated with °I;—°Is, increased
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until Holmium doping reached 5%. A maximum of the °I;—°I transition in Mid-IR at
1.8-2.1 um was observed for the same Ho®* content (Figure 7b,c).

These variations in the intensities of the emission bands are generally representative
of non-radiative transitions occurring in the system when the doping rate increases [19,36].
Indeed, when the dopant volume density increases, the average distance between the two
Ho®* ions is smaller, which facilitates undesired interactions and the generation of a concen-
tration quenching phenomenon. In addition to this loss of emission intensity due to energy
transfer on defects, it is also possible to observe some possible mechanisms corresponding
to Cross-Relaxation (CR) energy transfers described in Figure 7d [37], depending on the
Ho** content:

(1) Atalow doping rate (<1%), and after excitation according to the 450 nm transition
51s—>Gg, a cascade of transitions occurs. First, °F3 + °F, + 3Kg—°I radiative transi-
tion at 480 nm happens, as well as a non-radiative 5G¢—°F4 + 28, transition. From
this electronic level, two optical emissions occur at 550 nm and 750 nm corresponding,
respectively, to the 5F; +58,—%Ig and °F4 + °S,—P1I transitions. In a second step, the
transition °I;—°Ig at 2100 nm occurs. From level °Fy, °S,, a second transition °Fy +
58,—°I5 at 1020 nm, as well as a non-radiative transition °F4 + >S,—°F; is observed.
Then, from the °Fs electronic level, an emission is present at 650 nm, linked to the
5F5—51I5 transition.

(2) When the doping increases, due to the increase in the volume concentration of Ho>*
ions in the matrix, Hoj-Ho, non-radiative Cross-Relaxation interactions are increas-
ingly favored. These interactions, which induce modification of electronic level popu-
lations, lead to the overcrowding of the 51, and °F; levels according to the 5I¢—3I7 or
5F3 + °F,—°I; transitions of Ho; and °F3 + °F,—°F; or °Is—°F5 of Ho,. Thus, the
intensity of the 51,14 transition in the Mid-IR at 2100 nm increases at the expense
of Visible transitions up to 5% in Ho®" ions (Figure 7a,c). Finally, a last relaxation
takes place and induces the overcrowding of level °I¢ according to the transitions °F4
+5%8, 515 and °Is—°I4. Hence, the transition in the Near-IR °Is—°Ig at 1200 pum is
favored (Figure 7b).

(3) Above 5%, the phenomenon of fluorescence quenching by concentration is observed
for all transitions [38]. For the highest concentration tested, namely 10%
(2.84 x 10%! ions-cm~?), the fluorescence intensity in the Near-IR and Mid-IR is
reduced by 40% compared to 5% (1.42 x 10%! ions-cm~3) (Figure 8b,c).

Figure 9 shows the fluorescence lifetime measured on the two extreme doping rates
(i.e., 1% and 10%) in order to see the influence of Ho®* concentration on the fluorescence
decay of 517—>518 laser transition at 2100 nm. Data were obtained for an excitation at
1850 nm and an emission at 2030 nm, corresponding to the maximum intensity observed
in Figure 7c. The fluorescence lifetime was obtained by curve fitting with an exponential
function. For 1%, a lifetime of 11.5 ms was obtained for °I, level state. Then, this lifetime
decreased from 11.5 ms to 4.92 ms when the doping rate increased from 1% to 10%, which
is in accordance with the literature on Ho-doped sesquioxides [39].
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Figure 8. Evolution of integrated emission intensities of Ho:LuyO3 transparent ceramics in the Visible
(400-800 nm) range, (a) Near-IR range (1000-1300 nm) (b) and Mid-IR range (1800-2200 nm) (c).
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Figure 9. Fluorescence lifetime of 1% (a) and 10% (b) transparent ceramics. Fitted curves are
represented in red lines with associated exponential decay function.

This phenomenon confirms the concentration quenching of the 2.1 um emission caused
by the high active ion density inside material, as mentioned in Section 3.1.

4. Discussion

In this work, transparent Lu,_,HoxOj3 ceramics with fine microstructures (G < 1 pm)
were obtained thanks to the SPS sintering technique. It increases the list of LuyO3-based
transparent ceramics obtained by SPS, previously doped with Nd [27,28], Tm [13] or
YD [40], proving the capability and versatility of this technique. Some of them have proven
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sufficient optical quality to observe a laser oscillation. One can cite also the works of Toci
et al., who first demonstrated a laser effect with a 1 at.% Nd:Lu,O3 transparent ceramic
obtained by SPS [41]. A few years later, Xu et al. achieved a laser slope efficiency of 38%
with a maximum output of 1.25 W [42]. Many other available sintering techniques have
been reported in the literature, such as air, vacuum or hot pressing (HP) pre-sintering
followed by high-temperature post-HIP for a long time. The main drawback in this case
relies on the large-sized grains (G > 10 um), which are detrimental to the thermal and
mechanical properties of ceramics. As an example, Kim et al. obtained HP + HIP Ho®*-
doped LuyO3 ceramics with an average grain size around 40-50 um [39]. This difference is
a consequence of the thermomechanical cycle used during the SPS treatment, performed
at lower maximum temperatures and faster heating rates, which drastically limit grain
growth during sintering [32]. As a result, compared to HIP, some differences in the optical
properties, originating from the difference in the microstructure or carbon contamination
of the samples after SPS treatment, could be expected.

First, concerning the effect of grain size, it seems to have no significant effect for
Ho-doped LuyO3. Indeed, by comparing data to 2% Ho-doped LuyO3 ceramic obtained by
HIP [39], a similar fluorescence lifetime in the order of 10 ms is obtained at a wavelength
of 2140 nm. This value is also of the same order of magnitude as that obtained for single
crystals of similar composition. The mean grain diameter obtained in this work is around
50 times lower than that obtained by HIP. That means that the volume of grains is about
(G/G’)® ~10° lower in our samples and the grain boundaries volume fraction is about
(G’/G)~50 times higher. Therefore, the environment of Ho at grain boundaries should
be similar than that observed in the bulk, and very limited Ho segregation is expected
to occur in such material. This shows an advantage of this system for laser applications
compared to other ones where dopant segregation at grain boundaries is observed, like in
rare-earth-doped fluoride ceramics [43].

Second, concerning the use of SPS treatment, it seems to have no observable effect
on the photoluminescence properties or lifetime decay according to results reported in
Table 2. For example, on a 1%Ho:LuyO3 single crystal, Dong et al. obtained a similar
value of 9.8 ms for the same optical transition at a wavelength of 2030 nm [44]. A similar
trend was observed for a lower Ho-doping content [45]. In addition, no additional optical
transition, which could be associated with the SPS process, was observed in the absorption
or luminescence spectra reported in Figures 5 and 7. Moreover, Capobianco et al. obtained
a very similar evolution of Visible transition intensities for Ho:Y,O3 samples sintered under
air [37]. As a result, the Ho:LuyO3 ceramics elaborated in this study present very similar
optical properties compared to ceramics sintered by other techniques, as well as those of
single crystals. Nanopowder chemical synthesis coupled with SPS sintering technology
appears to be a very promising elaboration process to obtain laser ceramics. However, the
optical quality should be still improved, i.e., the residual porosity seen in Figure 4 should
be totally removed. Also, the samples are directly in contact with the graphite die during
sintering and often present a grey/dark color after sintering. This was assigned by many
studies to a reduction in the material linked to carbon contamination, and it can be easily
removed by a reoxidation treatment under air at a moderate temperature (i.e., 900-120 °C).
Nevertheless, the time required for such a treatment evolves as a function of e?, where
e is the thickness of samples, because the rate of the reoxidation process is controlled by
solid-state diffusion. As a result, a very long time is required for the reoxidation of samples
with centimetric thickness, constituting a strong limitation of the efficiency of the whole
process. Further investigations will be carried out on these two points to improve the
optical quality of the ceramics and the scalability of the process.
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Table 2. Spectroscopic characteristics of Luy_,HoxO3 samples as a function of process parameters.

ape . . . Gnean T% at 2 Aem 2 Trad

Reference Composition Material Sintering (um) 2 um Aabs (nm) O aps (cm?) (am) Oem (cm?) (ms)

This work  1%Ho:Lu,Os Ceramie SPS + air <1 um 80% 1927 1% 102 2030 115
annealing

Kimetal. 5o 101 1,05 Ceramic Post-HIP + air 50 um >80% 1942 . 2140 - 10
[39] annealing

D"‘[‘fﬁt Al 1%HoLlu,0;  Single-crystal - - >80% 1929 11x10°% 2027 33x10°2 95

Ii‘z‘;ﬁ’n[‘i‘;]“ 0.3%Ho:LupOs  Single-crystal - - >80% 1928 1.2 x 10°20 2124 45 x 1072 10

5. Conclusions

Luy_HoxOs3 transparent ceramics with a small grain size (<1 pm) were successfully
manufactured by Spark Plasma Sintering of homemade nanopowders. The photolumines-
cence study performed in the Visible and IR domains has given similar results to those
obtained for single crystals of similar compositions. Especially, cross-relaxation mecha-
nisms have been identified and favor the 2 pm emission. Moreover, fluorescence lifetime
measurements have highlighted concentration quenching, especially for high doping of
10% Ho. All of the obtained results indicate that the optical properties are very similar be-
tween Luy_4HoxO3 transparent ceramics and single crystals. Thus, the distribution of Ho*
ions should be similar in both materials, i.e., no clustering of Ho3* ions in ceramics should
take place, whatever the process parameters or the doping level. Finally, SPS appears to be
a very promising method to produce transparent polycrystalline ceramics of the rare-earth
oxide family. Among them, Luy.,Ho,O3 ceramics could substitute single crystals of similar
composition and are very promising materials for high-energy solid-state lasers.
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Abstract: Design considerations of the lead-based glass composition was broadened beyond the
two known criteria of matched index of refraction and thermal coefficient of expansion to include
previous studies of thick film materials. Five criteria for the glass-design composition were used:
matched index of refraction and thermal coefficient of expansion, components (MgO and Al,O3)
to slow down dissolution of spinel (MgAl,Oy) into the glass, non-crystallizing glass in a broad
temperature range and glass with good chemical durability. Synthesis and characterization of glass,
glass paste preparation and its application to spinel substrates to form coating and bonding and
optical characterizations in the UV, VIS and IR of coated, uncoated, and bonded spinel substrates
of two commercial sources are described. Enhancement of transmittance exceeding the theoretical
value of polished spinel was found for the first time when glass coating was applied to a ground face
of semi-polished spinel.

Keywords: glass coating and bonding; spinel; optical properties

1. Introduction

The cost of production of ceramic parts in current technologies, and specifically, in
single crystal sapphire (Al;O3) and ceramics comprising spinel structures (MgAl,Oy),
is high due to an expansive processing and polishing procedure. In ceramic polishing,
the expansive machining or polishing of the surfaces is unavoidable in most cases in
which the end product is required to transmit light. The difficulties involved in polishing
ceramics and particularly spinel structures can result in a large fraction of the total cost
being associated with surface finishing and polishing. To reduce these high polishing and
finishing costs, a refractive index matched glass coating is applied to the hard inorganic
substrates to render them transparent. The fired glass coating can be polished if required
using conventional polishing methods which are very cheap. The feasibility of coating a
hard inorganic material such as sapphire with a lead-based glass frit was demonstrated on
small tiles [1] and on large area windows which were coated and bonded with glass [2]. The
selection criteria for the glass compositions used for coating in the cited above works were
index of refraction and probably linear coefficient of expansion matching to the ceramic
substrate. Are these criteria sufficient for lead-based glass for coating sapphire and spinel?
The answer is no if we consider studies in thick film technology and materials. High
lead-based glasses which are used in thick film materials are very reactive and interact
with the ceramic substrates (96% Al,O3, 99% Al,Os, sapphire) at moderate temperatures.
These glasses dissolve substantial amount of the substrate [3,4] during firing at Birox®
profile (fast ramp to 850 °C dwell of 10 min at 850 °C, fast cool down to room temperature,
the whole profile is 30 to 60 min). Dissolution of the substrates into the glass changes the
properties of the glass.

Spinel ceramic (MgAl,Oy) is a durable, isotropic material with outstanding optical
and mechanical properties and has been the subject of intensive research efforts in the last
70 years [5-9]. Some of its diverse applications were reported in reference [5] and other
applications are collected in references [10-19].
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The size of the substrates synthesized was scaled up to large windows [11,12] that can
be used for transparent armor as a strike-face layer. Large substrates have coarse-grained
structure; evaluation [20] “showed that, under the same loading conditions, the flexure
strength of coarse-grained spinel was approximately 75 MPa while the strength of a fine-
grained (i.e., <25 um), sintered spinel was close to 200 MPa”. High-strength substrates are
still limited in size, and a suitable bonding material is required to make large windows.

Low-fire high-barium leadless borosilicate glass frit, Pemco-626, was used to coat un-
polished and polished spinel substrates [21]. The glass has TCE similar to spinel, measured
TCE 7.3 x 10%/°C, calculated [22] TCE 7.6 x 10~°/°C, but the index of refraction is not
matched to spinel. The glass adhered very well to the spinel, and coating improved the
transparency of unpolished spinel, but transparency is still low. Recently, a lead borosilicate
glass composition was suggested for joining (edge joining) spinel tiles [23]. The glass
matched the index of refraction, and TCE to spinel and joining was performed at 760 °C.

This study is based on a patent application [24]; it deals with modified lead silicate
composition (melted in 2015), which contains Al,O3, MgO, ZnO and TiO, in addition
to PbO and SiO,. Five criteria were used to design the composition: index of refraction
and TCE matched to spinel, glass ingredients (Al,O3, MgO) to slow down dissolution of
spinel into the glass, non-crystallizing glass composition at a broad temperature range,
and a durable glass composition. The paper also details synthesis of glass, glass paste,
measurements of optical properties of coated and uncoated spinel substrates, edge, and
face-to-face bonding of spinel tiles. In addition, to lead-based glass, the paper also details
the synthesis and some properties of leadless-glass compositions based on an La;O3-MgO-
Zn0O-Al;03-B,03-510; system.

2. Experimental

Analytical reagent grade SiO;, PbO, MgO, ZnO, TiO,, Al (OH); and Hammond Lead
glass B15 powder (composition in wt.% SiO,-34; PbO-63:Al,03-2: TiO,-1) were used as
batch materials. Batch materials were mixed in a polyethylene container then placed into
Pt crucible and heated in a box furnace at 1200-1400 °C to melt and homogenize for 0.5 to
3 h. Glass melt was poured into water to obtain glass frit. Glass frit dried in the oven at
150 °C, and then it was ball milled with alumina grinding media (200 g raw frit and 200
mL isopropanol) for 24 h. After separation of the alumina grinding media, the slip was
passed through 325 and 400 mesh stainless screens and let evaporate in the hood, and then
they were dried in an oven at 150 °C for several hours. The batch size was about 500 g and
four batches were melted.

Before fritting, the melt was cast into pre-heated box-shaped stainless-steel modular
molds to form glass bars of 5 x 0.8 x 0.8 cm>. The bars were annealed for 0.5 h in an electric
box furnace. Annealing temperature (Tan) was estimated according to the formula Tan = Ty
+ 10 °C. The glass bars were cut and polished to produce parallel faces. Linear coefficients
of expansion were in the temperature range of 25-300 °C (TCEj5_390); the glass transition
temperatures (Tg) and the dilatometric softening points (Tq) were measured with an Orton
dilatometer, model 1000D, at a heating rate of 3 °C/min. The measurement accuracy of
the linear coefficient of expansion was +10%. Part of the expansion bar (after annealing)
was cut to provide a small piece, which was polished and used to measure the index of
refraction at the sodium D line. Index of refraction was measured with Atago company,
Japan refractometers models 4T and DR-A1.

Glass compositions of the system La;O3-MgO-ZnO-Al,03-B,03-5i0, were synthe-
sized from analytical reagent grade H3BO3, SiO,, Al (OH)3 ZnO, MgO and LayO3. MgO
and La,;O3 were first heated at 1000 °C for one hour to decompose hydroxides and carbon-
ates which form in storage. Batch ingredients were melted in Pt crucible at the temperature
range of 1350 to 1450 °C and kept at peak temperature for 1 to 3 h, and then glass bars
were cast as described above and annealed at 660 °C. Batch size was about 50 g. Thermal
expansion and the index of refraction were measured as described above. Glass powder
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was made by crushing the glass bar to a coarse powder, and then the coarse powder was
milled in a Spex sample prep. model 8000M (Metuchen, NJ, USA) for 60 min.

The glass paste consists of inorganic particulate (glass powder) and organic materials.
The organic materials used consisted of a mixture of diethylene glycol dibutyl ether, terpi-
neol, and ethyl cellulose. The ingredients of the paste are weighed together in a container
and vigorously mixed to form a uniform blend; then, the blend is passed through dispers-
ing equipment, such as a Muller, to achieve a good dispersion of particles. Preparation
of the glass paste can also be done by grinding the paste ingredients (glass powder 70%,
solvents (terpineol and diethylene glycol dibutyl ether) 20% and medium 10% (medium is
a solution of ethyl cellulose10% in terpineol 45% and diethylene glycol dibutyl ether 45%))
in an agate mortar and pestle. For a larger quantity of paste a three-roll mill can be used. In
this study the paste was applied to the spinel substrates manually by spreading it with a
spatula; for large area substrates, a screen printer maybe used.

The coating is a one-stage process; paste is applied (thickness of coating is controlled
using the weight of the paste, and the thickness of the fired glaze is about 50 microns) to
the surface or edge of a substrate (two types of commercial spinel substrates were used:
one made by Ceramtech and the second by Rafael companies), and paste is spread to cover
the whole face or the edge, and then the coated substrate is left at room temperature so
the paste can level. After leveling, the coated substrate is heated in an oven at 150 °C
for 30 min to evaporate a large fraction of the solvents to obtain dry paste (the dry paste
still contains the ethyl cellulose and a small part of the solvents). After drying, the coated
substrate is fired in profile I (Figure 1). Profile I has two slow-heating segments which allow
evaporation, pyrolysis, and burning of the organic materials, and then fast ramping at
20 °C/min to 1100 °C, dwelling of 24 min at 1100 °C then cooling the segment at 20 °C/min
to 560 °C, and then, dwelling for 1 h to anneal the glass coating and then cooling it down at
20 °C/min to room temperature. After profile I, a glazed surface or edge is obtained. The
bonding or the joining of two faces or edges is a two-stage process; the faces or edges of
two substrates are processed as described above using profile I to obtain two glazed faces
or edges. Glazed faces or edges are placed one on top of the other, glazed faces or edges are
in contact and fired in profile II (Figure 2). Profile II has only fast ramping at 20 °C/min to
1100 °C, dwelling of 24 min at 1100 °C, then cooling of the segment at 20 °C/min to 560 °C,
and then dwelling for 1 h to anneal the glass and then cooling it down at 20 °C/min to
room temperature. After profile II, two bonded substrates at faces or edges are obtained.

Profile |
D3
1200 1100 | 1100
R1=3°C/min.
1000 D1=60m|r.1.
R2=1°C/min.
D2=12min. a R3
800 R3=20°C/min R.
D3=24min. D4
o - ; D2 60 560
£ 600 D4=60min 500 50
|-
400 350 350
200
25 5
0
0 108.3 228.3 378.3 384.3 414.3 438.3 465.3 525.3 553.3
Time (min)

Figure 1. Heating profile I.
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Figure 2. Heating profile II.

Surface area was measured using the BET method using Quantachrome Nova Touch
LX3 (FL, USA). Surface area of ball-milled glass powder was 1.63 m?/ g.

Spectra in the UV-VIS and IR ranges were measured with Jasco V-530 and Thermo
Nicolet 6700, respectively.

3. Results and Discussion

Table 1 presents the composition, in mole% and wt.%, of the glass of this study.
According to the design criteria, the composition contains about 6 mole% of alumina and
magnesia to slow down dissolution of spinel into the glass. The references cited [3,4]
conducted a comprehensive study on the lead-based-glass compositions and analyzed the
alumina content dissolved into the glass and correlated it with the glass composition. As
the alumina content in the lead silicate increased, the glass dissolved less alumina from the
substrate. The following citation is from the conclusions section of reference [4]: “These
results suggest that the glass frit component of a resistive paste should contain an adequate
amount of alumina in order to prevent further dissolution, to get a constant composition
in the film, and so, uniform electrical properties of thick-film resistors”. This supports
the design criteria. Spinel is a source of alumina and magnesia. Inclusion of alumina
and magnesia in the glass will slow or prevent dissolution of spinel in the glass. This
assumption also follows from Le Chatelier’s principle. Inclusion of alumina and magnesia
also raises the viscosity of the glass, and higher glass viscosity slows down the kinetics of
spinel dissolution into the glass.

Table 1. Glass composition.

Ingredient Mole Percent Weight Percent (wt.%)
PbO 25.83 54.89
MgO 5.98 23
ZnO 5.98 4.63
Al,O3 5.98 5.81
S0)) 55.08 31.51
TiO, 1.13 0.86

Lead oxide controls the viscosity and increases the refractive index, and titania in-
creases the index of refraction and the glass durability. Zinc oxide was added to lower
thermal expansion and to add another modifier to suppress crystallization.
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The lead-based glass of Table 1 is unique: it does not crystallize on repeated heating at
1100 °C; it has low viscosity at high temperatures; it has TCE and Ny matched to spinel;
and very good chemical durability.

Table 2 collects the glass transition Tg, dilatometer softening point Ty, linear coefficient
of expansion in the temperature range of 25-300 °C, TCEp5_300, and the refractive index Ng
of four glass batches melted. The calculated [22] TCE is 5.9 x 10~°. The calculated TCE is
in good agreement with the measured values. All four batches have consistent values of
Tg, Tg, and Ng.

Table 2. Properties of glass compositions of batches 1, 2, 3, and 4.

Glass Code Tg (°C) Td (°C) CTE 199_300°c (1076/°C) Ng
Batch 1 568 605 7.02 1.727
Batch 2 553 602 6.1 1.727
Batch 3 565 606 5.89 1.719
Batch 4 564 610 6 1.728

Glass compositions based on the La; O3-MgO-ZnO-Al,03-B,03-5i0; system are shown
in Table 3. Properties of the glasses of Table 3 are collected in Table 4. The lanthanum-based
glasses prepared have high Tg, TCE compatible with spinel, and Ny like spinel. However,
the lanthanum-based system crystallizes when heated above 850 °C and is not suitable for
coating spinel.

Table 3. Glass compositions of the system La;O3-MgO-ZnO-Al,O03-B,03-5i0;,

Mole Percent

Ingredient I II 11
LayO3 17.75 22.00 24.00
MgO 6.00 6.00 6.00
ZnO 12.00 12.00 12.00
AL, O3 12.25 14.00 12.00
B,Os3 15.00 11.00 15.00
5i0, 37.00 35.00 31.00

Table 4. Properties of glasses of the system LayO3-MgO-ZnO-Al;O3-B,03-5i0;,

Sample Tg °C Tq °C TCE;g9_300°c (1079) Ng
I 688 726 7.2 1.717
II - - 7.6 1.748
111 702 745 8.2 1.774

Figures 1 and 2 were detailed in the experimental section. The dwell of 24 min at the
high temperature of 1100 °C, well above the Ty, allows the release of gas bubbles from the
glass coating because of the low viscosity of the glass at this temperature. Release of gas
bubbles improves the optical quality of the glass coating.

Figure 3 shows the transmittances of polished substrates of Rafael company in the
UV-VIS range: -33a is single substrate (two reflections), -33b is two substrates stacked
together with cellotape on the edges (four reflections), and -33c is three substrates stacked
together with cellotape on the edges (six reflections).The single substrate (-33a) is trans-
parent in the UV down to 200 nm, and its transmittance in the VIS is high, almost like the
theoretical value 86.8.

112



Ceramics 2024, 7

100 <o
= UV-VIS
(S
80 g
dd
70 é
(7]
60 &
©
50 —JH 052 333
40 —JH 052 33b
% —JH 052 33¢
20
10
0
200 300 400 500 600 700 800 900 1000 1100
Wavelength (nm)

Figure 3. UV-VIS transmittances of polished spinel substrates (Rafael).

Figure 4 shows the IR transmittances of the substrates of Figure 3. The figure shows a
small absorption band around 3380 cm ™!, which is probably the absorption of OH groups
in the ceramic and an indication of a processing stage which involved water (milling in
water) during the preparation of the spinel.
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Figure 4. IR transmittances of polished spinel substrates (Rafael).

Figure 5 shows the transmittance in the UV-VIS range of coated semi-polished spinel
of Rafael. Figure 5 shows high transmittance in the VIS range that is larger than that
of a polished substrate. This result is unexpected because a glass coating on a polished
spinel surface usually decreases the transmittance; see figure “transmittances of polished
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spinel (JH-052-100A) and polished spinel coated with glass on one face (JH-052-100B1)".
The surface of the spinel (ground) may be the source of enhanced transmission shown in
Figure 5, but further studies are required to better understand this unusual behavior.
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Figure 5. Transmittance of Rafael spinel semi-polished (one face polished, second face ground, coated
with glass paste on ground face and fired).

The comparison of the transmittances of polished (-33a) and coated semi-polished
(-31a) spinel substrates in the UV-VIS range is shown in Figure 6. Figure 6 shows that
the uncoated polished spinel (-33a) is transparent in the UV almost down to 200 nm. The
coated semi-polished spinel (-31a) has a total absorption of up to about 310 nm, and its
transmittance in the VIS is larger than the theoretical value (86.8%). The absorption in the
UV is due to an allowed 'Sy to 3P transition of Pb?* ions in the glass. The transmittance of
the semi-polished coated spinel (-31A) is larger than that of the polished spinel (-33A).
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Figure 6. Comparison of transmittances of polished (JH-052-33A) and glass-coated spinel (JH-052-
31A) in the UV-VIS semi-polished.

The comparison of the transmittances of polished (-33a) and coated semi-polished
(-31a) spinel substrates in the IR range is shown in Figure 7. Figure 7 shows the IR
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transmittances of Figure 6’s substrates; the glass-coated semi-polished spinel (-31a) has
better transmittance than the polished (-33a) substrate and the glass coating did not add
new absorption bands, and only below 2177 cm~1 did the polished substrate have slightly
better transmittance.
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Figure 7. Comparison of transmittances of polished (JH-052-33A) and glass-coated semi-polished

spinel (JH-052-31A) in the IR.

Figures 8 and 9 show the transmittances of polished Ceramtech substrates at the
UV-VIS and IR ranges, respectively. In the figures, the transmittance of a single substrate
(two reflections), two substrates stacked together with cellotape on the edges (four reflec-
tions), and three substrates stacked together with cellotape (six reflections) on the edges are
shown to compare them to Figures 3 and 4 which show the substrates of Rafael. Ceramtech
substrates (Figure 8) have absorption in the UV of up to 245 nm; Rafael’s substrates have
no absorption in the same wavelength range. The transmittances of Ceramtech’s in the VIS
are similar to those of Rafael’s substrates. Figure 9 shows that Ceramtech spinel has large
absorption bands in the IR at 3370 cm ! and a shoulder at 3550 cm . The absorption bands
in the IR are the absorption of OH groups in the ceramic and an indication of a processing
stage which involved water (milling in water) during the preparation of the spinel.
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Figure 8. UV-Vis of polished substrates JH-051-86A-C (Ceramtech).
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Figure 9. FTIR of polished substrates JH-051-86A-C (Ceramtech).

Figure 10 shows a comparison of transmittances of Rafael glass bonded (two polished
substrates, face-to-face bonded with glass) with two polished spinel substrates stacked
together with cellotape on the edges. The glass-bonded (-36) spinel has the expected
absorption in the UV, but its transmittance at the VIS is high and similar to the transmittance
of a single polished spinel. The transmittance of the stacked polished spinel is lower
in the VIS because of four reflections; the glass-bonded spinel behaves like it has only
two reflections.

200 400 600 800 1000

Wavelength(nm)
—JH-053-33B —JH-052-36

Figure 10. Comparison between two Rafael glass-bonded spinels (-36) and two stacked polished
spinels (-33B).

Figure 11 shows the IR spectra of the substrates of Figure 10 (Rafael). The glass-bonded
spinel (-36) has better transmittance in the IR, and the glass did not have any noticeable
absorption bands.
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Figure 11. Comparison between two Rafael glass-bonded spinels (-36) and two polished spinels (-33B).

Figure 12 shows the UV-VIS transmittances of Rafael polished substrates:

-33A is single spinel, 0.8 cm thick; -33B is two spinel substrates taped together with
cellotape on the edges, 1.6 cm thick; and -36 is two substrates face-to-face bonded with glass,
1.6 cm thick. The two-glass-bonded (-36) unit has VIS transmission similar to a single spinel,
and almost identical. The cellotape-stacked-two-spinel unit has a lower transmission in the
VIS because of the four reflections.

) 200 400 600 800 1000

Wavelength(nm)

—JH-053-33B JH-052-3 JH-052-33A

Figure 12. Comparison among polished single, two substrates taped together and two substrates
bonded by a glass (Rafael).

JH-052-33 A: polished spinel 0.8 cm thick.
JH-052-33B: two polished spinels taped together at the edges 1.6 cm thick.
JH-052-36: two face to face glass bonded spinels 1.6 cm thick.

Figures 13 and 14 are pictures of edge-bonded spinels (Ceramtech) to demonstrate
formation of a large area substrate from small substrates.
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Figure 13. Polished substrates (Ceramtec) edge bonded with glass.

Figure 14. Two polished spinel structures (Ceramtec) edge bonded with glass.

Figures 15 and 16 present the UV-VIS and IR of polished Rafael substrates, some face-
to-face glass bonded, and some stacked together with cellotape on the edges, respectively.
In Figure 15, the single (-100A), the two substrates stacked together (-100C), and the four
substrates stacked together (-100E) have no glass, and their transmittances start at UV
at about 200 nm. The single substrate (-100B1) coated with glass (only one face coated)
is compared with the single polished substrate (-100A). Comparison shows that coating
one face with glass reduced the transmittance in the VIS; the reduction is very small but
noticeable. Here, the glass coating was applied to a polished face, and the result was
reduction of transmittance in the VIS. When coating was applied to the ground face of
semi-polished spinel (Figure 5), the result was an increase in transmittance well above
the theoretical value. The two substrates stacked together (-100C) are compared with two
substrates face-to-face bonded with glass (-100D1), and (-100D1) has a larger transmittance
in the VIS, while (-100C) has a lower transmittance because of four reflections. (-100D1) has
a lower transmittance than the single substrate coated with glass (-100B1) in some of the
VIS range, but its transmittance in the VIS is high. The four-stacked-together substrates
(-100E) are compared with the four substrates that are face-to-face glass bonded (-100F1);
transmittance of the glass-bonded substrates (100F1, thickness 3.2 cm, single substrate
thickness is 0.8 cm) is much higher than (-100E) in the VIS. Transmittance of (-100F1) is
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Transmittance(%)

comparable to the transmittance of two substrates glass bonded (-100D1); the glass-bonded
substrates behave like a single substrate, i.e., two reflections.
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Figure 15. Comparison among transmittances (UV and VIS) of polished substrates, single with no
coating, single with coating (one face coated with glass), two stacked together with tape, two bonded
with glass, four stacked together with tape, and four substrates face-to-face bonded with glass.
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Figure 16. Comparison among transmittances (FTIR) of polished substrates, single with no coating,
single with one face coated with glass, two stacked together with tape, two face-to-face bonded with

glass, four stacked together with tape, and four substrates face-to-face bonded with three layers
of glass.

Figure 16 shows the IR spectra of the substrates of Figure 15. Comparison of the single
polished substrate (-100A) with the single coated (only one face coated) substrate (-100B1)
shows that they have similar, almost identical, transmittance in the 2400-4000 cm! range,
and below 2350 cm ™! the transmittance of the polished uncoated (-100A) substrate is better
than that of the one-face-coated polished spinel (-100B1). Comparison of the two polished
stacks with cellotape on the edges (-100C) with the two polished, face-to-face glass-bonded
substrates (-100D1) shows that -100D1 has better transmittance than -100C. Both show the
absorbance at 3380 cm ! (see also Figure 4 for polished substrates; all substrates have this
band which is typical to Rafael spinels) and development of new faint band at 3560 cm~!.
Comparison of the four polished substrates stacked with cello tape (-100E) with the four
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face-to-face glass-bonded substrates (-100F1) shows that -100F1 has better transmittance
than -100E. As the number of substrates increases the cut-off (where total absorption starts),
it shifts to a shorter wavelength.

4. Conclusions

A unique glass composition, which has a matched index of refraction and TCE tailored
to be slightly lower than the TCE of spinel to put the glass coating under compression
contains ingredients (MgO and Al,O3) to slow down the dissolution of spinel (MgAl,Oy)
into glass, is non-crystallizing in a broad temperature range and repeated firings, and has
good chemical durability, was prepared and described.

Glass coating, when applied to the polished face of spinel, slightly reduced the trans-
mittance relative to polished spinel.

Glass coating, when applied to semi-polished spinel (one face polished the second
ground, coating applied to ground face) enhanced the transmittance above the theoretical
value of spinel. This new phenomenon first reported here requires further studies to
understand how and why the glass coating added a feature of anti-reflecting.

Face-to-face-bonded spinel substrates behave like a single substrate, i.e., have two
reflections even for four substrates face-to-face bonded. A thick transparent spinel unit
made from face-to-face-bonded substrates was demonstrated.
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Abstract: In this work, a transparent nanostructured ceramic magnesium aluminate spinel (MgAl,Oy)
was fabricated by Spark Plasma Sintering (SPS) from commercial spinel nano-powders at different
temperatures (1300, 1350 and 1400 °C). The sintered samples were thoroughly examined to assess
their microstructural, optical, and mechanical properties. Various techniques such as SEM, AFM,
spectrophotometer with an integrating sphere, instrumented Vickers indenter, Pin-on-Disk tribome-
ter, scratch tester, and sandblasting device were employed to characterize the sintered samples.
The results indicated the significant impact of the sintering temperature on the properties of the
spinel samples. Particularly, the samples sintered at T = 1350 °C exhibited the highest Real In-line
Transmission (RIT = 72% at 550 nm and 80% at 1000 nm). These samples demonstrated the highest
hardness value (HV = 16.7 GPa) compared to those sintered at 1300 °C (HV = 15.6 GPa) and 1400 °C
(HV =15.1 GPa). The measured fracture toughness of the sintered samples increased substantially
with increasing sintering temperature. Similarly, the tribological study revealed that the friction
coefficient of the sintered spinel samples increased with the sintering temperature, and the spinel
sintered at 1350 °C exhibited the lowest wear rate. Additionally, sandblasting and scratch tests
confirmed the significant influence of the sintering temperature on the mechanical properties of the
fabricated spinels. Overall, the spinel sintered at 1350 °C presented the best compromise in terms of
all the evaluated properties.

Keywords: spinel; SPS; transparent ceramics; optical properties; mechanical properties; sandblasting

1. Introduction

The most commonly used transparent ceramics in industries today are single crystals
and glasses. However, although highly transparent, they have rather poor mechanical
properties (mechanical strength, hardness, wear resistance). In addition to being expensive,
single crystals with complex shapes are hard to obtain. It is therefore important to find
other appropriate alternatives. In this context, transparent polycrystalline nanostructured
ceramics can be candidates, as they can offer very interesting combinations, such as: Opto-
Mechanical properties, easier shaping and a possibility of large-scale production [1,2].
They are also characterized by a good thermal resistivity, a high chemical inertness and
a high doping rate of active ions. These characteristics allow controlling of their optical
performance. They are also optically isotropic and present a wide range of UV-Visible-IR
transmission. Thanks to these favorable physical, chemical and mechanical properties,
transparent ceramics can be exploited in a wide range of applications, including laser
materials, scintillators, optical lenses, and even for creating transparent armor. [2]. The
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manufacturing of polycrystalline ceramics with maximum optical transparency requires
the elimination of all causes of light losses, such as light scattering from pores and grain
boundaries. Therefore, it is necessary to use highly pure raw materials with the finest
possible grain size to ensure high densities (>99.9%) and small pore sizes [3]. To meet these
criteria, two main families of sintering can be implemented: (a) sintering with the applica-
tion of an external macroscopic stress, including hot pressing (HP), hot isostatic pressing
(HIP) and Spark Plasma Sintering (SPS), or (b) sintering without external macroscopic
stress (microwave sintering).

In the last years, SPS has been shown to be a reliable alternative technique for man-
ufacturing transparent polycrystalline ceramics at relatively low temperatures in shorter
times [4]. The principle of SPS sintering is based on the application of an associated uni-
axial pressure with a pulsed direct electric current. In fact, several studies confirm that
the control of SPS parameters, especially heating rate, sintering temperature, holding time
and pressure, allows the fabrication of fine-grained dense transparent ceramics with good
optical and mechanical properties [5-9]. The application of high pressure, for example,
during SPS sintering, allows good control of grain growth at lower temperatures and for
shorter holding times. Sokol et al. [10] showed that the application of high pressure results
in a fully dense transparent spinel, which exhibits a unique combination of high real in-line
transmission (>80% at 500 nm), high Vickers hardness (up to 20 GPa) and fine grain size
(~30 nm). The SPS technique has been used for many ceramic materials, namely, ZrO; [11],
Al,O3 [12], Y3Al501; [13], and MgO [14] and MgAl,O4 [5]. MgAl,O4 spinel is one of
the promising transparent ceramics; it is difficult to fabricate directly from high-purity
precursor powders using conventional pressureless sintering techniques [15]. However, it
can be easily and qualitatively fabricated by hot pressing techniques, mainly the SPS [16].
It is used for several applications, such as transparent windows, domes, armor and optical
refractories [7]. This is thanks to its important properties such as high transparency over a
wide range of wavelengths (0.2-5.5 um), relatively low density (3.58 g/cm~3), a high level
of hardness (between 16-20 GPa), high mechanical strength (150-315 MPa), high melting
temperature (2135 °C) and high electrical resistivity [7].

In a potentially aggressive environment such as the Sahara, erosion of glass caused by
windborne sand is a serious problem that can affect its transparency. In such conditions,
spinel may be more suitable than glass for armor and protective window applications, as
these types of applications require high optical and mechanical performance. The study of
the resistance of a material to sand erosion can be effectively simulated in the laboratory
using a sandblasting system.

Studies have shown that material removal during the erosion of brittle materials
occurs primarily through the formation and propagation of radial and lateral cracks, which
cause the ejection of grains from the material surface [17]. This material removal depends
on several factors, such as the properties of the eroding material (shape, size, hardness, etc.)
and the eroded material (hardness, toughness, etc.) as well as the conditions of exposure
to erosion (speed, mass, angle of attack, etc.) [18-20]. Unfortunately, there have been only
a few studies in the literature dealing with the erosion behavior of transparent ceramics.
Lallemant et al. [21] and Von Helden [22] have studied the sand erosion of transparent
ceramics such as alumina, MgAl,O4 spinel and different types of glass. Their results
revealed that there is a strong relationship between the microstructure of the material and
its resistance to erosion and alteration of its optical transmittance. Similarly, Zhou et al. [23]
have found that the erosion resistance of alumina increased with the increase in hardness
and fracture toughness. On the other hand, Curkovic et al. [24] showed that the erosive
wear behavior of transparent alumina ceramic depends on the eroding properties (shape
and hardness). Furthermore, they found that the maximum erosion occurs at an impact
angle of 90°.

From all the forgoing, a transparent optical ceramic must have high mechanical
properties, including sand erosion resistance and scratch resistance, in order to maintain
good surface quality and high transparency. The aim of this work is the fabrication of a
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dense MgAl,O4 spinel with high optical transmission and high mechanical properties for
Sahara applications. For this purpose, SPS sintering of commercial spinel nano-powders
at different temperatures was performed and the effects of sintering temperature on the
microstructure, optical and mechanical properties of the fabricated MgAl,O4 spinel were
studied. The scratch resistance and the ability to maintain good surface quality and
transmission after sandblasting of the fabricated spinel are examined.

2. Materials and Methods
2.1. Sintering of Samples

A nano-powder of magnesium aluminate spinel MgAl,O, (S25CRX 14) commercial-
ized by Baikowski Company (La Balme-de-Sillingy, Poisy, France) was used as a raw
material. Table 1 shows the impurity amounts according to the supplier’s data sheet. This
small impurity content has practically no effect on the properties of a transparent spinel.

Table 1. Impurities in the MgAl,O4 spinel powder.

Component Na K Fe Si Ca S
Amount (ppm) 11 13 6.5 14 6.9 300

The samples were sintered using an SPS sintering machine, type FCT System HP
D25, Rauenstein, Germany. A quantity of 3.5 g of spinel powder was introduced into a
graphite die with an internal diameter of 20 mm. Pellets were produced under a pressure
of about 73 MPa with sintering temperatures of 1300, 1350 and 1400 °C. The heating rate
was 100 °C/min up to 800 °C, then 10 °C/min up to 1100 °C and 1 °C/min up to the
final sintering temperature. The change in heating rate during the SPS sintering process
can have a significant influence on the density and development of the microstructure
of the consolidated material. A high heating rate can lead to insufficient densification
which is detrimental to the optical and mechanical properties, while too low a heating
rate can extend the sintering process excessively. Thus, finding the right equilibrium of
heating rate is essential to achieve the desired properties of the final material as shown by
Morita et al. [25]. This sintering cycle of spinel powder was chosen based on the study of
Bonnefont et al. [26] and Benaissa et al. [27].

Before characterizing the sintered pellets, both sides of the sample were polished in
order to eliminate geometric imperfections and the layer contaminated by carbon of the
graphite die and punch. The polishing procedure used in this study was identical to that
reported in the study of [3].

2.2. Analysis and Characterization Techniques

The microstructures of the samples were determined using a scanning electron mi-
croscope (SEM, JSM-7001F, JEOL, Akishima, Tokyo, Japan.). The grain size was also
determined from SEM micrographs using Image] software with a correction factor equal
to 1.22 [28]. The surface topography examination was carried out using an atomic force
microscope (AFM) from Asylum Research, an Oxford Instruments company, type MFP-3D,
Santa Barbara, CA, USA. A Leica DCM 8 laser scanning 3D confocal microscope (the state
of Hesse in central Germany) was used to measure the surface roughness (root mean square
of the roughness profile (RMS)). The sample density was determined by the Archimedes
method. The optical transmission was measured in the range of 200 to 1200 nm using
a Shimadzu UV-1800 spectrophotometer (Kyoto, Japan). The RIT for the sample with
thickness (d; = 0.88 mm), sintered at three different temperatures, was estimated using the
Apetz model [28]:

dy
RIT(dy) . %
—_— 1
T_Rs ) @
where Rg is the total normal surface reflectance (~0.14) and RIT (d;) is the real in-line
transmission for the real thickness of the sample.

RIT(d2) = (1 — Rs)(
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The total transmission (TFT), the diffuse transmission (TD), the specular reflection (Rs),
the total reflection (RT), and the diffuse reflection (RD) were measured by a spectropho-
tometer type Jasco-670 (Hachioji, Tokyo, Japan), equipped with an integration sphere. The
hardness measurements were performed by the instrumented Vickers indentation method,
using a Zwick Roell-type apparatus, ZHU2.5 (Ulm, Germany). The Vickers hardness values
obtained represent the average of three measurements taken on the samples. Vickers
hardness (GPa) was calculated by the following formula [29]:

Hy = 0.0018544 x (F/(d)?) )

where F is the applied indentation load [N] and d is the average length of the diagonals of
the indentation imprint [mm].

Young’s modulus was determined using ultrasonic testing in a single experiment [30].
The fracture toughness (Kjc) of the transparent spinel was measured using the indentation
technique on specimens with polished surfaces, with six measurements taken on samples
under a 5 N load. The measured radial crack lengths (2C in m) were used to determine the
fracture toughness by the equation of Anstis et al. [31], which recently concluded that that
the following formula provides the most accurate characterization of ceramics. [32]:

1/2
where H is the Vickers hardness (GPa) and E (GPa) is the elastic modulus.

The tribological tests were carried out using a CSM-type Pin-On-Disk Tribometer
(Version 4.5.Q, Peseux, Switzerland) with an alumina ball (& 6 mm) as a pin rubbing
against sintered samples as disks.

Each sample was rubbed under a normal force of 10 N with a sliding radius of 6.2 mm,
a linear speed of 100 rpm and a test duration of 15 min. All the tribological tests were
performed in a dry environment at a room temperature of 20 °C and humidity of ~40%.
During all the tests, the friction coefficient was measured as a function of time. In order
to evaluate the wear rate, the width of the wear track was measured using an optical
transmission microscope.

For the sandblasting tests, the transparent spinels were eroded using a horizontal type
of sandblasting device [33]. The latter complies with DIN 50 332 standards and ASTM
G76. A natural sand from the region of EI-Oued (Southeast of Algeria) was used as eroding
material. Figure 1 showed that this sand has various grains with different shapes and with
an elongated index (Ei = Dmax/dmax) of 1.44. It has a fairly homogeneous particle size
ranging between 250 and 500 pm with an average particle size of 374 um (Figure 2). The
chemical composition of this sand was indicated in Table 2. The fabricated spinel samples
were sandblasted on one side under the following conditions:

e Projected mass: m=200g

e  Airflow speed: v=30m/s

e  Angle of impact: « =90°

e Distance between the nozzle outlet and the sample: x = 50 mm.

Table 2. Chemical composition of the eroding sand used.

Oxides

SiOZ A1203 CaO Kzo 503 F6203 MgO

SrO

Amount (wt.%) 90.8 3.86 1.36 1.32 1.22 0.592 0.459

0.0140
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Figure 2. Particle-size distribution of the eroding sand used.

The difference in surface roughness of the sample before and after sandblasting may
reflect its rate of damage following its exposure to erosion. For this purpose, roughness
parameters were measured before and after sandblasting, using a Leica DCM 8 3D laser
scanning confocal microscope. Two main parameters were chosen to evaluate the roughness
based on this test: the root mean square roughness (Rq) according to ISO 4287 and the root
mean square height (Sq) according to ISO 25178.

The progressive linear scratch test was performed using a CSM Revetest scratch device
equipped with a Rockwell diamond indenter with a radius of 200 pum under a progressively
increasing load from 1 to 60 N. The loading rate was 59 N/min. The scratch length was
5 mm. During all the tests, the penetration depth, the applied load and the acoustic
emission were recorded to assess the characteristics of cracks and determine the critical
forces. Finally, the scratches were examined by light microscopy.

3. Results and Discussion
3.1. Microstructural Characterization

SEM micrographs of the spinel samples sintered at 1300, 1350 and 1400 °C are pre-
sented in Figure 3a—c. It is clear that all the samples have a dense and homogeneous
microstructure. However, it is found that the sintering temperature has a significant effect
on the microstructure of the fabricated spinel, where the grain size of the samples increased
significantly with increasing sintering temperature. The sample sintered at 1300 °C has the
smallest average grain size of around 685 nm; this size increased to 1.9 um in the sample
sintered at 1350 °C, and reaches its maximum in the sample sintered at 1400 °C, which has
the largest average grain size of about 5.3 pm. The defects that appeared on the images of
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1350 and 1400 °C perhaps were caused only by the chemical treatment that we carried out
before the observation at the SEM, as shown by Benaissa et al. [26].

Figure 3. SEM micrographs of the samples sintered by SPS at: (a) 1300 °C; (b) 1350 °C and (c) 1400 °C.

The 2D and 3D surface morphologies of the samples sintered at different temperatures
are presented in Figure 4. The effect of the sintering temperature is clearly visible on the
morphology of the fabricated samples, where the grain size increased with the increase in
the sintering temperature, which confirms the SEM observations (Figure 3). Furthermore,
the average surface roughness RMS values obtained by AFM, in the same scanning area
(25 um?), were 5.8 4 0.74, 8.2 + 2.03 and 61.9 4 5.06 nm for the samples sintered at
1300, 1350 and 1400 °C, respectively. The increase in roughness can be mainly explained
by the increase in grain size by coalescence of neighboring grains due to the increase in
sintering temperature.

The relative density of the sintered samples was determined according to the Archimedes
principle. The density values were 99.65 £ 0.1%, 99.74 £ 0.11% and 99.86 £ 0.03% for the
samples sintered at 1300, 1350 and 1400 °C, respectively. The obtained values are the means
of five measurements per sample. The slight increase in density with increasing sintering
temperature could be explained by the coarsening of grains and promoting of densification
by sliding and rearrangement of grains, because the grains bind or weld together as they
grow, which can lead to consolidation of the material. Consolidation can cause the relative
density to increase because the grains are more tightly bound and the space between them
is reduced [34].
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Figure 4. Cont.
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Figure 4. 2D and 3D AFM images of the samples sintered at: (a) 1300 °C, (b) 1350 °C and (c) 1400 °C.

3.2. Optical Characterization

Figure 5 shows the spectra of real in-line transmission of the samples sintered at
different temperatures. It can be observed that the samples sintered at 1300 and 1350 °C
have almost the same high RIT in the visible range (400-800 nm) and that the best optical
real in-line transmission is reached with samples sintered at 1300 and 1350 °C. This RIT
decreased abruptly in the sample sintered at 1400 °C, which has a very low transmission.
The decrease in the transmission at high temperature can be explained by the strong con-
tamination by carbon during sintering; Hammoud et al. [35] showed that a contamination
occurred by carbon clusters originating from the powder and the environment of the SPS
(graphite foil, die and felt). A high SPS temperature may further favor the diffusion from
the carbon clusters, which explains the increased light absorption observed in samples
sintered at 1400 °C. However, the carbon contamination can be reduced even slightly by a
thermal annealing under air, as shown by Zegadi et al. [3]. Not only carbon contamination
but also grain size may be an important parameter influencing transmission, as shown by
Rothman et al. [36]. It should be noted that our results regarding transmission as a function
of SPS temperature are in good agreement with those in the literature [37,38].
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Figure 5. The Real In-line Transmission spectra of samples sintered by SPS at 1300, 1350 and 1400 °C.

Table 3 summarizes the RIT values recorded at 550 and 1000 nm wavelengths after
correction of sample thicknesses to 0.88 mm. It can be noticed that the samples sintered
at 1350 °C have the highest value of transmission (RIT = 72% at 550 nm and RIT = 80% at
1000 nm). These results are almost higher than those obtained by Benaissa et al. [27], who
found an RIT = 45% at a wavelength of 550 nm and RIT = 67% at 1000 nm by SPS sintering
of S30CR at the same temperature of sintering.

Table 3. RIT of the MgAl,Oy spinel sintered by SPS at different temperatures (dy = 0.88 mm).

SPS Temperature 1300 °C 1350 °C 1400 °C
RIT (%) at 550 nm 68.1 72.3 3.4
RIT (%) at 1000 nm 78.2 80.2 33.2

To better understand the effect of sintering temperature on the different optical prop-
erties of the fabricated transparent spinel, we present the intensity of transmitted, reflected,
absorbed and scattered light in Figure 6 as a function of three different wavelengths. The
first conclusion that can be drawn is that the RIT increased with the increase in the wave-
length, while the absorbed intensity, the diffuse transmission and the diffuse reflection
decreased. The second conclusion is that the sample sintered at 1350 °C exhibited the
best transmission at any wavelength, whereas the sample sintered at 1400 °C exhibited
the lowest transmission at any wavelength. The poor optical transmission of the sample
sintered at 1400 °C can be explained by carbon contamination during sintering, where this
sample has been identified as a potential cause of a decrease in optical properties [35,39,40].

3.3. Mechanical Characterization

The variation of Vickers hardness of the sintered specimens as a function of indentation
load is illustrated in Figure 7. It can be clearly seen that the hardness of the samples
sintered at 1350 °C is higher than of those sintered at 1300 and 1400 °C, regardless of
the indentation load. The observed variation of the hardness of the samples sintered at
different temperatures is attributed mainly to the variation of their porosity and grain size
(Hall and Petch law) [10]. This is because the reduction in grain size limits the propagation
of dislocations, which strengthens the material and leads to an increase in its hardness.
Conversely, samples with larger grain sizes demonstrate the lowest hardness values. The
larger grain size promotes dislocation propagation, weakening the material and leading to
a decrease in hardness.
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Figure 6. Distribution of incident light intensity within the fabricated spinel pellets.
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Figure 7. Vickers hardness as function of indentation load of the spinel sintered at 1300, 1350
and 1400 °C.
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It should be noted that, in the case of spinel, the homogeneity of the microstructure, in
particular the grain size, could have a more important effect on the mechanical properties
than the porosity rate and the presence of inclusions [41]. From Figure 7, it can also be seen
that the hardness values do not depend on the indentation load; this is due to the uniformity
of the microstructure and the high relative density of the prepared spinel pellets. On the other
hand, the obtained Vickers hardness values were always higher than 15.5 GPa, regardless
of the sintering temperature. It should be noted that this hardness value with the same
measurement method is slightly higher than that found by Krell et al. [42] (HV = 15 GPa), and
considerably higher than that found by Benaissa et al. (Hy = 15 GPa at 1350 °C) [27].

Table 4 show the results of elastic values obtained by the ultrasonic method for the
spinel samples sintered at 1300, 1350 and 1400 °C. A gradual increase in Young’s modulus
with the increase in sintering temperature can be clearly observed, where the elastic
modulus goes from 256 to 285 GPa by increasing the sintering temperature from 1300 to
1400 °C. This increase can be explained mainly by the microstructural changes and the
increase in density with the increase in the sintering temperature, where it is well known
that the elastic modulus is sensitive to the porosity.

Table 4. Elastic modulus and fracture toughness of the spinel samples.

Sintering Temperature 1300 °C 1350 °C 1400 °C
Elastic modulus [GPa] 265 272 285
Fracture Toughness [MPay/m] 1.54+0.1 1.7+ 0.3 25+04

The results of this study indicate that in order to improve the mechanical properties
of spinel, a homogeneous and fine microstructure must be maintained. However, in
the case of low temperature sintering (1300 °C), spinel has a slight porosity and a fine
microstructure. In contrast, spinel sintered at intermediate temperature (1350 °C) is dense
with a homogeneous microstructure and slightly increased grain size. Finally, in the case of
sintering at a high temperature (1400 °C), the spinel presents a coarse microstructure.

The fracture toughness (Kjc) calculated from Equation (3) for an indentation load of
5 N was presented as a function of sintering temperature in Table 4. It can be noticed that
the values of the fabricated spinel pellets increased gradually from 1.5 MPay/m for 1300 °C
to 2.5 MPa,/m when the samples were sintered at the temperature of 1400 °C.

This increase in fracture toughness is mainly due to the increase in grain size with
increasing sintering temperature. In fact, the improved grain bridging increases with the
grain size; this grain bridging is behind the improvement of the fracture toughness of the
fabricated ceramic. It should be noted that our best fracture toughness value of the sample
sintered at T = 1400 °C (Kjc = 2.5 MPay/m) was higher than that reported by Tokariev et al.
(Kic = 1.8 MPa,/m) [43] and Benaissa et al. (Kjc = 2.2 MPa+/m) [27]. Moreover, it was
slightly lower than that reported by Von Helden (Kjc = 2.8 MPa,/m) [22] under almost
the same test conditions. This proves that our prepared spinel specimens exhibit a very
accepted fracture toughness.

Figure 8 shows the evolution of the friction coefficient as a function of time for the
spinel samples sintered by SPS at different temperatures. It can be observed that the sinter-
ing temperature has a significant influence on the tribological behavior of the fabricated
spinel. The sample sintered at 1350 °C presented the most stable and the lowest coefficient
of friction with a value of about 0.35. The friction coefficient increased to about 0.42 and
became less stable in the sample sintered at 1300 °C.

The sample sintered at T = 1400 °C presented the most fluctuating and the highest
friction coefficient with an average value of about 0.47. Thus, it can be concluded that
the spinel sample sintered at 1350 °C exhibits the best tribological behavior of the friction
reduction among the fabricated samples. The friction coefficient is an extrinsic material
property that can be influenced by the conditions surrounding the material (temperature,
humidity, lubrication, etc.) as well as the intrinsic material properties such as hardness,
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roughness and especially the phase composition of the material. However, hardness and
roughness seem to be the most influential factors on the friction coefficient in this study,
where the sample sintered at 1350 °C, which has the highest hardness, and relatively low
roughness, has the lowest friction coefficient value and showed the best frictional behavior.
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Figure 8. Evolution of friction coefficient as a function of time for the spinel sintered at different temperatures.

These results show that the friction coefficient depends on the one hand on hardness,
and on the other hand on roughness linked to the grain size. The sample sintered at 1400 °C
exhibits a large grain size (5.3 pm) and therefore a high roughness (62 nm) and the lowest
hardness, giving a high friction coefficient. These results confirm those found by other
researchers [27].

The width of the wear tracks can be an indication about the wear rate and the wear
resistance of the materials subjected to rubbing. Figure 9 illustrates the variation in the
width of the wear tracks of the samples sintered by SPS at different temperatures that
underwent the wear test. The values presented are the average results of seven measure-
ments, taken with the utmost care to ensure consistency in the experimental conditions
and to ensure the reliability of the data. It is evident that the sample sintered at 1350 °C
exhibits the narrowest wear track width (116 pm), albeit with a relatively high standard
deviation, which could be attributed to potential surface flatness defects or inadequate
cleaning of the ball during the test. The sample sintered at 1400 °C, in contrast, exhibited
the widest wear (133 pum) track and the lowest wear resistance. This tribological behavior of
our manufactured spinels can be explained firstly by the variation in the friction coefficient,
where the spinel sintered at 1350 °C has the lowest friction coefficient and showed the
highest wear resistance, while that sintered at 1400 °C has the highest friction coefficient
and showed the lowest wear resistance. The tribological behavior of our materials can
also be explained by the hardness variation, where the material with the highest hardness
value presented the lowest wear rate, and vice versa, this corresponds to the Archard
wear equation [44], which demonstrates an inverse relationship between the hardness of a
material and its rate of wear.
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Figure 9. Variation in the track width as a function of sintering temperature.

3.4. Sandblasting

The erosion behavior of brittle materials such as polycrystalline ceramics is controlled
by the formation of lateral cracks parallel to the surface. These cracks easily propagate
to form a network of cracks propagating through grain boundaries. Repeated shocks by
sand particles will easily remove surface material with grain ejection from the top layer.
The volume of the removed material depends on the material fracture toughness and
hardness [23]. As these latter values are different for each sample (Figure 7 and Table 4),
one would expect different erosion rates. For the microscopic observations of defects, an
optical microscope is used. It allows the surface defects to be observed and photographed
and then the damage rate of a transparent ceramic surface to be seen (Figure 10). From
these micrographs, it can be noticed that the sample’s surface is completely eroded, and the
sandblasting defects resulting from micro-fragmentation, particularly lateral cracks, exhibit
a random distribution across the entire exposed surface. In addition, it is noticed that the
damage worsens as the sintering temperature decreases. Thus, it is found that the spinel
sintered at 1300 °C is more damaged compared to the sample sintered at 1400 °C, due to its
low fracture toughness. The damage rate corresponding to the samples sintered at 1300,
1350 and 1400 °C is equal to 46.7%, 34.6% and 32%, respectively. In order to examine the
mechanism of erosion and surface damage, the top view of uneroded and eroded surfaces
of sintered samples was observed by confocal microscope (Figure 11). This finding confirms
that, after sandblasting, the ejection of the grains from the surface layer leaves hollows
in the samples surface and increases the roughness, which subsequently influences the
surface reflectance Rs, as already mentioned in literature [24]. It is also noticed that the
samples sintered at 1400 °C have deeper defects than the other samples because of the
coarse microstructure (grain size of around 5.3 pm), and the surface state becomes more
and more damaged and rough.

1300 °C 1350 °C 1400 °C

Figure 10. Microscopic observations of the surface defects for three sintering temperatures after
sandblasting.
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Figure 11. 3D images of confocal microscope for sintered sample surfaces, (a) before and (b) after
the erosion.

The changes in the roughness value quadratic height (Sq: extended surface roughness
parameter relating to the area) of different transparent samples before and after erosion are
shown in Figure 12. It is observed that the roughness in the raw state is low in the case of
samples sintered at 1300 and 1350 °C (75 and 73 nm). These results show that the samples
undergo good polishing with fine microstructures; except in the case of spinel sintered at
1400 °C, which has a high Sq of the order of 125 nm. Furthermore, when the roughness
results after sandblasting are examined, it can be noticed that the values of Sq increase from
75 nm up to 134 nm for the sample sintered at 1300 °C. For spinel sintered at 1350 °C, the
Sq reaches 139 nm. As for spinel sintered at 1400 °C, the roughness reaches 167 nm.
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Figure 12. Variation of the roughness of the sintered samples before and after sandblasting.

The surface state is influenced by the defects generated by the grains of sand and
the microstructure. In this case, it is found that the spinel with a larger microstructure
(sintered at 1400 °C) exhibits higher roughness values than the sintered spinel with a fine
microstructure (sintered at 1300 °C). The microstructure effect on the morphology of eroded
surface can be explained by treating the sintered sample’s surface with sand particles. The
removed grains leave marks corresponding to their sizes. As a result, the roughness of the
sanded surface increases with the increase in size of the removals. In a study subsequently
carried out by Mroz and his collaborators [45] on the erosion of the nanostructured spinel
(MgAIL,O4) by sand and rain, the nano-spinel with a grain size of around 345 nm exhibits
better resistance to erosion when compared with the fine grain-size spinel of 970 nm.

Figure 13 shows the optical transmission spectra of transparent spinel eroded by a
mass of sand of 200 g. The spinel spectra have the same appearance, but the level of the
curves differs. This shift is due to the degree of the surface damage, which scatters the
incident light. It is clearly seen that the initial state (before sandblasting) is placed at the
highest level regardless of the sintering temperature. After sandblasting the samples show
a drop in optical transmission of about 7% at A = 550 nm for the sintering at 1300 °C and
1350 °C. This loss of optical quality is due to the increased reflection of light from the
surface, which is caused by defects induced by sand impacts.
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Figure 13. Variation of optical transmission of sintered spinel at different temperatures before and
after sandblasting.
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During the progressive scratching tests, it was noticed that when there is an increase
in the applied normal load, three successive damage regimes occur [46] (Figure 14): first,
a micro-ductile regime where there is a permanent furrow without visible damage (a);
second, a cracking regime which is characterized by the initiation of a first radial crack
under the effect of a normal critical load (b); and third, a micro-abrasive regime, caused
by the normal breaking load (c). In this latter case, the damage becomes more important,
and the formation of strong lateral cracks induces spalling, which can cause a removal
of material.

Figure 14. Microscopic observations of the scratching of spinel sintered at 1300 °C: (a) Micro-ductile
regime; (b) Cracking regime; (c) Micro-abrasion regime.

From the optical observations, the normal critical cracking loads and the normal
critical damage loads for the samples sintered at different temperatures are determined
(Table 5).

Table 5. Critical forces of the scratch test for the different sintered samples.

Critical Force FC1 (N) FC2 (N)
1300 °C 35.2 49.8
1350 °C 30.9 42.5
1400 °C 19.5 345

Sample S25CRX 14 sintered at 1400 °C has lower critical load values than the other two
samples sintered at 1300 and 1350 °C. This behaviour is explained by the lower hardness
of the sample sintered at a higher temperature due to the less fine-grained microstructure.
Figure 15 illustrates the scratching behaviour of the different samples according to the
sintering temperature. The increase in scratching force leads to large spalling areas when
the sintering temperature is higher (1400 °C). The primary damage mechanism during
spinel scratching is a brittle fracture. This type of behaviour has also been observed in the
case of alumina [47-49].

During the scratch test, the system records the depth of penetration (Pd) and the
acoustic signals (AE) associated with cracking or chipping. Figure 16a—c presents the
variation of penetration depth and the acoustic emission recorded during scratching of
transparent spinels, sintered at different temperatures. When the microstructure is finer,
and sintering is at 1300 °C, the beginning of the acoustic emission takes place at a higher
normal load. As the applied load increases and spalls form, the emission signals become
more intense. Indeed, as the normal load increases, the residual penetration depth increases.
At the end of the scratch test, we noted the depth reached as follows: 20.6, 7.5 and 14.2 pum,
respectively, for the samples sintered at 1300, 1350 and 1400 °C.
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Figure 15. Microscopic observations of the parts of a scratch made on different transparent spinel
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Figure 16. Recorded acoustic emission activities and corresponding penetration depth as a function

of applied normal load for samples sintered at different temperatures.

4. Conclusions

The present study demonstrates the significant impact of SPS sintering temperature on
the mechanical and optical properties of transparent spinel. High sintering temperatures
lead to an increase in carbon contamination and promote the coalescence of residual pores,
leading to the degradation in the optical properties. Conversely, it was observed that the
best mechanical properties were achieved at low sintering temperatures, attributable to the
presence of a small average grain size.
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The main conclusions from this study are summarized as the following:

— The use of commercial nano-powder of spinel S25CRX 14, having a high chemical
and crystallographic purity, results in dense (>99.9) and nanostructured-sintered pellets. It
was also revealed that the optimal optical properties values found for samples sintered at
1350 °C, at a wavelength of 550 nm, are: (1) a real in-line transmission of 72.3%, (2) a total
reflection RT of 13.1%, and (3) an absorbed light intensity of 23.5%.

— The samples sintered at 1350 °C led to the best compromise for mechanical properties,
in particular, Vickers hardness (Hv ~ 16 GPa), fracture toughness (Kic ~ 1.4 MPa y/m),
and elastic modulus (E ~ 272 GPa).

— The tribological study of the transparent spinel found that the spinel sintered at
1350 °C exhibited relatively high wear resistance with small track width and a low friction
coefficient (0.35).

The results of this study also indicate that transparent ceramics were obtained with
optimum transparency for sintering at 1350 °C. For this sintering temperature, a good
combination of the mechanical properties was obtained. This transparent ceramic can be
exploited in a wide range of applications, optical lenses and transparent armor.
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Abstract: The simultaneous analysis of optical and electronic paramagnetic resonance
spectra of all 3d metals, doped into transparent «-Al,O3 and MgAl,O; spinel, was effectu-
ated with a view of establishing the speciation pattern of the dopants. The examination
of these patterns enabled the revelation of certain regularities (rules) affecting the cor-
relation between the physical factors controlling the process and speciation patterns. It
was observed that structural dissimilarities between the lattices significantly affected the
correlation. Thus, the spinel lattice was found to impose the accommodation of the dopants
as 2+ cations replacing native Mg?* ions located in tetrahedral sites, with the process
concerning only the late 3d elements. The difference in behavior between the early and
late 3d elements is mostly caused by the increase in ionization potential along the series. In
alumina, the dopants are accommodated as 3+ cations in octahedral sites; 6-coordinated 2+
cation stabilization is feasible but requires extremely reductive conditions for late 3d ele-
ments.

Keywords: MgAl,Oy spinel; corundum; transition metal speciation; optical spectroscopy

1. Introduction
1.1. Background

Transition metal cations (TM+) entering transparent solid hosts (TSHs) as a result of
doping with transition metals (TMs) determine, among other things, their overall response
in terms of optical absorption, luminescence, and electron paramagnetic resonance. Im-
portant applications in domains like solid-state lasers, Q switches, phosphors, scintillators,
pigments, or optical filters depend on these profiles; in other cases, TM impurities hamper
applications [1].

The scientific background used for the further development of these applications
includes, as an essential part, the results of various spectroscopy techniques applied to
TSHs doped with TM+. Therefore, it is important to measure, explain, and predict the
profile of such spectra. For the last two tasks (especially the latter), it is crucial to identify
how TMs might speciate when doped into TSHs, for instance with the aid of variants of the
ligand field theory (LFT); two examples of good textbooks are [2,3].

In order to understand speciation, it is essential to know the way various physical
factors influence the process. Previous scientific work indicates that a speciation pattern is,
in detail, the result of the interaction of quite a large number of factors. However, in many
cases, only a few of these exert a dominant role, as described in the following.
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The first factor is the ionization energy (IE). Going over the 3d series from left to right,
two segments exhibiting continuous linear increase can be identified, separated by a drop
(from Mn to Fe, followed by a recovery at Co). The energy difference between the group
defined by the first segment (Ti, V, and Fe) and the second one (Mn, Co, Ni, and Cu) is
remarkable, exceeding 6 eV. Below, we label the Ti, V, and Cr as “early elements” and the
rest as “late elements” in the series.

The second factor is Ar, i.e., the difference between the radius of a native cation and
that of a TM+ seeking to replace it. The probability of such a replacement is also influenced
by the difference between the actual site shape and the one that would be optimal for
an incoming cation. Indeed, any TM+ entering a host invariably tends to remodel the
occupied site towards a preferred symmetry. Thus, it would be more accurate to consider a
“geometric factor”, rather than only Ar. Since ionic radii r are repeatedly discussed below,
those of the native cations are recalled here as reported in the literature in the case of lattices
possessing exclusively ionic bonding: for VIMg?*, r = 72 pm; for YMg?*, r = 57 pm; for
VIAPR*, r =54 pm; for VAR r=39 pm.

The third factor needing consideration is a potential stabilization mechanism due to
the geometry of a generated complex, which is specific to the electronic configuration of
the TM+ generating the complex. The number of possible mechanisms is small, such as the
crystal field stabilization energy (CFSE); the stabilization conferred by a few special levels
of “3d” sub-shell filling, viz., d° (empty), d° (half complete), d'° (full); and Jahn-Teller
coupling (J-T).

The fourth stabilization factor revolves around the fact that TM+ incorporation by
a host requires charge compensation. If energetically reasonable mechanisms are not
available for this, the considered TM+ cannot be doped into the host, albeit fitting from other
points of view. Therefore, it is important to pinpoint the available charge compensation
options. Unfortunately, it is rarely possible to figure out all the options and rank them. The
most elusive are clusters of intrinsic and extrinsic point defects. These may form complex
structures, acting as low-energy compensators. Even when the analysis is performed post-
factum, it is difficult to accurately determine the actual compensation mechanism from the
examination of the spectra. An example of a controllable mechanism is the stabilization of
low TM+ oxidation states by using oxygen-scarce atmospheres during specimen fabrication
(see Section 3).

The fifth factor is the Madelung electrostatic energy of the lattice. Importantly, this
energy is lower if doping is performed by substituting a native cation and not via targeting
interstitial vacant sites.

Also important is the redox state of the atmosphere at the high temperatures that most
specimens attain during fabrication. Studies on glass especially manifest how powerful the
effect of this factor may be [4].

Last but not least, one has to note the decisive influence of a seventh factor: the real
amount of negative charge (not the formal 2—) carried by the oxide ligands of a given
host. Below, it will be labeled “6—* (viz., the ligands will be denoted as O®7) and called
“basicity”, following the reasoning outlined by J.A. Duffy for glasses, which is also valid in
this context. Calculations like the ones made for glass are not feasible here. However, a
comparison of OAS strongly suggests that the average basicity is quite similar in the two
hosts relevant to this work, with corundum exhibiting a slightly higher basicity.

These factors represent the influence of three basic aspects: electronic configuration of
the TM+ into which a given TM may speciate, host structure, and fabrication conditions
(especially redox properties of the atmosphere and thermal treatment profile).
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1.2. Research Objectives

As suggested in the Introduction, this research aimed at a better understanding
of TM dopants in transparent solids. The first goal was the accurate determination of
the speciation pattern of all 3d TMs in «-Al,O3 and MgAl,Oy, as this information was
previously not available.

The second goal was to elucidate the speciation of TM+ evaluating interplay between
the stabilization factors listed in Section 1.1 and the change in the host structure from
x-AlO3 to MgAl,Oy. These particular hosts were selected because the corundum lattice
offers only filled crystallographic sites with an octahedral symmetry, while the spinel
structure includes both octahedral and tetrahedral sites. In addition, only AP cations
are found in a-Al,O3, while both AI** and Mg?* are present in MgAl,Oy. Both hosts are
relevant for optical applications. For example, Cr-Ti or Ti-Fe co-doped x-Al,Oj3 finds use as
a lasing material, as well as gemstone. Similarly, spinel crystals doped with TM+ represent
attractive gemstones, while Co?* doping yields efficient passive absorber-type Q-switches.

1.3. Research Approach

Available spectral data (published and recorded in-house) referring to all 3d TMs
doped into «-Al,O3 and MgAl,O4 were collected and analyzed. More specifically, results
of optical absorption (OAS), luminescence (LUMI), and electron paramagnetic resonance
(EPR) spectra were used. Conclusions were then drawn based on a comparison of the re-
sults.

1.4. The Corundum and Spinel Lattices

First, a few geometrical characteristics of the two lattices under consideration are
recalled in order to facilitate spectral data interpretation without the need to consult
additional sources. Spinel and corundum are used in the following interchangeably as
names for the chemical compounds «-Al,O3 and MgAl,Oy4.

1.4.1. Corundum (x-Al,O3)

The oxide ions of the lattice (formally O%*~) form a hexagonal close packed (hcp)
arrangement, stacked in an A-B-A-B sequence. Such an arrangement has octahedral and
tetrahedral voids: a 2/3 fraction of the octahedral voids is occupied by AI** cations, while
no tetrahedral voids are occupied. The lattice can be described using both a hexagonal
and a trigonal crystallographic reference system and the point group is D3q (Schonflies
notation). The local rotational symmetry of the AP site is usually defined as C3 or Csy,
depending on the literature source, and the approximation is good enough for ligand field
calculations; in truth, very slight non-axial distortions are frequently present. In the case of
the smallest convenient trigonal unit cell (two formula units), the a and ¢ parameters equal,
respectively, 4.758 A and 12.922 A (the angles are o = 3 = 90° and 7y = 120°).

The six oxide ions that sit closest to AI>* define the vertices of a trigonally distorted
octahedron [5]. Two Al nearest neighbors share the triangle of oxygen atoms lying between
them along the ¢ axis, with the Al-O distance being 1.969 A (Figure 1) [6]. For each AI3*
ion, the second triangle defined by oxygen ions is larger and closer to the central Al atom,
with an Al-O distance equal to 1.856 A. Considering a more accurate symmetry description,

the oxygen triangles lying between two AI**

cations are actually slightly rotated away (by
~3°) from the oy planes, so that symmetry is further reduced (some authors report D3q4
symmetry as being more accurate [6]). As for cation interaction (an aspect influencing
sometimes spectral profiles, e.g., in Fe-Ti dopant pairs), it is worth noting that part of the
oxygen octahedra shares edges, whereas others are face-sharing in directions parallel and

perpendicular, respectively, to the c axis.
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Figure 1. View of the local structure of a-Al,O3, showing ionic positions around a reference A13*
cation in the lattice; the symmetry of the polyhedron formed by the oxide ions around AI** is a
slightly distorted octahedron (C3 symmetry). The Os oxide ions are at a distance Rs = 1.857 A, while
O ions lie at R} = 1.969 A. Along the C3 axis (c = d3), one of the cationic neighbors lies at 2.65 A (Aly)
and the other lies at 3.80 A (Al}). Figure plotted based on the structural data presented in [6].

An important parameter is w, which represents the distance between an AI** cation
and the point lying midway (along the c axis) between two other AI** ions. When a
TM+ replaces a native cation, the Ar will modify distances and possibly angles within the
crystallographic site, i.e., the w parameter will be modified [5]. There are also other factors
affecting the geometry of a given site following cationic replacement [7]; for instance, the
incoming TM+ may be subject to a significant J-T effect [8].

1.4.2. Spinel (MgAl,Oy)

The cubic (Op, point group) lattice type called “spinel” is found in AB;X4 compounds,
where X may also be the oxide anion and the A and B cations may assume various oxidation
states between 2+ and 4+. The archetype of the spinel-type lattice is the double oxide
MgAI,O4 (a mineral also called “spinel”). In the cubic lattice of the material (Figure 2), the
oxide ions take a face-centered cubic (fcc) arrangement. A convenient unit cell for lattice
geometry description includes eight unit formulas, with a lattice parameter a = 8.0898 A. In
addition, an important parameter is 1, i.e., the distance between the oxide ions. In contrast
with expectations based on cations’ radii, the octahedral sites accommodate AIP* and the
tetrahedral ones accommodate Mg?*.

The Mg?* cations occupy 8 of the 64 available tetrahedral sites (the local symmetry is
T4) and the AI3* cations fill 16 of the 32 octahedral sites (the local symmetry is Oy,) within a
unit cell. In actual spinel crystals (including MgAl,Oy), the oxide ions are slightly displaced
from the ideal position along the [111] direction (u is usually slightly higher), so that the Oy,
symmetry around AI%* is slightly distorted [9]. Thus, the volume of the tetrahedral sites
increases and that of the octahedral ones correspondingly decreases. This process may be
accentuated when the native cations are replaced with TM+. There is no contact among the
tetrahedra in the lattice, while the octahedra succeed in establishing edge contact in certain
directions. Various values have been reported in the literature for the interionic distances,
such as 1.855 A for the Al-O pair and 1.967 A for the Mg-O pair [10].
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Normal spinel MgAl,O,, Fd-3m

Inverse spinel MgGa,O,, Fd-3m
<o NG 2 4\ b ~ IR A

A
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Figure 2. Normal and inverse spinel structures, in their most archetypal occurrences: (a) MgAl,O4
and (b) MgGa;Oy.

A fairly specific feature of this lattice is the tendency towards inversion, justified
in terms of thermodynamic considerations [11]. This phenomenon is quantified by the
inversion factor i, which varies between 0 and 1. Therefore, a more accurate description of
a spinel lattice site occupancy is seen in Equation (1):

[VIA13+]0 + [IVMg2+]0 VAN [IVA13+]+ + [VIMg2+]7 (1)

wherein roman numerals represent the coordination numbers of the cations, while residual
charges on the respective polyhedra are reported outside square brackets. Depending on
the value of i, a more or less large fraction of Mg?* cations fills octahedral sites, while a

similar amount of AI3*

sits inside tetrahedral ones. The locations occupied by 4-coordinated
AI** and 6-coordinated Mg?* are called antisites. Vis a vis the lattice, these are electrically
charged defects; their size and distortion level differ from those of normal sites and they
often interact forming dipolar units. A normal spinel has i = 0 and a fully inverse [11] one
has i = 1. In practice, such 7 values are rarely seen. Some of the natural MgAl,O, crystals
have i values very close to zero, which rise to ~0.3 on heating. Artificial crystals synthesized
at a high temperature usually involve a certain degree of inversion. In Figure 2, a normal
and inverse lattice are compared. The fraction of antisites may vary depending on aspects

like the exact stoichiometry of the specimen and the synthesis route.

1.4.3. Structural Comparison

A comparison of the lattices shows that the most conspicuous structural differences
between them are with regard to the geometry of the sites offered to incoming TM+. Both
lattices offer virtually cubic octahedral sites that are occupied by trivalent native cations,
while the spinel structure also entails tetrahedral sites filled by divalent cations. However, a
more accurate description reveals that the octahedral sites in corundum are somewhat more
distorted (towards a trigonal or even lower symmetry) than in spinel (exhibiting a slighter
tetragonal distortion). Moreover, the AI**-O?~ distances are larger in corundum. From
the total number of available sites, a larger fraction is occupied by AI** in corundum. The
octahedra share edges along certain directions in spinel, while edge-sharing is accompanied
by face-sharing in corundum. In spinel, the cation-to-oxide distance is larger in A-type
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sites (VMg?* sites) than in B-type sites (YIAI3* sites). In spinel, a strain caused by doping a
TM+ with a certain Ar leads to an increase in u, enlarging the tetrahedra without causing
distortion; simultaneously, it causes a reduction in the volume of the octahedral sites and
their further distortion.

When TM+ cations are introduced into corundum and spinel hosts, further TM+-
specific site distortion usually occurs, owing to the difference in the geometry of the native
site and that of the complex formed by the entering TM+. The shape of the complex may
be affected in certain cases by the so-called J-T coupling, whose identification is, however,
not so simple. The effect is active only if the starting complex is perfectly cubic and an
adequate symmetry of the electronic and vibrational states of the lattice exists.

2. Spectral Data and Speciation Pattern Analysis

The speciation pattern of TMs may be established by analyzing various types of spec-
tra. Some common examples in addition to those used in this work are Raman spectroscopy,
X-ray photo-electron spectroscopy (XPS), Auger spectroscopy (AES), extended X-ray ab-
sorption fine structure (EXAFS), and the related X-ray absorption near-edge spectroscopy
(XANES). No method is free from errors and, ideally, data from multiple sources should
be compared in order to improve the reliability of conclusions. The methods we selected
(OAS, LUMLI, and EPR) are among the most informative, with extensive literature coverage.

Spectral data were derived from both single crystals and ceramic (polycrystalline)
specimens. Both types of specimens usually carry a certain amount of fabrication-related
defects such as pores, undesired secondary phases, random stress fields, impurity atoms,
and intrinsic point defects, although recent synthesis technologies can yield samples of very
high optical quality. In many cases, ceramic specimens can attain comparable light trans-
mission, homogeneity of dopant distribution, and stress fields as the best single crystals.
However, the spectral features discussed here can be observed even in specimens of lesser
quality, especially relying on the higher detail of measurements performed under cryogenic
conditions. Single crystals have the significant advantage of enabling measurements along
selected crystallographic directions, as this may be critical (especially in EPR) to obtain
unambiguous results.

While direct presentation of all discussed spectra in graphic form would be helpful to
the reader, the amount of figures required for such an approach would be prohibitively
large. Therefore, only the most pertinent data are shown here, while relevant tabulated
data are collected in Tables 1 and 2 in terms of band positions. Table 1 includes the early
TMs, whose common feature is the lack of a tendency toward assuming 2+ states in spinel.
Table 2 provides information on the late TMs, which instead exhibit such a tendency
markedly.

Table 1. Spectroscopic data (OAS for optical absorption, EPR for electron paramagnetic resonance,
LUMI for luminescence spectroscopy) of Ti3*, V3*, and Cr®* in a-Al,03 and MgAl,O, hosts. Abbre-
viations and symbols: “Oct” for octahedral coordination, “Tet” for tetrahedral coordination, “sc” for
single crystal, “sh” for shoulder, values in parentheses for weak signals.

™ OAS (cm™1) EPR LUMI (cm—1)
Corundum Spinel Corundum Spinel Corundum Spinel
(11,800)
13,200 g = 1.07 . _
T3+ 18,000 sh (19,600) . <0.1 Zefr ~ 1.95 13,300
dh 20,500
( Oct Tet/Oct Oct Oct Oct -
[5] sc [12] sc [13] sc [14] sc [15] sc -

146



Ceramics 2025, 8, 16

Table 1. Cont.

™ OAS (cm™1) EPR LUMI (cm—1)
Corundum Spinel Corundum Spinel Corundum Spinel
o
V3+ ¢ 25,200
(d?) (~33,000)
Oct Oct - - - -
[5] sc [12] sc - - - -
14,400 (R-line)
(14,400) 18,000 ~1.98 ~1.96 14,534 (R-line) 14,620 (R1)
3t 17,900 25,200 & - 4 0 & B 3'82 14,771 (N-line)  13,700-14,900
53 25,000 37,000 &= &= 14,085 (side (range)
(d”) band)
Oct Oct Oct Oct Oct Oct
[5] sc [12] sc [16] sc [17] sc [18] sc [19] sc
Table 2. Spectroscopic data (OAS for optical absorption, EPR for electron paramagnetic resonance,
LUMI for luminescence spectroscopy) of Mn2*, Fe2*, Co%*, Ni2*, and Cu?* in «-Al,O3 and MgAl, Oy
hosts. Abbreviations and symbols: “Oct” for octahedral coordination, “Tet” for tetrahedral coordina-
tion, “sc” for single crystal, “pow” for powder, “*” for calculated values, “™” for Mn?*-related signals
(partially) masked by the stronger signatures of coexisting Mn3*, parentheses for weak signals.
™M OAS (cm™1) EPR LUMI (cm—1)
Corundum Spinel Corundum Corundum Spinel
20,000 _
25,000 ™ 21,800 ?: 55//5 16.000
m = ~ - y
Mn2* 27,500 22,700 gnr = 2.0017 g2 15,000 19,400
PE 29,000 26,300 2000
() 29,400 g =2
Oct Tet Oct Tet/Oct Oct Tet/Oct
[20] sc [21] sc [22] sc [23] sc [20] sc [21] sc
Fo* 11,200 4500 - - - -
36 Oct Tet - - - -
(d”) [24] sc [12] sc ; - - ;
9100 ~4000 *
Co* 21,400 6500 - - - (ﬁ,ﬁllgg)
5’7 22,800 16,700 ’
(d”) Oct Tet - - Tet
[25] sc [26] cer - - - [26] cer
4500
~10,000 * 9500 _
N2+ 18,050 13,500 81 = g'}zg - - 8100
& 27,500 23,000 Br=s
() 27,400
Oct Tet/Oct Oct - - Oct
[25] sc [12] sc [27] sc - - [28] sc
~9500 6540 g =2.325 . 7800 .
Cu?t 11,000 11,600 g =2.048
(d%) Oct Tet/Oct Oct Oct -

[29] cer pow [30] sc cer

[31] cer pow

[29] cer pow -
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Finally, oxidation states and coordination numbers assumed by TM dopants in corun-
dum and spinel hosts are summarized in Table 3 based on the interpretation of relevant
spectral data (see below). The major (or unique) species occurring under usual fabrication
conditions are given in bold; when detectable, minor species are shown within round
parentheses, while species becoming stable only under special conditions are indicated in
square brackets. Those species whose electronic configuration confers outstandingly high
stability (by one mechanism or other) are underlined.

Table 3. Speciation of transition metal cations in the hosts analyzed within this work. Major species
are in bold, while minor species are given in round brackets and species appearing only under special
synthesis conditions appear in square brackets. Underlined species exhibit inherently high stability
“?” labels species that, although not detected so far in the hosts
under study, may be expected to occur in low amounts under suitable synthesis conditions.

due to their electronic configuration.

Transition o-Al, O3 MgAl,O4 Spinel
Metal Species Species
. VITi3+ IVj3+ VITj3+
Ti (MVITi%) (VITid+)
VIy3+ VIy3+
v [VIV4+] [VIV5+]
Cr VIC3+ VI 3+
ViMIn3+ IV\[n2+
Mn [VIMn?*, VIMn#+] (VIan3+ ]
VIEe3+ IVEe2+
Fe (W) (VIFe?* IVFe3+ VIFe3+)
VICe3+ IV(Co2+
Co (VICo?)[VICo*] VCo?)
. VINj3+ IVNj2+
Ni [VINi2*] (VINi2)
VIic3+ VCou2+
Cu [Cu*](Cu*?) VICu2+,Cu®,Cut?)

2.1. Titanium
2.1.1. (X—A1203

Spectral analysis indicates that the host is able to accommodate Ti***. Concerning
the low solubility of Ti**, relevant data are provided in [32]. Ti** (d°) produces no d-d
spectra [33], but it generates blue luminescence (~480nm) when located in octahedral
sites [34], while no emission is recorded when it is located in tetrahedral sites. The OAS of
the d! cation Ti%* shows a strong band at 20,500 cm™!, as well as a broad CT band and a
shoulder at 18,000 cm ™! indicating distortion of the octahedral site [5,14,35]. Some authors
specify the site symmetry as Cs, or lower [36], while others consider a tetragonal symmetry
in view of J-T contribution [37]. The OAS spectrum of Ti** in corundum has its bands
in the position shown in Table 1; a high-resolution figure appears in [38]. Table 1 shows
the position of major bands in LUMI and EPR data [13,15,34,39,40], which confirm the
existence of an axial site distortion.

2.1.2. MgAle4

Luminescence and OAS data [41-43] ascertain that some 6-coordinated Ti** is also
accommodable in spinel crystals, similarly to what is seen in corundum. Under suitable
conditions (i.e., strong oxidative atmosphere), the species may even be the only one accom-
modated in single crystals or polycrystalline ceramics. Suitable conditions for increasing
Ti** content in single crystals are offered by the floating zone synthesis method, which can
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be used at low temperatures (1000 to 1200 °C) under atmospheres containing some oxygen.
In Verneuil crystals, Ti** substitutes 6-coordinated AI** native cations after 24 h annealing
at 1200 °C in air, oxidizing pre-existing Ti>*. For crystals fabricated at temperatures around
1600 °C under oxidative or slightly reductive atmospheres, the spectral profile indicates
that the dopant may completely remain as Ti**. If such specimens are re-heated under more
reductive conditions, however, a small fraction of the dopant assumes a Ti3* state (EPR,
CT-OAS, and LUMI data); if the heating is performed in a vacuum, such a phenomenon is
observed even at temperatures as low as 1500 °C. Octahedrally coordinated Ti** produces
CT absorption bands and luminescence at ~480 nm.

On the other hand, specimens fabricated by the most popular methods (viz., around
2000 °C, in the presence of little or no oxygen), especially by the Verneuil method, show
a different OAS profile from that of the specimens including Ti** considered above.
An asymmetric, very weak signal at ~21,000 cm~! (barely visible) and a strong one at
~13,000 cm ™! [44] appear, as exemplified in Figure 3, for a transparent spinel ceramic doped
with Ti and fabricated under strongly reductive conditions.
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Figure 3. OAS of Ti>* in a transparent ceramic spinel host with a very weak signal of 6-coordinated
Ti%* (original data).

The ~21,000 cm~! signal of Figure 3 is assigned, despite its low visibility, to the d-d
band produced by single Ti3* cations located in slightly distorted octahedral sites, in
analogy with the major band observed in Ti-doped corundum. The strong band in the
near-infrared (NIR) domain is assignable to the spin-allowed transition of Ti** located
in a tetrahedral site that is slightly distorted from the cubic symmetry toward D,4. This
assignment is considered here as the most likely, although the origin of this band is debated
in the literature [45-47]. Indeed, most of Ti>" is likely to replace Mg?* in tetrahedral sites,
also because the NIR band appears even in specimens with very low i values, where AI3*
antisites are practically absent. EPR signals [46] confirm the existence of some 6-coordinated
Ti**. The Ar between Ti** and VIAI** or VMg?* is quite similar, while the CFSE for a 6-
coordinated cation is somewhat higher. The possible reason for the observed prevalence of
a tetrahedral coordination of Ti** despite the need for charge compensation is discussed
below (see below in Section 3.1).

2.2. Vanadium
2.2.1. a-Al,O3

V5* is not obtainable in corundum upon doping with vanadium [5]. Similarly, the
spectra of V-doped alumina crystals drawn from oxygen-containing melts do not suggest
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the presence of an oxo-unit [48], although V#* appears in many oxide hosts as VO?* [49].
In corundum, spectra appear to be produced by a simple V#* cation occupying a similar
site to that filled by Ti3*.

The species obtained in conventional fabrication conditions is the 6-coordinated V3*
(3d?) chromophore. The OAS exhibits three d-d bands (at 17,500, 25,000, and 31,200 cm™1)
that can be easily assigned to the 3T1-3T,, 3T1-3T1(P), and 3A, spin-allowed transitions [5]
of a 6-coordinated V3* occupying a site of approximately Cs, symmetry.

2.2.2. MgA1204

The stabilization conferred to V>* by a d° configuration is very influential, so that
noticeable amounts of V3" may be accommodated in suitable fabrication conditions (pres-
ence of oxygen, low temperatures) in spinel, YAG [50], or glasses [51]. There are instead no
reports suggesting the presence of either VO** oxo-groups or V4* as such. On the contrary,
absorption features that may be associated with d-d transitions are observed at 17,200
and 25,200 cm~! in V-doped spinel [12], as also noted in Table 1. Based on a comparison
with alumina or performing band assignment using the Liehr—Ballhausen d? diagram [52],
the origin of the bands is clearly determined as the Y'V3* cation, although a third band
predicted at 33,000 cm~! is masked by a CT signal. The relatively high CFSE (0.8 x 10 Dq,
with 10 Dq being ligand field strength in cm ') is a significant stabilization factor for the
d? cation.

2.3. Chromium
2.3.1. a-Al,O3

The only species evidenced by OAS LUMI and EPR in corundum is 6-coordinated
Cr?* [5,16,18,53-58]; indeed, the fluorescence of Cr3* enabled the fabrication of the first
actual solid-state laser [58]. All d-d range OAS bands can be assigned to the above-
mentioned species, as well as the CT bands in the UV range [35]. In summary, CFSE
(1.2 x 10 Dq), the low Ar with respect to A13*, and the low IE for the transition from 2+ to
3+ are factors which determine the exclusive preference of corundum for Cr>.

2.3.2. MgALO,

The speciation pattern is quite similar to that seen in corundum. The only species
identifiable by spectroscopy is 6-coordinated Cr3* [17,19]; for comparison, Cr®* is the
dominant or exclusive species in glass at similar or higher basicity [59]. The OAS of Cr>*
located in a spinel ceramic specimen appears in Figure 4. Red photoluminescence can be
recorded for such a sample, just like in corundum [60]. The stability of Cr3* is not sensitive
to the redox characteristic of the atmosphere during thermal treatments. As for VCr3*, it
was not observed in spinel. This may be due to the large CFSE of a d® cation (1.2 x 10 Dq),
which drops to 0.36 x 10 Dq in tetrahedral sites.

2.4. Manganese
2.4.1. Oc—Aleg

Unsurprisingly, Mn** was found in view of its d-d band at 20,600 cm ! (5Eg—5T2g) in
OAS [5] to be the only species in impurity-free corundum crystals. However, single crystals
formed from a PbO-containing flux at around 1000 °C also contain some Mn** [61]; in
practice, such a method also introduces some Pb2* in the crystal. Mn3* was also detected
by OAS (besides Mn?* and Mn**) as the dominant species in corundum powder prepared
from clay in supercritical conditions, as long as other Me?* impurities were absent [62].
In practice, Mn*" was successfully introduced by adding charge compensators like Mg?",
if atmospheres containing relatively high oxygen concentration were employed [63-65].
For instance, Mn-doped alumina crystals grown in air at low temperatures with simul-
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taneous introduction of charge compensators [64,65] contained Mn** as the dominant or
exclusive dopant.
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Figure 4. OAS of a Cr3+—d0ped transparent ceramic spinel (original data).

Compared to VIAI**, VIMn?* is a large ion (a radius of 67 pm even in Is state). It has,
however, a stable d° configuration. Empirical data strongly suggest that the stabilization
energy associated with this feature compares to that imparted to a d3 configuration by
CFSE, supported also by the relatively large IE for the 2+ to 3+ jump. Fabrication of
both Mn-doped crystals and transparent ceramics usually involves significantly reducing
atmospheres; for single crystals, temperatures around 2000 °C are also necessary. There
are therefore a few factors acting in favor of Mn?*, while the radii difference remains a
drawback. Experiments have shown that the cation could be introduced in small amounts
in an artificial corundum crystal fabricated under a very reductive atmosphere [22]. As
indicated above, powder prepared in supercritical conditions and avoiding the presence of
Me?* impurities also contains some Mn?* [62], identified quite clearly by its EPR signature,
while OAS and LUMI signals are masked by those of other states. The identification of
Mn?* in an alumina crystal by EPR is also reported by Liebach et al. [20], whose synthesis
method yielded mixed oxidation states by using a PbO-PbF, melt (favoring a low oxidation
state) at low temperatures (around 1000 °C, favoring the appearance of Mn®*) in air. The
OAS spectrum indeed shows weak signals pertaining to a mixture of Mn?* and Mn3*

Overall, it can be concluded that 6-coordinated Mn?* is the prevalent state assumed
by Mn in pure corundum under mainstream fabrication conditions; other Mn species may
enter the lattice only under special conditions.

2.4.2. MgA1204

The accommodated oxidation states depend on fabrication conditions, like for alu-
mina [21,23,66-68]. However, only Mn?2+ and Mn3* can be accommodated in spinel. In
ceramic MgAl,Oy sintered in air at 1600 °C and then subjected to hot isostatic pressing
under Ar at ~1500 °C, yellow-to-orange or brown hues are obtained as the Mn content
increases. The OAS shown in Figure 5a (previously unpublished data) indicates the pres-
ence of both Mn?* and Mn®*; while not obvious at first glance, closer inspection reveals
similarities with the spectrum reported by Liebach et al. [20]. Similarly, Mn** was also
detected in MgAl,O4 single crystals with an i = 0.23, prepared in an oxide flux at low
temperatures (NayB,O7; 1200 + 800 °C) [69]; the color evolved like in the ceramic sample
as a function of Mn content. Mn3* substitution of AI** was the main process caused by
doping, but some Mn?* formed as well. After Mn>" incorporation, the symmetry of the
AlP* site was distorted, becoming more similar to that of corundum.

In the vast majority of conditions, however, 4-coordinated Mn?"* sitting in slightly
distorted sites is the stable oxidation state in MgAl,Oy spinel crystals, accompanied by
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a minor fraction of 6-coordinated Mn?*. The 6-coordinated species is promoted by an
increase in Mn dopant concentration and in alumina content of the spinel host (as in non-
stoichiometric solid solutions). In Figure 5b, the typical OAS seen in a Mn-doped spinel
crystal is presented, with Mn?* being 4-fold coordinated.
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Figure 5. OAS of Mn-doped spinel ceramics and single crystal: (a) OAS of Mn-doped transparent
spinel ceramics showing the presence of Mn?* and Mn>* (original data); (b) OAS of a Mn-doped
corundum single crystal (original data).

2.5. Iron
2.5.1. (X-Aleg

Despite the impressive amount of work dedicated to elucidating how Fe speciates in
corundum, the issue is still under debate [5,24,70-81]. It is clear that the speciation pattern
significantly depends on fabrication (or formation, in the case of natural sapphire) condi-
tions, total concentration of Fe, and presence of impurities, especially Ti. YIFe3" is clearly
the dominant (or unique) species in atmospheres including low concentrations of oxygen.
In the case of specimens formed under reductive or very reductive conditions, a strong
additional absorption band appears at 11,500 cm~!. In natural crystals, this NIR band is ac-
companied by a contiguous, broad, and flat absorption centered at ~17,000 cm ! [75,78,81].
Some authors are inclined to see the NIR band as stemming from the presence of VIFe?",
while assigning the absorption in the yellow domain to homo-polynuclear complexes
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linking Fe?* to Fe?*, Fe>* to Fe®*, and/or Fe?* to Fe* [78-81]. A strong band clearly
assigned to VFe?* [82,83] is indeed found in glass at around 10,000 cm !, although this is
not accompanied by absorption in the yellow domain. In artificial transparent ceramics of

VIFeZ+

Fe-doped spinel, this NIR band pertaining to is the only signal present, as shown in

Figure 6 (original data).
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Figure 6. OAS showing the d-d band of Fe?* observable in an Fe-doped ceramic spinel host (origi-
nal data).

No indication of the presence of VFe?* (or [VFe?*) is given by the OASs of Fe-doped
alumina. In corundum and other oxide hosts, the band in the yellow domain was assigned
by Sherman to a hetero-polynuclear complex including Fe?* and Ti** impurities [84]. He
specifically argued that molecular orbitals (ensuring a weak bond) can form more easily in
these structures because the involved cations lie in face-sharing octahedral sites. In such
clusters, charge transfer occurs from Fe?* to Ti**. His molecular orbital calculations predict
a band at ~18,000 cm ™!, reasonably close to observations. The two cations indeed offer
tog symmetry orbitals, which may be superposed. This theory is the most popular today;
while such clusters are likely to exist in certain Ti- and Fe-containing sapphires, their blue
coloration may also be the result of other mechanisms.

For the sake of completeness, let us note that 5-coordinated Fe3* (observed in certain
oxide crystals [26]) was not mentioned in the literature, for the case of corundum; we also
find such an assumption dubious in the case of glass, contrary to other authors (e.g., [85]).

2.5.2. MgA1204

The speciation pattern of Fe in spinel is markedly different from that observed in
corundum. In a colorless MgO-3.5A1,05 crystal host, the d-d spectrum consists of a peak-
and-shoulder system extending in the range 3800 to 5500 cm ! and exhibiting an oscillator
strength typical for complexes lacking an inversion point. This is characteristic of an Fe?*
cation located in a slightly distorted tetrahedral complex, also because 6-coordinated Fe?*
absorbs at much higher frequencies, such as at ~10,000 cm~1in glass. The UV absorption
cut-off advances till ~25,000 cm™! into the visible range, indicating intense CT-related
absorption. Analysis of the CT absorption does not offer unambiguous results but suggests
the presence of some Fe?*. Modeling of Fe-doped stoichiometric spinel also led De Souza
et al. [86] to predict the presence of some 6-coordinated Fe®* in AI** sites, along the
dominant Fe*. Fe?* is detected in opaque ceramics sintered in air at low temperatures,
mostly as 6-coordinated species but accompanied by some VFe3* [87]. The presence of Fe3*
as a single cation and clusters is also proposed in [88] for Fe-doped synthetic spinels, based
on the interpretation of OAS and Mossbauer data. In these works, no Fe?* is mentioned
but the recorded OAS do not extend to wavelengths higher than ~780 nm. In Fe-rich
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natural MgAl,Oy crystals and in FeAl,O4 [89-91], the presence of some VIEeZ* has been
demonstrated, besides the dominant 4-coordinated FeZ* cations. In [92], no Fe3* was
detected, while the Fe-containing spinel crystals examined in [93,94] mostly contained
IVEe?+ with some 6-coordinated Fe?* (10-15% of total divalent iron; a few Fe?*-Fe3* clusters
and even some IVFe3* were seen, with signals in the 18,000-21,300 cm~! range). Slack’s
data [89] offer a similar picture to that of [93], with the splitting of the IR band related to
4-coordinated Fe?* being emphasized.

In summary, 6-coordinated Fe3* dominates in alumina especially at high dopant
concentrations, but some octahedral FeZ* may be stabilized in suitable conditions; no
4-coordinated species are observed. The Fe?* /Fe®* ratio is much larger in spinel, with Fe?*
mostly seeking the tetrahedral sites.

2.6. Cobalt
2.6.1. (X-A1203

Spectral examination [5] indicates Co’* as being the virtually unique TM+ present in
Verneuil crystals. However, Co®* can be partially reduced to 6-coordinated Co?* above
1500 °C in Hp-containing atmospheres [25,95]. Data on Co?* in corundum also appear
in [96-103].

2.6.2. MgALO,

As in the case of Fe, speciation in spinel follows a clearly distinct pattern from that
seen in corundum. An example of OAS for a Co?*-containing transparent spinel ceramic
appears in Figure 7 (original data). It is difficult to detect 6-coordinated Co?* by OAS when
the tetrahedral species is present; some authors have considered that some V!Co?* may
also exist [26,28,41,104-106].
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Figure 7. OAS of a Co-doped transparent spinel ceramic (original data).

ViCo3* isa species that can be transiently obtained in a host like CoAl;Oy, if annealed
at around 500 °C under oxidizing conditions [107]. Some MgCo,04 was found, besides
other phases, when CoOjs reacted with MgAl,Oy for catalyst synthesis. Based on the above,
this species is not listed among those accommodable in transparent spinel in Tables 1-3.

Comparing spinel and corundum, 6-coordinated Co®* appears to be the preferred
species in corundum, whereas 4-coordinated Co?" is readily accepted by spinel, although
some 6-coordinated Co?* may appear.

154



Ceramics 2025, 8, 16

2.7. Nickel
2.7.1. (X—Aleg

Assignment of the bands most commonly appearing in OAS and EPR data of Ni-doped
corundum is detailed in [5,27,108-110]. The work of Solntsev et al. [110] on Ni3+—containing
chrysoberyl is particularly helpful for band assignments in corundum, as it shows the
three lowest spin-allowed transitions of the 3d” cation at 9100, 18,300, and 23,000 cm L.
In any case, the exclusive presence of Ni** sitting in octahedral sites is clear. Only under
special conditions (e.g., heating in a vacuum and coating with NiO) is it possible to reduce
some Ni’* to Ni?*; here, the Ar problem mentioned above for the cobaltous cation is even
more acute.

Blue Ni-doped spinel crystal or ceramics were found to carry only Ni** [110-112],
whereas Ni>* was present in corundum [5,27]. A final decision on the coordination type(s)
of Ni?* is somewhat complicated. For instance, Kuleshov et al. assigned all OAS bands [28]
to 6-coordinated NiZ*; they also detected emission at ~8100 cm~1. However, Reed and
Kay saw a dominant 'VNi?*, with only one band suggesting some VINi** [12]. In the
detailed spectrum of Ni?*-doped spinel, they recorded bands at 4500 cm ! (4-coordinated),
9500 cm~! (4- and 6-coordinated), 13,500 with a weak shoulder at 14,500 cm ™! (4- and
6-coordinated), 21,000 cm~! (4-coordinated), 23,000 cm~! (4- and 6-coordinated), and
27,000 cm~! (6-coordinated). Sakurai et al. [112] made a similar observation.

We similarly believe that Ni?* exists in both roughly octahedral and tetrahedral sites;
however, the dominant species is 4-coordinated Ni?*. This dominance is better identified in
ceramic spinels doped with Ni, such as the specimen whose OAS is presented in Figure 8.
The signature of the octahedral species appears as a wide, weak signal at ~13,500 cm ™!
relating to the transition from 3A2 to 3T1(F); it is possible that the ~27,000 cm ! band could
also belong to the 6-coordinated species as >T1(P).
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Figure 8. OAS of a Ni?*-containing spinel ceramic (original data).

2.8. Copper
2.8.1. (X-Aleg

It appears that an insertion of Cu in corundum is difficult for crystals grown in Verneuil
conditions [5]. At lower temperatures (1200 °C) and in oxygen-bearing atmospheres,
copper enters the lattice exclusively as V!Cu3" [113]. The picture provided by the optical
and EPR data [113-115] reveals a d® cation located in an octahedral site, within which the
ion migrates slightly along the Cj3 axis. The elongated octahedron geometry site retains
trigonal rotational symmetry; therefore, either Cs, or D3 approximate symmetry were
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considered in calculations. The s/o interaction is noticeable (¢ = ~600 cm™'). The most
complete calculation [114,116], which also considered ligand effects, assigned the three
spin-allowed optical bands as follows: 17,500 cm~! (*A; to 'E(D)), 21,000 cm ! (3"1"2g (F)),
and 31,000 cm ! (3T1g(F), probably also including ! A;(G)), with a covalency factor k = 0.68.
Petrosyan et al. [115] noted that the interaction with the ground state (under s/o) derived
from a few (and not only the first) excited levels needs to be factored in for the best fit of
the paramagnetic parameters (g = 2.0988, g =2.0973; D = —0.884).

Under drastic reductive conditions (H; for a few hours at 1200 °C), the d® dopant
could be reduced to VICuZ*. In [29], an emission band attributed to Cu?* was detected at
~8000 cm~!. While the EPR signals recorded had some problems, the authors observed
features indicating a tetragonal J-T distortion of the AI3* sites (initially of C3, symmetry)
upon replacement with Cu?*. It was also shown that doping corundum with Ge** facilitates
the stabilization of Cu?* There are also other studies regarding the LUMI and EPR of Cu?*
adsorbed on the surface of alumina grains [31,117]. However, it is not clear to what extent
the complexes formed in the latter work are identical to those in which Cu?* enters bulk
crystal sites. It is maybe worth noting that Li et al. [117] detected a further tetragonal
distortion of the AI** site upon accommodation of Cu?*. Based on radius considerations, it
seems quite unlikely that Cu® may be accommodated in alumina.

2.8.2. MgALO,

The examination of OAS produced by Cu-doped spinel crystals or ceramics shows that
no VICu?* (dominant species in corundum) exists here. We have made (using the d?T-s
diagram) an approximative calculation of the band positions for hypothetical 'Y Cu®* located
in an undistorted tetrahedral site. Comparison with the above-shown OAS ascertains that
4-coordinated Cu3* is also absent.

In Figure 9a,b, the OAS of two Cu-doped transparent ceramic spinel specimens is
presented (original data). In Figure 9a, the top curve has a faint signal at ~720 nm, indicating
the presence of a small amount of 6-coordinated Cu®*, also detected by [30]. In Figure 9b,
the top curve shows a band in the NIR, also shown by [30]. The band, as noted above, is
generated by a 4-coordinated Cu?*. The cation producing this band is located in a slightly
compressed tetrahedral site (the actual symmetry is orthorhombic D, or tetragonal D,q).
In the lower curve of Figure 9a, a weak signal appears at 590 nm. It can be assigned with
confidence to traces of Cu’ based on [118,119].
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Figure 9. OAS of Cu?* containing transparent MgAl,Oy spinel disks, corresponding to the bulk of the
specimens after grinding off the red (Cu’) coatings. Top curves (1) correspond to a greenish sample
with 0.3% CuO; bottom curves (2) correspond to a colorless sample (with traces of red) containing
0.1% CuO. (a) UV-VIS domain and (b) segment of IR domain. Reproduced with permission from
unpublished work at Fraunhofer IKTS in Dresden (joint research with A. Goldstein).
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3. Discussion

An analysis of the spectral data enabled us to establish the speciation patterns of 3d
elements in the examined hosts with a high level of confidence. Below, the correlation of
these patterns with the most likely controlling factors is discussed.

3.1. Preference of Late 3d Transition Metals for Adopting the 2+ Oxidation State and Tetrahedral
Sites in Spinel

This correlation constitutes the most interesting finding of this study. The data show
that the 3+ state is strongly preferred in alumina throughout the 3d series. The 2+ state
may also be stabilized in the octahedral sites of alumina, but only in the case of late 3d
elements and if specimens are fabricated under strongly reductive conditions. In spinel,
the late 3d transition metals also assume the 2+ state in specimens fabricated under a wide
range of atmospheres, including moderately oxidative conditions (extremely oxidative
conditions like those used in [59] have not yet been examined). In addition to the 2+ state,
a tetrahedral coordination is favored in spinel, even by Ti** and Ni?* (despite a CFSE in
6-fold coordination being significantly higher than in 4-fold coordination for the latter).

The reasons for the observed behavior are not straightforward. However, these
observations may be rationalized considering the interaction of several factors. First of
all, it is known and noted above that IE increases along the 3d series, with a slight drop
from Mn to Fe. This increase significantly reduces the ability of the late 3d elements to
witness a rise in their oxidation state from 2+ to 3+, for instance when an increase in the
oxidative power of the atmosphere requires such a shift. This phenomenon is active in both
spinel and alumina, but structural dissimilarities lead to different results. In corundum, all
octahedral sites occupied by native cations (viz., those allowing preferential substitutional
exchange based on Madelung considerations) harbor 3+ cations. On the contrary, one-third
of the non-vacant sites of the spinel structure are tetrahedral and occupied by 2+ native
cations. The latter offers an additional option for doping with TMs. Other factors of
influence notwithstanding, the trend defined by the IE makes these sites the most attractive.
In addition, we saw that IE must act in synergy with other factors for the incorporation of 2+
cations in corundum, for instance in combination with highly reductive atmospheres during
high-temperature thermal treatments; this observation is valid for both single crystals and
ceramic fabrication. This is because such atmospheres favor low oxidation states, providing
a mechanism for the compensation of the charge on the TM',; defects. A possible scenario
for the process occurs in two stages. A reduction in the oxygen concentration in the furnace
tilts the process depicted by Equations (2) and (3) to the right:

Oo ¢+ %0, (g) + Vs +2e” @)

Kn =n?[Vs]-pon®® 3)

In the second stage, a TM cation with a charge larger than 2+ can be reduced by the
electrons trapped at the vacancy site. The vacancies, thus freed, offer charge compensation
for the formed TM' ;| defects. The effect of IE is also modulated by Ar, as most VTM?* radii
are close to that of IVMg?*, while VITM?* species differ more markedly from YIMg?* or
VIAPR* and would require charge compensation.

The dopants may maintain a 2+ state as induced by the IE by replacing both octa-
hedrally and tetrahedrally coordinated native cations in spinel. Data show that Ar and
even the necessity for charge compensation are not decisive in the choice for the site type,
as the optimization of intra-complex negative charge by switching from octahedral to
tetrahedral coordination seems more important. For instance, it was observed that ligand
coordination numbers change from 6 to 4 in glass in order to better accommodate the
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increase in intra-complex negative charge [33,72]. TMs in the range from Ti to Fe respond
by accommodating higher TM dopant oxidation states when the charge on the ligands
increases in glasses. This ceases to be the case with Co. More accurately, Co may progress
from 2+ to 3+, but only at ultra-high levels of basicity [72], not encountered in normal
glasses. Even within the Ti to Fe range, Mn exhibits the adoption of 4-fold coordination
for Mn?*, to some extent. In the case of the latest 3d elements (Ni, Cu), oxidation does not
occur even for maximal basicity level. The fact that Co?* reduces its coordination as the
concentration of alkaline ions increases (in other terms, as basicity increases) was observed
more than one hundred years ago [104]. Weyl even suggested that the increased ligand
size (accommodating more negative charge as 0— increases) allowed for the adoption of
the more compact tetrahedral site instead of the octahedron. We note these observations
because this process is also relevant here, in our view. The 6— on the oxide ions of both
of our hosts is quite large (being somewhat higher in corundum). In pure corundum (as
opposed to spinel), 5— can be estimated by the method developed by Duffy for glasses,
obtaining a theoretical basicity A,e, = 0.61 that is similar to that of a binary 70SiO,-30Na,O
glass (i.e., larger than the one that prompts Co?* to change its coordination in glass). In
order to compensate such a $— level, oxidation higher than 2+ would be a good solution for
the dopants. However, the late TMs (including Co) are forced to stay at a 2+ level due to IE
and find another solution to optimize the negative charge distribution, i.e., a reduction in
coordination number. To understand this latter mechanism, it is important to note that, for
a given 5— and TM+, the TM+-O®~ distance is shorter in a tetrahedral complex than in an
octahedral one, favoring covalency. Especially for m-bonds, a better orbital superposition
can be achieved (p orbitals from ligands and d orbitals from central cations). A covalency
increase causes a displacement of charge from the ligands toward the central cation (i.e.,
the nephelauxetic effect [120]); a complex with a negative charge therefore redistributed is a
system of lower electrostatic energy. This means that the tetrahedral TM?* complexes allow
for a more judicious accommodation of the negative charge than an octahedral antisite,
for instance. The preference for tetrahedral sites is also exhibited by the Ti3* cation, viz.,

13* would mean elimination of the

an element for which substituting a 6-coordinated A
necessity for charge compensation.

In the case of Ni?*, the strength of the CFSE (1.2 x 10 Dgq, not equaled by any of
the neighboring elements) leads to the formation of some 6-coordinated species but the

dominant species remains the 4-coordinated one.

3.2. Comparison of the Attractivity of Normal Sites and Antisites for Doping Transition Metal
Cations in Spinel

Above, we considered tetrahedral Mg?* sites in spinel specimens as the only possible
target for incoming TM cations. This is acceptable when i = 0, viz., a rare case. Fori # 0,
Mg?* antisites also exist. Such charged point defects, however, are configured as dipoles
with those formed as Al’yjg. An energetically costly lattice rearrangement is needed in
order to disengage the Mg?* antisites and thereby make an octahedral site available to an
incoming 2+ doping cation. We speculate that, owing to the above, the antisites are not
involved in accommodating the dopants.

3.3. Entrance of Transition Metal Cations with an Oxidation Number Higher than 3+

Though of secondary importance, this issue merits a few words. The highest oxidation
state of the native cations in corundum and spinel is 3+. Nonetheless, Ti** can be introduced
in both hosts because a few favorable factors work in tandem for this specific ion. Compared
to later TMs, the 3+ state of Ti needs to be exceeded by only one charge unit in order to
reach the high-stability 3d° configuration corresponding to Ti**. The IE pressure opposing
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the oxidation state increase is low for the early 3d elements. Moreover, the size difference
with AI%* is only 9%.

V°* (dY) was also observed but only in a spinel host, suggesting a different behavior
of the two lattices under study. However, such a conclusion may be premature, as V-doped
corundum specimens fabricated in conditions that would be favorable for V>* have not
yet been examined. Our prediction is that V°* will also prove accommodable within
corundum, if under suitable conditions. Other high-oxidation TM+ cations corresponding
to a d° configuration do not appear in corundum nor spinel. This is not surprising because,
as one moves to the right of V, the oxidation states for attaining a d” state increase (Cr®*,
Mn”*, etc.). The small radii, decreasing proportionally to the oxidation state increase,
also move toward 4-fold coordination and thus toward a Ar increase with respect to AI>*.
One additional reason for the difficult stabilization of high-oxidation states is the fact that
charge compensation requires expulsion from the lattice of strongly bonded cations (to
“free” negative charge) and/or very high values of oxygen gas pressure. For the reasons
presented above, high-oxidation-state dopants are rare. However, Mn** represents another
notable exception: due to its maximal CFSE of 1.2 x 10 Dq and a similar size to AI**, this
cation can be stabilized in corundum under certain fabrication conditions.

4. Conclusions

The speciation patterns of the 3d elements in spinel and corundum were established
by analyzing their spectral data. The correlation between the main factors controlling the
speciation process and the patterns observed was examined; certain rules regarding the
way it plays out were discovered. The speciation process differed significantly in the two
hosts examined.

The main observed differences in the speciation patterns caused by structural dissimi-
larities between corundum and spinel lattices are as follows:

e  Spinel has a tendency to accommodate incoming TMs located in the second half of the
3d series in a 2+ state in its tetrahedral sites, which typically harbor 2+ native cations.

e  Corundum prefers to accommodate 3+ TM+; 2+ cations are difficult to form, but they
may be stabilized in the case of late TMs if suitable processing conditions are selected.

e A strong motive for choosing tetrahedral sites is the ability of TM+ cations to distribute
the intra-complex negative charge in a more judicious way.

e The conclusions summarized above hold true when the compounds «-Al,O3 and
MgAl,Oy4 are compared. It is still to be determined whether they may possess more
general applicability for corundum and spinel structures obtained in different compo-
sitional systems.
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