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Preface

With a rich history spanning over 5000 years, glass continues to play a pivotal role in propelling
science and technology forward, finding its place in a myriad of human endeavor aspects. This
enduring material, characterized by its versatility and capacity for innovation, stands at the forefront
of cutting-edge applications, bridging disciplines such as materials science, chemistry and physics.
The unique ability of glass to incorporate nearly all chemical elements has fostered an environment
of continual discovery, with each year bringing forth new compositions and processing techniques.
These advancements pave the way for novel materials that support essential and sustainable
technologies. The Special Issue aims to spotlight the expansive and dynamic nature of glass
science and technology, offering a platform to explore the material’s evolving roles in fostering
sustainable human development. This edition focuses on cutting-edge research into the structure
and properties of glass and glass-based materials, alongside their innovative applications in critical
fields such as photonics, energy and sustainable development. The papers selected for inclusion
in this reprint reflect significant progress in glass science, showcasing the material’s diverse and
groundbreaking uses across various domains. Together, these works not only push the boundaries
of our understanding of glass materials and their capabilities, but also underscore the importance
of cross-disciplinary collaboration in tackling complex issues, from nuclear waste management to
advances in optical technology and the pursuit of sustainability. This compilation marks a significant
contribution to the body of literature on glass science and technology, encompassing both the study
of materials and the synthesis methods employed. It is a testament to the collective effort and
dedication of the international glass community. We extend our heartfelt gratitude to all contributors
for their pivotal role in bringing this Special Issue to fruition. As we turn the pages of this reprint,
we are reminded of the rich tapestry of knowledge and innovation that defines our field. We are
inspired by the promise it holds for the future, confident that the insights shared here will inspire
further exploration and discovery. In closing, we express our sincere appreciation of the entire
glass community for their collaborative spirit and contributions. This reprint stands as a beacon of
collective achievement and a source of inspiration for ongoing and future endeavors in the fascinating

world of glass science and technology.

Georgiy Shakhgildyan and Michael I. Ojovan
Editors
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Abstract: Uranium-containing glass samples with an age of 140-145 million years were collected
within the volcanic rocks of the largest volcanic-related uranium ore deposit in the world. Main
features of their composition are high concentrations of silica and uranium, the largest for the rocks
of this type. In contrast to this, the ages of fresh (unaltered) low-silica natural glasses of a basic
composition (basalts) usually do not exceed a few million years. The volcanic low-silica glass is
unstable at longer times and in older ancient rocks is transformed into a crystalline mass. The
geochemistry of uranium including the behavior in solids and solutions is similar to that of long-lived
transuranic actinides such as radioactive Np and Pu from high-level radioactive waste. This allows
uranium to be used as a simulant of these long-lived hazardous radionuclides both at the synthesis
and for the study of various nuclear wasteforms: glasses, glass crystalline materials and crystalline
ceramics. The data obtained on long-term behavior of natural glasses are of importance for prognosis
and validation of stability of nuclear wasteforms disposed of in geological disposal facilities (GDF).

Keywords: volcanic glasses; nuclear waste; uranium retention

1. Introduction

Glasses are solids quenched from liquids without phase separation, which can be
avoided using enough rapid cooling rates. For example, metallic glasses are produced
using fast cooling whereas silicate glasses are formed on the natural cooling of melts
because crystallization in such systems proceeds at very low cooling rates. Upon heating,
glasses continuously change their properties to those of a liquid-like state (melt) in contrast
to crystals, where such changes occur abruptly at the melting point, Tr,. The ranges of
solid-like and liquid-like behavior of amorphous materials are divided by glass transition
temperature, Tg. Whether a material behaves either as a liquid or a solid depends on
the connectivity between its elementary building blocks—atoms, molecules, or clusters.
Solids are characterized by a high degree of connectivity whereas structural blocks in melts
have a lower connectivity. There is a threshold connectivity determining the Tg in each
actual system being a function of composition and logarithmically dependent on cooling
rate [1,2]. Being solid-state solutions, glasses are highly tolerant to compositional changes.
Properties of glasses change continuously with variation of composition. The high chemical
durability and tolerance of glasses to compositional variations as well as the ease of their
production by cooling of molten mixtures of substances have determined vitrification to be
an effective method of nuclear waste immobilization. Indeed, nuclear waste vitrification
provided a high degree of retention of radionuclides and significantly contributed to the
increased safety of the storage, transportation and final disposal of high-level nuclear
waste, which is a dangerous by-product of the peaceful use of nuclear energy [3-5]. Several
countries have operated vitrification facilities for decades, significantly reducing the hazard
of environmental contamination arising from highly radioactive liquid waste generated at
spent nuclear fuel reprocessing (Table 1).

Ceramics 2023, 6, 1152-1163. https:/ /doi.org/10.3390/ ceramics6020069 1
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Table 1. Data on industrial vitrification of high-level nuclear waste [6].

Country, Facilities Performance Data
France, R7/T7, AVM 8252 tonnes, 291-10° TBq to 2019
USA, DWPF, WVDP, WTP 7870 tonnes, 2.7-10° TBq to 2012
Russia, EP-500 6200 tonnes, 23.8-10° TBq to 2010
UK, WVP 2200 tonnes, 33-10° TBq to 2012
Belgium, Pamela 500 tonnes, 0.5-10° TBq. Completed.
Japan, Tokai 70 tonnes, 14.8-10% TBq to 2007
Germany, Karlsruhe 55 tonnes, 0.8-10° TBq. Completed.
India, WIP (1), AVS, WIP (2) 28 tonnes, 9.62-10% TBq to 2012
Slovakia, Bohunice 1.53 m3 to 2012

Silicate glasses have been generically selected as the most reliable wasteform to immo-
bilize high-level nuclear waste (HLW) apart from Russia, which uses phosphate glass and
partially the joint Belgium—Germany vitrification program Pamela (Table 2).

Table 2. Composition of HLW glasses, wt% [7].

Country Plant Glass Composition
Belgium Pamela 70.7P205 . 7.1A1203 ~22.2F6203 and
52.75i0,-13.2B,03-2.7Al,03-4.6Ca0-2.2Mg0-5.9Na,0-18.7 Misc. !
France AVM 46.65i0,-14.2B,03-5.0A1,03-2.9Fe,05-4.1Ca0-10.0Na, O-17.2 Misc.
France R7/T7 54.9S5i0,-16.9B,03-5.9A1,03-4.9Ca0-11.9Na,O-5.5 Mis.
Germany Karlsruhe 60.0S5i0,-17.6B,03-3.1A1,03-5.3Ca0-7.1Na,0-6.9 Mis.
India WIP 30.0Si0,-20.0B,03-25.0PbO-5.0Na,O-20.0 Mis.
India AVS 34.1S5i0,-6.4B,03-6.2TiO, -0.2NayO-9.3MnO-43.8 Mis.
Japan Tokai 46.7510,-14.3B,03-5.0A1,03-3.0Ca0-9.6Na,O-21.4 Mis.
Russia EP500 53.3P,05-15.8A1,03-1.6Fe;03-23.5Na,0-5.8 Misc.
UK WVP 47.2510,-16.9B,03-4.8Al,03-5.3Mg0O-8.4Na,O-17.4 Misc.
uUs DWPF 49.85i0,-8.0B,03-4.0A1,03-1.0Ca0-1.4MgO-8.7Na,O-27.1 Misc.
uUS WVDP 45.85i0,-8.4B,03-6.1A1,03-11.4Fe;O3-1.4Mg0-9.1NayO-17.8 Mis.
Us WTP 50.0510,-20.0B,05-5.0A1,05-25.0Na, O

1 Miscellaneous, including oxides of radioactive waste.

Nuclear waste management is a mature internationally regulated industry that deals
with all aspects of nuclear waste generated as dangerous by-products of the application
of nuclear energy. Although there are not unresolved problems with controlling and
handling nuclear waste, many scientific areas related to nuclear waste management focus
the attention of experts. These activities include the analysis of long-term behavior of
vitrified nuclear waste in deep geological facilities (GDF) after its disposal [8]. Natural glass-
like materials can therefore be useful as analogues of vitrified nuclear waste in extrapolating
short-term experiments to longer time frames and projections about the long-term safety
of disposal [9,10]. Natural glasses to a certain degree similar in composition to that of the
HLW glasses (Table 2) are found in nature and have been subjected to conditions similar to
that expected if the GDF is becoming flooded with water and the canisters are breached,
allowing groundwater to react with the glassy wasteform. The study of natural glasses
with ages of millions of years can provide the necessary link between theoretical models on
the long-term vitreous nuclear waste stability, study of historical vitrified material with
ages of up to 1800 years [11,12] and laboratory tests aiming to provide information on the
long-term durability of a glassy wasteform [13].

Volcanic rocks such as those with a silica-rich (rhyolites, obsidians) or low silica content
(basalts) composition are usually used as natural analogues for borosilicate (B-Si) vitreous
nuclear wasteforms to predict their alteration in a long-time perspective [9,14]. Studies
are devoted to the analysis of their alteration from the mineralogical point of view and
mechanical stability. Investigations were also performed on the geochemistry of U, Th and
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rare earth elements (REE) in the rocks, but these studies are mainly connected with the
problem of the source of uranium of deposits [15-17]; for example, for uranium ores of
Transbaikalia, Russia [18,19]. The common oxidation states of uranium in nature are +4 and
+6, whilst in synthetic ceramics and glasses, three valent forms of uranium are observed:
+4, +5 and +6, which are also typical for Np and Pu [20,21]. Therefore, uranium can serve
as a good radioactive simulant for the investigation of behavior of transuranic actinides
both at the synthesis and aging of nuclear wasteforms.

It is generally accepted that vitreous basic volcanic rocks (basalts) can be used as
natural analogues (counterparts) of borosilicate glass [22-24] due to the similarity in mech-
anisms of their alterations. Both basaltic and borosilicate glasses are characterized by a
decrease in leaching rate with time by three to five orders of magnitude in comparison with
the initial rate. An extremely low rate of long-term dissolution for both kinds of glasses is
controlled by the very slow diffusion through the altered layer. Basaltic glasses have low
concentrations of uranium, usually at the order of a few ppm (10~# wt%), thus the analysis
of its behavior is rather difficult. For this reason, only some silica-rich (acid) volcanic rocks
with uranium content up to 140 ppm [25,26] are of special interest for characterization of
uranium behavior in natural glasses as analogues of synthetic vitreous materials, including
wasteforms for actinide-containing waste. The description of such uranium-rich glasses is
given below.

2. Natural Radioactive Glasses

The rocks investigated were formed from melts that naturally and rapidly cooled
enough to form glasses rather than forming crystalline rocks. The high chemical resistance
of silicate glasses allows them to remain stable and almost unaltered in the environment
for many millions of years. For example, the highly siliceous volcanic glass found in the
Novogodnee deposit (the U-glass) with an age of 135-145 million years (My) contains
uranium at concentrations ranging from tens to 140 ppm [18,19,25,26] that is an order of
magnitude superior to the average concentration of this element in such rocks.

The Novogodnee deposit is situated within a reducing geochemical environment of
the volcano-sedimentary cover of a volcano caldera in the southern part of the Streltsovska
uranium ore field (Figure 1).

Figure 1. Novogodnee deposit (shown by the red star) is located in the central part of the Streltsovka
ore field within the Streltsovka caldera (within the yellow contour) with three paleovolcanoes:
1—South-Western, 2—Krasniy Kamen and 3—Maliy Tulukuiy (see details in [25,26]).

The volcanic caldera of Jurassic-Cretaceous age (145-140 Ma) has a diameter of about
20 km and a total area of 180 km? comprising 20 uranium deposits. The host rocks are up
to 1.4 km thick of volcano-sedimentary accumulation within the caldera lying on a granitic
Proterozoic-Paleozoic basement. Ore concentrates of U (thousands ppm) are observed
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within veins, as sub-vertical stockworks and along stratiform layers in the volcanic and
sedimentary units. The mineral phases of U present are oxide (pitchblende), silicates
(coffinite) and titanate (brannerite). The total resources are about 280 ktU with average
uranium content in ore equal to 0.2 wt%.

The uranium deposits can serve as natural analogues of currently deployed deep
geological disposal facilities (GDF) in stable geological conditions [27-31]. Indeed, features,
events and processes (FEPs), which occurred during previous periods of time of such
deposits, can be analyzed so that by reversing the time, one can appraise the most probable
scenario of GDF evolution [32]. A sheetlike body of highly preserved rhyolite-rhyodacite
glass of an obsidian—perlite type rich in U was found in the Novogodnee deposit at a depth
of 300 m from the surface of the Earth. Data on the behavior of glasses with uranium
at the Novogodnee deposit are essential to investigations of actinide migration paths,
mobilization, retardation, redistribution and accumulation under existing redox conditions.

The unaltered volcanic high-silica glass in this field was found to contain abnormally
high concentrations of uranium detected by f-radiography (XRF). Uranium retardation
can be caused by sorption. This factor, together with the deformational alteration and
partial devitrification of volcanic glass, is of particular significance at the Novogodnee
deposit [26]. The local reducing barriers are formed along the periphery of a sheetlike body
of obsidian—perlites near mineralized and open fractures and in intensely altered cataclastic
zones. The results of detailed micro-studies indicate an intensive redistribution of uranium
with the accumulation of its ultra-high contents up to 500-1000 ppm. Such local favorable
conditions within the sheetlike body are formed in the presence of sorption-intensive
mineral phases (leucoxene-hematite aggregate) and a higher degree of fracturing of glasses.
Here, the ability of the sorption-intensive phases to retard uranium was fully manifested.

3. Bulk Characterization of the Natural Uranium Volcanic Glass

The sheetlike body of rhyolite-rhyodacite volcanic glass has a zonal structure with
unaltered massive and fluidal obsidian—perlites (U-glasses) in the core, surrounded by the
zone with volcanic bombs and rock fragments developed in the central part (Figure 2 and
Tables 3 and 4).

Figure 2. Cont.
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Figure 2. Samples and position of volcanic glass bed-like body in felsite rhyolite layer: (a) the top of

the fresh obsidian—perlite volcanic glasses bed; (b) well-preserved obsidian—perlite glasses; (c) bottom
of the cataclastic and altered glasses bed; and (d) sample of U-glass NY5 from depth of 300 m.

Chemical analyses of the rock samples were performed in the Centre for Collective

Use of Institute of Geology of Ore Deposits, Petrography, Mineralogy, and Geochemistry
Russian Academy of Sciences—Analitika using an X-ray fluorescence analysis and Ax-
ios mAX&PAN analytical spectrometer for rock-forming elements as well as ICP mass
spectrometry, Nexion 2000 c for rare elements (Tables 3 and 4).

Table 3. Compositions of glasses (rock-forming elements, wt%), description in the text.

No. Si02 Ti02 A1203 XFeO MnO MgO CaO Na20 Kzo P205 S F LOI 1
NY1 70.77 0.12 11.51 1.26 0.081 0.18 0.75 4.16 4.24 0.01 0.03 0.32 6.04
NY5-1 71.38 0.13 11.23 1.29 0.085 0.06 0.44 5.83 2.55 <0.01  <0.01 - 6.59
NY5-2 71.78 0.17 11.41 1.37 0.041 0.29 1.80 2.58 5.24 0.02 <0.01 - 5.05
NY5-3 71.76 0.12 11.30 1.24 0.071 0.16 0.84 4.33 3.66 <0.01 0.03 0.07 6.22
NY22-1  71.50 0.12 11.20 1.23 0.085 0.11 0.49 5.66 2.49 <0.01  <0.01 0.05 6.63
NY22-2 7151 0.12 11.32 1.26 0.072 0.19 0.95 3.96 3.78 <0.01  <0.01 0.05 6.44
NY19-2  66.81 0.13 0.13 1.30 0.062 0.24 2.42 2.81 3.26 0.02 0.06 0.29 10.48
NY15 61.60 0.14 0.14 243 0.194 3.93 2.27 1.32 1.92 0.02 0.14 0.53 12.05
NY17 62.76 0.15 0.15 1.89 0.536 1.24 2.65 1.05 2.72 0.01 0.06 0.25 12.64
NY18 64.57 0.14 0.14 2.29 0.226 1.37 2.31 1.41 1.99 0.02 0.06 0.33 12.02
NY12 59.59 0.14 0.14 1.53 0.207 4.03 2.55 0.55 2.30 0.01 0.09 0.83 14.90
NY7-2 66.80 0.14 0.14 1.42 0.259 1.01 2.15 1.58 3.78 0.02 0.03 0.45 9.41
1 LOI—loss on ignition. Dash (-): the element was not determined.
Table 4. Compositions of glasses (description in the text) for rare and radioactive elements !, ppm.

No. Li Rb Sr Cs Co Zx Nb Mo Ba Ta Pb Th U
NY1 96.9 8089 1734  933.6 2.5 197.1 55.0 5.2 23.1 47 42.6 459 25.8
NY5-1 89.9 752.5 33.2 2919 0.3 189.8 51.6 7.9 6.5 4.5 289 44.6 19.1
NY5-2 2454 4105 3431 7583 0.9 195.1 56.6 6.6 712 44 35.8 56.7 235
NY5-3 1326 7905 1552 7534 0.4 199.7 55.3 7.9 18.9 47 38.5 53.6 23.7
NY22-1 94.4 913.1 56.8 605.3 0.2 196.8 49.1 6.5 5.3 2.7 30.3 324 17.8
NY22-2 1272 6663 1493 8277 0.3 198.7 51.7 5.7 10.8 3.9 28.2 159 12.8
NY19-2 63.7 1792 680.6 1201.7 17.1 183.6 48.9 3.8 36.2 12.3 23.3 36.3 18.4
NY15 774 152.7 4939 14852 4021 2053 47.5 2.5 237.5 4.6 57.0 52.1 9.7
NY17 1342 1869 32442 7446 3.9 2285 62.2 - 137.3 5.9 81.1 70.7 15.6
NY18 87.6 1822 5958 17158  59.4 2125 1181 - 186.4 10324  17.8 65.8 14.2
NY12 538.7 1409 4435 2732 69.7 211.3 59.0 2.9 102.3 5.5 49.3 53.5 15.3
NY7-2 1729  238.8 1057.8  966.3 4.8 195.6 53.2 0.6 61.4 45 454 45.3 15.2

1 Dash (-): the element was not determined.
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Volcanic rock samples NY1, NY5 and NY22 are seen as glasses being relatively fresh
and unaltered whereas samples NY19-2, NY15, NY17 and NY18 are characterized as
intensively altered and devitrified glasses. Samples NY18 and NY19-2 are cataclastic and
altered glasses. The fresh obsidian—perlites NY5 (such as shown below in Figure 2) and
NY22 were divided into three groups: NY5-1 and NY22-1 (obsidian), NY5-2 and NY22-2
(perlite) and NY5-3 (interbedding of obsidian and perlite).

Devitrification of the glass led to the formation of crystallites within glasses such as
hair trichites, globulites and aggregates of scopulites. At terminal stages of crystallization,
spherulites and microlites were formed (Figure 3, see also [26]).

Figure 3. Massive (1) and fluidal (5) glasses of Novogodnee deposit with successive devitrification
stages: hair trichites, (a)—globulites; (3)—scopulite aggregates; (2)—spherulites; and (4)—crystallites.
The long side of thin section is 1.09 mm (a) or 2.78 mm (b), parallel nicols; The BSE image is shown in
the center of the figure.

Volcanic glasses of the Novogodnee deposit, although being significantly older than a
hundred million years, still contain uranium at relatively high concentrations, retaining
it both in the glassy and crystalline phases. The distribution of uranium in volcanic
glasses was studied with f-radiography using polished thin sections covered by film of
special track detectors, which were irradiated by thermal neutrons [26]. The f-radiography
method is based on the fission of uranium nuclei in a nuclear reactor under irradiation by
neutrons and allows, with high sensitivity and accuracy (mass sensitivity threshold of the
order of -10719) detecting the distribution of uranium, as well as determining local and
total concentrations. The fundamental possibility of determining the uranium content is
based on the fact that fragments of the spontaneous or forced fission of nuclei of heavy
elements leave destruction areas (tracks) in the environment, which can be detected under
a microscope after the chemical etching of the surface. Qualitative assessments of uranium
distribution and calculation of its contents were performed by analyzing micro-images
from lavsan detectors, following the methods and software developed at the Institute of
Geology of Ore Deposits, Petrography, Mineralogy, and Geochemistry Russian Academy of
Sciences. Polished thin sections of the samples mounted on quartz glasses and covered by
lavsan track detectors were irradiated at the National Research Nuclear University (MEPhI)
Atomic Center with a thermal neutrons fluence of 3 x 10'® neutrons/cm? for low (1-3 ppm)
uranium contents, and 3 x 10 and 4 x 10'3 neutrons/cm? for high (>3-5 ppm) and very
high (>500-1000 ppm) contents, respectively. Relatively high content of uranium is hence
characteristic for both unaltered and altered volcanic rocks of the Novogodnee deposit
including partly devitrified glasses (Table 5).
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Table 5. Distribution of uranium in volcanic glasses.

Samples

Fresh glass (NY22-1)
Fresh glass (NY5-1)
Initial devitrified I (NY22-1)
Initial devitrified IT (NY5-1)

Altered I glass (NY23-1)

Altered II glass (NYO-1)

Altered III glass (NY2-1)
Altered IV glass (NY26-1)
Area with HEM (NY26-1) 2

Number ?f Sites Content of U ppm Variation Coefficient
Studied Average Range
Relatively unaltered massive and fluidal glasses !
8 25.26 23.97-27.47 5.31
9 19.30 18.17-21.03 4.97
9 17.85 17.30-19.11 3.59
9 14.12 12.54-15.18 6.94
Altered and devitrified glasses
9 14.75 13.12-17.75 10.78
9 11.42 9.49-12.19 8.06
9 5.34 5.06-6.62 10.86
9 1.72 1.60-2.69 26.16
5 39.55 32.12-55.33 22.66

! The term fluidal glass denotes a glass where the direction of melt flow that occurred before its vitrification is
revealed from the image of glass. 2 Areas uniformly impregnated with sorption-capacious hematite (HEM) were
identified in brown volcanic glass (perlite) with elevated uranium content detected.

4. Discussion

Two aspects of the geochemical and mineralogical studies of natural glasses are of
particular interest. The first one is related to their study as a potential source of useful
elements, e.g., U, in the uranium ore deposits in volcanic-related mineral systems. The
second direction concerns the use of volcanic rocks as analogues of vitreous actinide
wasteforms used for HLW immobilization in assessing their long-term stability under
underground disposal conditions. Data revealed through such type analyses can be a
significant addition to existing short-term testing protocols used in laboratories [33].

Silicate glasses have been used for some five decades to immobilize HLW radionuclides
including residual uranium and plutonium isotopes remnant from spent nuclear fuel
reprocessing [3-6,12,34]. They were also proposed for the immobilization of nuclear fuel
containing lava, which resulted from the Chernobyl catastrophe [35]. HLW glasses used
in practice are characterized by a high content of crystalline phases within their vitreous
body [3,5,36]; moreover, there is a technological trend to increase the content of crystalline
phases [37], accounting for advantages offered by glass-crystalline wasteforms [38—40].
Volcanic glasses investigated do also contain crystalline phases, which could be either
initially formed at magmatic melt (volcanic lava) solidification or be products of glass
devitrification. The most important structural feature of them would then be the speciation
of uranium within glass and the crystalline phase’s structure. Although uranium can exist
in the oxidation states U®*, U?* and U** in alkali borosilicate glasses, most of the uranium
(~90%) occurs as U®* with a small amount of U>* under standard melting conditions using
the air atmosphere. Moreover, U** is not observed, with the exception of strongly reducing
conditions. The U®* occurs in the form of the uranyl species UO,?* with an additional four
or five equatorial oxygens coordinating to the uranium cation [41-44]. It is supposed that
uranium acts essentially as a glass intermediate within the alkali silicate glass following
the rearrangements [44]:

UOs + 4Si(0™) (o%)3 FAMT — Ut (= O)Z(O%)6 +4Si(0%)4 LaMt, )

where M* is the alkali ion. Each mole of UOj3 thus requires two moles of alkali for charge
balance, which results in little structural rearrangement of the glass where uranium occupies
sites in the interstices of the glass network related to the alkali channels [44]. This allows
for the high solubility of UOj in silicate glasses, which is in a borosilicate glass above
40 wt% under an atmosphere of air, whereas under reducing conditions it is only about
10 wt% [4,41,42]. The authors of [43] have shown that two distinct first neighbor distances
occur for the U-O correlations, the first being at 1.8 4 0.05 A having 1.9 + 0.2 oxygens and



Ceramics 2023, 6

the second at 2.2 + 0.05 A with 3.7 + 0.2 oxygen atoms. They have observed significant
second neighbor atomic pair correlations between uranium and the network formers (Si,
B) and the modifiers such as Na, concluding that uranium ions take part in the network
forming, and that this may be the reason for the observed good stability of uranium
containing silicate glasses and their high hydrolytic resistance. It is supposed that uranium
atoms in the borosilicate glass are connected through an oxygen atom with the network
former and modifier atoms, forming a network structure that consists of mixed tetrahedral
made of SiOy, units, tetrahedral made of BO4 units and BO; trigonal units, which are
partly connected by uranium atoms [43,44]. Obtained data and the similarity in the U*
environments in layered alkali uranates and in silicate glasses have allowed the authors
of [44] to suggest the possible structural model for silicate glasses containing uranium
where the uranyl ions sit in the alkali channels of the modified random network of silicate
glasses (see e.g., [2]).

Radiation from decaying radionuclides gradually alters the glass structure, leading
to changes in its properties including valence states and migration potential of radionu-
clides [7,45,46]. Although the content of uranium in the above-described glasses is consid-
ered anomalously high for natural volcanic samples, their radioactivity is much lower than
that of high-level waste [3-5] when radiation-induced effects are evident [7,47]. The direct
determination of uranium valent states in volcanic glasses thus remains a key challenge
and its complexity is partly caused by both its content, which is about tens of ppm, and
complex composition that are complicating the characterization. This will assist in resolving
the unique and scientifically most difficult aspect of nuclear waste management, aiming
to extrapolate wasteform short-term laboratory testing results to the long-time periods
ranging from thousands to millions of years [48].

Migration of uranium is initiated by glass corrosion in contact with groundwater.
Silicate glasses corrode in water via two main processes—(a) diffusion-controlled ion
exchange and (b) hydrolysis [5]. The ion exchange mechanism involves the mutual diffusion
and exchange of a cation in glass with a proton (probably in the form of H30") from water
via the reaction:

(=5i-O-M)gjags + HoO ¢ (=5i-0-H)giase + M-OH, @)

In dilute near-neutral solutions, the ion exchange controls the initial release of cations
and at relatively low temperatures and not very high pH it can dominate over hydrolysis
for many hundreds or even thousands of years [49]. Ion exchange reactions cause selective
leaching of cations and are characterized by the normalized leaching rate given by:

NRy; = p(D;/7t)!/2 = p10PH/2[kDyyy /Ci(0) 7it]'/ 2exp(—Eq; /2RT), 3)

where p (g/cm?) is the glass density, D; (cm?/day) is the effective interdiffusion coeffi-
cient, Eg; (J/mol) is the interdiffusion activation energy (e.g., British magnox waste glass
has Eg; = 36 kJ/mol [49]), R is the universal gas constant R = 8.314 J/mol, T (K) is the
temperature, Doy (cm?/day) is the pre-exponential coefficient in the diffusion coefficient
of protons (hydronium ions) in glass, C;(0) (mol/L) is the concentration of cations at the
surface of the glass and « is a constant that relates the concentration of protons in glass
to the concentration of protons in water, i.e., to the pH of the solution. The leaching rate
decreases with time t, as t /% and the lower the pH of the contacting solution, the higher
the NRy ;. Hydrolysis, which is a near-surface reaction of hydroxyl ions with the glass
network, destroys it, and this leads to congruent dissolution of all glass components into
contacting water and subsequent deposition of silica gel layers as secondary products on
the surface of glass. Hydrolysis occurs through the reaction [5]:

(=Si-0-5i=)gjass + HrO ¢+ 2(=Si-O-H). (4)
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This leads to the complete dissolution of the glass network (disordered glass lattice)
and the formation of ortho-silicic acid, H4SiO4. Glass hydrolysis is characterized by a
normalized dissolution rate [5]:

NRy; = pre = pka™ "[1 - (Q/K)Jexp(—Ea/RT), 5)

where 1. is the normalized rate of dissolution measured in unit cm/day, k is the charac-
teristic rate constant, a is the activity of hydrogen ions (protons), n is the pH-dependent
exponent (typically n ~ 0.5), E, is the activation energy of hydrolysis (e.g., British magnox
waste glass has E, = 60 kJ/mol [49]), Q is the product of the ionic activity of the rate control
reaction, K is the equilibrium constant of this reaction and o is the order of the reaction. The
rate of hydrolytic dissolution does not depend on time. The higher the pH of the contacting
water, the higher the NRp.

The total corrosion rate NR; (normalized with respect to the content of component
labelled (i)) is determined by the sum of the contributions from (a) ion exchange, (b) hy-
drolysis and (c) very rapid (so-called instantaneous) dissolution of radionuclides from the
glass surface, i.e., surface contaminants [5,49]:

NRi = NRX,i + NRH + Nq)si/ (6)

where the factor N®y; accounts for instantaneous dissolution. When the pH changes, the ion
exchange rate (NRy ;) changes as 10PH/2, while the hydrolysis rate (NRy) is proportional
to 10PH/2, 5o the dependence of the glass corrosion rate (NR;) on pH appears as a U-
shaped curve with a minimum for neutral solutions [50]. In saturated solutions, Q —
K, which is typical for glasses in a geological environment such as volcanic glasses in
a volcano caldera or vitrified HLW in a GDF; therefore NRyy — 0. That is, in this case,
the corrosion of the glass is determined by diffusion-controlled ion exchange. In dilute
aqueous solutions, ion exchange is characteristic for the initial stages of corrosion, and
hydrolysis for the later stages. The time it takes to transition from one mechanism to
another depends on the composition of the glass and environmental conditions such as
pH and temperature. The higher the temperature, the shorter the transition time [49]. The
newly formed glass surfaces, due to the cracking of large glass blocks, will follow this
pattern of transition of corrosion mechanisms from the initial selective corrosion via ion
exchange to the late mechanism controlled by hydrolysis; thus, the overall composition of
components leached out of glasses is complex. The analysis shows that the typical rate of
corrosion via the hydrolysis (r.) of borosilicate glasses used to immobilize nuclear waste
is about 0.1 um/y [51]. Without contact of glass with water, the radionuclides including
uranium will remain retained within the glass body structure.

5. Conclusions

Volcanic-type uranium deposits of the Streltsovskoye ore field provide a unique
opportunity to study uranium-bearing volcanic glasses under various redox conditions.
Joint geological-structural, mineralogical-geochemical, petrophysical, hydrogeochemical
and isotope—geochemical monitoring studies of fracture veins and atmospheric waters
have been conducted for more than 20 years and continue at present. It is shown that
the rocks of the Novogodnee deposit are unique objects, which can be used for studying
the conditions, migration paths, migration mechanisms and accumulation of uranium
in different structural settings under varying redox conditions. Despite devitrification
processes within the geological time frames, the ancient volcanic rocks within the large
Streltsovka uranium ore field were found to contain large-size blocks of natural glasses
having the highest content of silica. The silica-rich rocks located in the southern part of the
ore field, formed about 140-145 million years ago, have retained uranium for geological
time scales, preventing its migration out of its body. Silica-rich volcanic glasses still confine
the uranium as a proof of the high reliability of vitreous and glass crystalline wasteforms,
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based on silicate glasses, used as nuclear waste immobilizing matrices at geological time
scales.
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Abstract: This work reports the effect of tin (Sn) doping on the infrared (IR) and terahertz (THz)
properties of vanadium dioxide (VO,) films. The films were grown by hydrothermal synthesis with a
post-annealing process and then fully characterized by X-ray diffraction (XRD), Raman spectroscopy,
scanning electron microscopy (SEM), and temperature-controlled electrical resistivity as well as IR
and THz spectroscopy techniques. Utilizing (NH4),SnFg as a Sn precursor allows the preparation of
homogeneous Sn-doped VO, films. Doping of VO, films with Sn led to an increase in the thermal
hysteresis width while conserving the high modulation depth in the mid-IR regime, which would
be beneficial for the applications of VO, films in IR memory devices. A further analysis shows
that Sn doping of VO, films significantly affects the temperature-dependent THz optical properties,
in particular leading to the suppression of the temperature-driven THz transmission modulation.
These results indicate Sn-doped VO, films as a promising material for the development of switchable
IR/THz dichroic components.

Keywords: Sn doping; infrared spectroscopy; terahertz transmission; dichroic optical elements

1. Introduction

The mid-infrared (2-20 pm wavelength range) spectral region attracts attention from
both scientific and industrial sectors due to the availability of multiple atmospheric win-
dows and its technological potential in thermal imaging [1], free space communications [2],
and chemical and biological molecular sensing [3,4] because of the fingerprint vibrational
and rotational motions of molecules within this spectral region. Full utilization of mid-
infrared radiation’s potential still requires active optical components. Phase change materi-
als such as best known as vanadium dioxide (VO,) can also be useful for the development
of mid-infrared photonic applications, especially when combined with resonant plasmonic
structures. In recent years, VO, has been widely used as the basis of active metamaterials
operating in the mid-infrared range [5-11].

VO;-based devices’ functional performance significantly depends on the morphology,
preparation methods, and doping of VO; films [12]. The most remarkable property of VO,
is the multi-stimulus-induced [13] reversible phase transition from a dielectric to a metallic
state [14]. This metal-insulator transition (MIT) leads to an abrupt variation in its electric,
thermal, and optical properties [15]. There are four main criteria defining the performance
of the MIT in VO;: the phase transition amplitude, the phase transition sharpness, the
hysteresis width, and the state stability before and after phase transition. Element doping
enables tailoring of these key VO, performances for application requirements [16].

The temperature of the MIT can be decreased by doping with high valance metal
ions (W, Mo®*, and Nb>*) [17-19] or increased by doping with low valence atoms
(Fe) [20] from its initial value for undoped VO, of 68 °C according to the application
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requirements. Since the phase transition points for cooling and heating processes are
incompatible, this results in thermal hysteresis (ATyyt). The thermal hysteresis width can
be reduced by doping with titanium [21], niobium [22], and tungsten [23] or increased
by doping with boron [23]. The phase transition sharpness is defined as the full width at
half maximum (FWHM) of the Gaussian fitted differential d(Tr)/d(T) versus temperature
curves. Commonly, VO, element doping reduces the phase transition sharpness [24,25],
except for doping with SiO, [26].

It was reported that Sn-doped VO; films fabricated by hydrothermal synthesis with
SnCly-5H;0 as the tin precursor possess an enhanced visible light transmittance [27]. W-
Sn co-doped VO, films exhibit an improved visible transmittance with a reduced MIT
temperature [28].

A dichroic optical component can provide the ability to manipulate radiation differ-
ently concerning its frequency band [29,30]. Among the dichroic elements demonstrated
thus far, conductive thin films such as indium tin oxide [31-33] and La-doped BaSnOs [34]
have been utilized in near-infrared transparent/terahertz functional devices. However,
infrared functional devices with a high terahertz transparency still need to be explored.

In this paper, the potential of Sn-doped VO, films prepared by hydrothermal synthesis
and a post-annealing process in temperature-driven mid-infrared and terahertz optical
modulation is determined. To reveal the effect of the VO, dopant on the optical properties
in the mid-IR spectral range across the MIT, the Sn doping levels were varied. Given
the high modulation depth and increased thermal hysteresis width in the mid-IR range,
we envision the application of Sn-doped VO, films for adaptive infrared camouflage and
optical memory-type devices. Moreover, the revealed temperature-dependent modulation
suppression in the THz range is helpful for the development of dichroic optical elements.

2. Experimental Details
2.1. Preparation Of Sn-Doped VO, Samples

Sn-doped VO, films were deposited on 0.5 mm single crystal r-cut sapphires substrates
polished on one-side (r-Al,O3 Monocrystal Co., Ltd., Stavropol, Russia) by hydrothermal
synthesis [35]. Vanadium precursors were synthesized using vanadium pentoxide (V,0s)
and oxalic acid (H,Cy04-2H,0) as starting materials. A mixture of ethylene glycol (EG)
and deionized (DI) water was selected as a solvent. Sn-doped vanadium dioxide was
obtained by adding hexafluorostannate ((NH4)2SnFg) as a doping agent.

For producing an aqueous V4+—containing solution, V5,05 and H,C,O4-2H,0 were
mixed in a molar ratio of 1:3 in DI water with continuous magnetic stirring for 6 h at 80 °C.
Thereafter, the required amount of EG (DI water/EG =1:1 V/V) was added. The calculated
amount of (NH,),SnFg was dissolved in a DI/EG solution of V4*. As a result, a precursor
solution with different concentrations of tin was obtained. Concentrations of 1% and 1.5%
of tin were chosen for the synthesis. This precursor was diluted with the DI/EG solvent to
obtain a V4* cation concentration of 3.125 mmol /L.

Sn-doped VO, (M) films on r-Al,O3 substrates were synthesized with hydrothermal
deposition with a post-annealing process. Prior to deposition, r-Al,O3 crystals (0.55 x 1.5 cm?)
were cleaned with DI water and acetone. Then, the substrates were placed into a high-density 25
mL polyparaphenol (PPL)-lined hydrothermal synthesis autoclave reactor in a vertical position
using a Teflon holder. Thereafter, the precursor solution was transferred into the PPL cup with
a filling ratio of 0.60 and sealed hermetically in a stainless autoclave. The autoclave was kept
at 180 °C for 20 h and then cooled down to room temperature naturally. The films deposited
on the substrates were cleaned with DI water and acetone several times and dried for 30 min
at room temperature. Post-annealing was performed in an argon gas atmosphere (3 mbar, Ar
flow (3.5 L/h)) in two steps. The first step at 400 °C for 30 min was intended to remove any EG
residues. On the second annealing, the temperature was increased to 600 °C for 60 min.

Based on the Sn concentration, the samples were denoted as SO (undoped VO,), S1
(1% Sn), and S2 (1.5% Sn).

14



Ceramics 2023, 6

2.2. Characterization Studies

The phase purity and crystallinity of VO, films were analyzed by X-ray diffraction
(XRD, Rigaku SmartLab) with Cu Ka (A = 1.54046 A). The diffraction data were recorded in
the 26 range of 20-80° with a resolution of 0.02° at a speed of 5 °/min. The surface morphol-
ogy of the films and their thickness were characterized by scanning electron microscopy
(SEM) using a Carl Zeiss NVision 40 electron microscope. Raman scattering measurements
were performed using a Renishaw InVia spectrometer with a 514 nm 20 mW defocused ex-
citation laser source (20 pm spot) at room temperature. The electrical properties of the films
were measured with a standard four-probe method in the temperature range of 25-90 °C
using a Keithley 2700 multimeter. The temperature-dependent infrared transmittance
in the wavelength range of 1.5-8 um was investigated using a Bruker Vertex 70 Fourier
spectrometer. Finally, the terahertz transmission in the frequency range of 0.1-1 THz was
measured using a Menlo Systems TERA K8 terahertz time-domain (THz-TDS) spectroscopy
system. All the temperature-dependent optical characterizations were performed with a
Peltier-based homemade temperature control system.

3. Results and Discussion
3.1. Structural and Morphological Analysis

Figure 1 shows surface morphology SEM images of Sn-doped VO; films with different
Sn contents. Doped and undoped VO, films exhibited uniform homogeneous coverage of
the substrate with quasi-spherical grains. Doping with Sn (Figure 1b,c) led to a significant
increase in the quasi-spherical grain size, while various doping levels had a minor effect on
film morphology.

(a)

—_

Figure 1. SEM morphology view of the VO, films: (a) SO, (b) S1, and (c) S2.

The SEM cross-sectional images shown in Figure 2 indicate that VO, doping with Sn
leads to an increase in film thickness. All the doped films have a thickness lying in the
range of 170-200 nm, while the undoped VO, film is 95 nm thick.

The crystalline structures of Sn-doped VO, films on sapphire substrates were analyzed
by XRD measurements at room temperature as shown in Figure 3.

The XRD results show that no additional phase appears in the XRD pattern after
Sn doping. All obtained films are polycrystalline or 200 textured. The diffraction peaks
are typical of VO,(M), ICDD PDF#43-1051. This indicates that doping with Sn does not
significantly change the lattice constants of VO, films. However, the XRD peak with an
angular position of 36.9° corresponding to the (200) VO, (M1) crystalline plane slightly
shifts towards a lower angle with an increase in the Sn dopant.
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Figure 2. SEM cross-sectional view of the VO, films: (a) SO, (b) S1, and (c) S2.
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Figure 3. XRD spectra of undoped and Sn-doped VO, films. The marker “*” indicates the reflection

from the stainless sample table.

The typical Raman signature of monoclinic VO, (M1) was obtained for undoped and
Sn-doped VO, samples (Figure 4).
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Figure 4. Raman spectra of the sapphire substrate and undoped and Sn-doped VO, films.
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Raman scattering peaks position were identified at 143 (Ay), 195 (Ay), 224 (By), 262
(Bg), 309 (Ay), 340 (Ag), 391 (Ay), 442 (Bg), 499 (Ay), and 614 (Ay) cm~!, which clearly
conforms with the typical pattern [36].

3.2. Electrical and IR Optical Properties

Figure 5 shows the resistance-temperature hysteresis loops of the undoped and Sn-
doped VO, samples.
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Figure 5. Electrical resistance of the VO, films as a function of temperature during heating and
cooling cycles.

The resistance of the undoped sample dropped by almost 4 orders of magnitude
across the phase transition. Sn-doping of VO, films results in an increase in the overall
resistance, MIT temperature growth, and widening of thermal hysteresis loops. Moreover,
with increasing Sn content, the magnitude of resistance variation tends to decrease. The
incorporation of isovalent Sn** ions into VO, does not lead to significant changes in carrier
concentrations. However, doping of VO, generally increases the defect concentration and
leads to a more distorted lattice, which as a consequence reduces the phase transition
amplitude [12].

Figure 6 represents the infrared transmission of the bare sapphire substrate and VO,
films on sapphire substrates during the heating and cooling processes. It should be noted
that the optical properties of the sapphire substrate between 20 °C and 90 °C do not show a
significant change as reported in [37].
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Figure 6. Cont.
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Figure 6. Infrared transmission spectra of the undoped VO, film (a,b), Sn-doped VO, films (c—f) on
sapphire substrates during heating and cooling cycles, and the bare sapphire substrate (g).

The largest transmission variation takes place at 5.6 um, which coincides with the
maximum substrate transmission. For further analysis, the hysteresis loops of IR transmis-
sion for undoped and Sn-doped VO, films were obtained by collecting the transmittance
of films at a fixed wavelength of 5.6 um as shown in Figure 7. The hysteresis loops of IR
transmission through VO, films on the sapphire substrate were normalized by transmission
through the bare sapphire substrate. In order to quantitatively investigate the IR properties
of VO; films under a phase transition, the corresponding first-order derivative curves
(dTr/dT) of transmission variation were calculated in the insets of Figure 7.
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(b,c) VO; films on a sapphire substrate during heating and cooling cycles.
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The temperature-dependent mid-infrared properties of VO, films are similar to their
electrical properties. To gain insight into the phase transition performance of VO, films
with different Sn contents, several criteria were determined. The phase transition tem-
perature was defined as the minima of the differential curves for heating (Ty) and cool-
ing (T¢c) processes. The hysteresis width (AH) of the phase transition was defined as
the difference between phase transition temperatures during heating and cooling pro-
cesses (AH = Ty — T¢). The phase transition sharpness (AT) was characterized by the full
width at half maximum (FWHM) of the dTr/dT versus the temperature curve. A smaller
value of AT means a sharper phase transition. The modulation depth was defined as
MD = (T.o1q — Thot)/ Teora X 100%, where T,y and Ty, are the IR transmission before and
after the phase transition, respectively. The detailed parameters of the IR hysteresis loops
are summarized in Table 1.

Table 1. Parameters of hysteresis loops at 5.6 um for VO, films.

Sample MD, % AH, °C AT, °C
S0 93.7 8.5 7.2
S1 95 14 6.2
S2 96.8 17.5 5.7

As seen from Table 1, with increasing Sn content, the width of the thermal hysteresis
loop (AH) is significantly raised from 8.5 °C to 17.5 °C (sample S2). Moreover, the MD is

increased from 93.7% to 96.8% and the AT is reduced from 7.2 °C to 5.7 °C when the Sn

content increases from 0% to 1.5%. Previous reports have indicated that the grain size and
grain boundary play important roles in tailoring the thermal hysteresis width [12]. Such a
large hysteresis width is preferable for the development of optical-memory-type devices
with a stationary memory state [38].

3.3. Thz Optical Properties

The optical transmission of VO, films with different Sn doping contents in the THz
range of 0.1-1 THz was measured at 25 °C and 85 °C, respectively. The corresponding
substrate-normalized THz spectra are shown in Figure 8.
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Figure 8. Normalized terahertz transmission spectra through undoped (a) and Sn-doped VO, films

on a sapphire substrate (b,c).

The only undoped sample SO demonstrates an obvious change in THz transmission
between the two states (Figure 8a). With the addition of Sn, the amplitude modulation of
THz transmission falls from an average of 49.5% to 2.9% and 10.3% for 1% and 1.5% Sn
contents, respectively. An optimal Sn doping level of 1% allows for achieving the largest
THz modulation damping. This is consistent with the observed reduction in conductivity
after the phase transition for Sn-doped VO, films as seen from the electrical behavior in
Figure 5. A similar relationship between electrical resistance and THz transmission has also
been reported in [39,40]. This phenomenon can be attributed to the emergence of barriers
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between VO, grains upon dopant insertion. At the same time, the IR optical properties are
less sensitive to the interface between the grains. Therefore, the phase transition amplitude
for IR transmission varies by a small amount with Sn doping of VO,. The observed
reduction in the temperature-driven THz amplitude modulation in conjunction with high
IR transmission modulation for Sn-doped VO, films can be considered as a basis for the
development of dichroic optical elements. This feature can be utilized for the separation of
generated THz radiation from the initial mid-infrared spectral part in intense THz pulse
generation using two-color filamentation techniques [41,42].

4. Conclusions

In summary, a series of VO, films with different Sn doping contents were prepared on a
sapphire substrate by hydrothermal synthesis and a post-annealing process. It was revealed
that using (NH4),SnFg as a Sn precursor allows producing homogeneous Sn-doped VO,
films. For IR transmission, the hysteresis width of VO, films can be increased to 17.5 °C by
Sn doping. For THz transmission, a suppression of the temperature-driven modulation after
Sn doping is observed. This work provides a new mode for the development of dichroic
optical components, e.g., a temperature-switchable infrared element with transparency in
the THz range.
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The following abbreviations are used in this manuscript:

Sn Tin

VO, Vanadium dioxide

IR Infrared

THz Terahertz

XRD X-ray diffraction

SEM Scanning electron microscopy
MIT Metal-insulator transition

EG Ethylene glycol

DI Deionized

THz-TDS  Terahertz time-domain spectroscopy
FWHM Full width at half maximum
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Abstract: Samples of nanocrystalline PbF, glass ceramics were obtained by heat-treating SiO,-GeO,—
PbO-PbF,-CdF; glasses. The Ho,O3 and Tm;O3 doping effects on the structural features of PbF;
nanoparticles were studied using small-angle X-ray scattering and X-ray diffraction methods. The
enlargements of the average sizes of nanoparticles and the sizes of local areas of density fluctuations
have been found to be correlated with an increase in concentrations of Ho,O3 and Tm;O3 in initial
glasses. A variation in the concentrations of HopO3 and Tm,O3 does not affect the morphology and
fractal dimension of the formed PbF; nanoparticles.

Keywords: oxyfluoride glasses; glass ceramics; small-angle X-ray scattering; nanoparticles

1. Introduction

Fine-tuning the optical properties of glass ceramics with embedded optical nanopar-
ticles, as well as synthesizing novel vitreous composite materials, can extend their appli-
cability and functionality and show novel methods for their technical applications [1,2].
Transparent glass ceramic materials [1-5] are widely used to increase the efficiency of solar
cells as near-infrared light sources, in optical glass fibers and sensors and in elements
for laser technology [6,7]. First of all, this is due to the formation of non-linear optical
properties [2,8,9] in glass-based materials. Their chemical and thermal stability, and ability
to finely control the optical properties and structural characteristics of nanoparticles during
synthesis, were reported [5,10,11].

Rare-earth (RE) ions are optically active elements that are sources of effective lumines-
cence, and nanoparticles doped with these ions are characterized by high quantum yields,
wide possibilities of tuning optical properties, and noticeable suppression of the effect of
concentration quenching [12]. Therefore, luminescent glasses and glass ceramics based on
rare-earth ions with a stoichiometric or non-stoichiometric composition are a promising
replacement for phosphor single crystals [13].

The formation of predominantly amorphous PbF2 nanoparticles and clusters in the
glass matrix is observed [5,14]. The nanoparticles form complex fractal-like structures
consisting of semi-regular arrangements that resemble concentration bunches inside the
glass material. The PbF; nanoparticles doped with different RE ions embed well in a glass
matrix, which is a source of their optical properties, and greatly enhances the emission
yields of the corresponding optical materials. The PbF; nanoparticles are clustered in
complex aggregates of sizes 10-30 nm [5]. Recently, it was shown that PbF, nanoparticles
can be doped with RE ions up to a high doping level of 10 wt.% without luminescence
yield losses [15]. The optically active nanoparticles could be formed based on the density
fluctuations in the glasses, which can definitely affect the structural properties of the PbF,
nanoparticles. Moreover, the glasses and associated glass fibers doped with RE ions have
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certain advantages, such as a low melting temperature [5] and high ultraviolet resistance.
From this point of view, the up-conversion luminescent glass ceramics with PbF, nanopar-
ticles are of particular interest [15-18]. These glass materials have potential applications in
the fields of emission displays, cathode-ray tubes and solid-state lighters. The phenomenon
of up-conversion luminescence is the joint radiation of a multicomponent system through
sequential optical transitions between various optically active ions [14-21]. Thus, as an
example, one can cite the processes of up-conversion luminescence of PbF, nanoparticles
doped with Yb%* and Eu3* ions, in which the emission of infrared radiation is observed dur-
ing optical pumping of Yb®* ions from the energy levels of Eu* ions [18-20]. During the
high-temperature treatment, crystallization of the nanoparticles of PbF; from concentration
bunches exists [14]. The crystalline nanoparticles are host systems for rare earth elements
that provide the conditions for up-conversion luminescence [18]. At the same time, the
growth and uniform distribution of these nanoparticles inside the glasses are proposed. The
uniform distribution of nanoparticles is the reason for the suppression of the concentration
luminescence quenching characteristic of large clusters of nanoparticles [5,14,17]. Both
the crystallization and uniform distribution of nanoparticles determine the high intensity
of luminescence observed in the glasses. The combination of RE ions as joint activators
of optical centers with up-conversion luminescence excitation mechanisms enhances the
optical properties of the glass ceramics [15,18].

For transparent glass ceramic materials, the efficiency of up-conversion luminescence
depends not only on the type and concentration of optically active RE ions but also on the
type and composition of the glass matrix [5,10,14,18], the chemical nature of the formed
nanoparticles, and thermal treatment modes [14]. It should be noted that an important prob-
lem in the development of glass-nanoceramics is the optimization of the glass composition,
which has effects on the spectral-optical properties of the system. Furthermore, the stability
of the glass materials is required when introducing fluorides and oxides of RE elements
with a molar concentration of a few percent [3,16,17]. Recently, interest in the studies of
oxyfluoride and germanium-gallium glasses doped with thulium and holmium ions has
grown [19,21,22]. These ions have optical transitions in the infrared region with a high
energy transfer efficiency of the Tm3*-Ho3" process during up-conversion luminescence.
The presence of holmium ions in glass nanoceramics makes these materials promising for
infrared laser sources with a wavelength of 2 um [21]. Currently, much attention is paid to
optimizing the synthesis of such glass ceramics by selecting the optimal ratio of RE ions for
the realization of up-conversion luminescence. Previous studies of germanium-gallium
glasses with Tm>* /Ho?" ions indicate a maximum efficiency of up-conversion lumines-
cence of 63% at an initial relative concentration of oxides of 70 Tm,0O3,15 Ho,O3 [21]. It
is known that the formation of luminescent nanoparticles in silicate composite systems is
associated with the chemical processes between oxides of RE elements and components of
the glass matrix [5,14]. However, the structural mechanisms of nanoparticle formation in
the glass matrixes are studied less.

It is known that the effectiveness of up-conversion luminescence correlates with the
nanoparticle structural characteristics, and the growth of nanoparticles depends on the
conditions of glass thermal treatment [14]. From the position of the broad peak on the small-
angle neutron scattering curves, it is possible to roughly estimate a shift in the average
characteristic distance between clusters in the glass ceramics. Those distances increase
by factors of 2-3, which can indicate an increase in the spacing between clusters in the
glasses [14,18]. Taking into account the practical aspect of developing glass ceramics based
on mixed oxide—fluoride glass matrixes as well as the interest in up-conversion luminescent
materials, our work is directed to studying the structural aspects of the formation of
nanoparticles containing Tm** and Ho?* ions in mixed oxyfluoride glasses using small-
angle X-ray scattering and X-ray diffraction methods.
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2. Materials and Methods

The main problem in the development of transparent glass ceramic materials is the
optimization of the initial glass composition, which, on the one hand, imparts high spectral
luminescence properties, and, on the other hand, the stability of the vitreous state upon the
introduction of fluorides and oxides of different RE elements with molar contents of several
percent [5,14,17]. A small addition of thulium oxide improves the color properties of the
up-conversion luminescence. The Ho** and Tm>" ions have been chosen because this joint
activation may enhance the color characteristics of the luminescence of the glass ceramics
due to the diversity of possible mechanisms of excitation of up-conversion luminescence
with the participation of pairs of ions Ho**~Tm3*. The parent glass matrix is the mixed
oxyfluoride vitreous system 2.25i0,-1.3GeO,—6.9PbO-7.6PbF,—2CdF;—xHo0,03-y Tm,Os.
The introduction of Ho,O3 and TmyO3 oxides in a certain molar range was performed
(Table 1). The selected concentration range of HopO3 corresponds to the maximum efficiency
of up-conversion luminescence in similar glasses [21,23]. Structural studies of glasses
doped with a variety of optically active nanoparticles are quite complex tasks due to
the possible interaction between the nanoparticle elements and the vitreous material. A
lead-containing glass matrix has been chosen to provide the light fusibility of the vitreous
system. In particular, the introduction of reagents PbO and PbF, as glass-formers is a
source of components for PbF;, nanocrystal formation at lower temperatures of ~400 °C and
a reduction of the temperature of glass synthesis to 900 °C. CdF, is an additional source of
fluorine. It should be noted that in the first step, thoroughly mixed components of glass
were fritted to reduce the evaporation of fluorine.

Table 1. Concentration of rare-earth oxides. The oxides concentrations are presented in the molar

percent.
Sample Label Ho,03 Tm,03
N1 0.6 -
N2 0.08 0.8
N3 0.4 0.8
N4 0.6 0.8
N5 - 0.8

The synthesis of glass was performed using traditional technology by melting a
mixture that was prepared from pure chemical reagents. All reagents were mixed in cor-
responding proportions and homogenized by milling. The thoroughly mixed charge was
placed into the corundum crucibles, which were put into an electric furnace. The synthesis
of glasses was performed at a temperature of 950 °C, with exposure at maximum tempera-
ture for 30 min. The short period of 30 min is sufficient to complete the homogenization
and refining of the glass sample. Glass components are fritted to reduce the evaporation of
fluorine. We believe that the fluorine evaporation is less because the studied glass is fusible.

The glasses were annealed in the electric muffle furnace at 300 °C for 3 h. The X-ray
diffraction data have confirmed the amorphous nature of the obtained glass materials. The
glasses were heat-treated at 350 °C for 30 h + 360 °C for 50 h in order to form the PbF,
nanoparticles [5,14].

Small-angle X-ray scattering (SAXS) is a useful technique for nanoscale structural
characterization of glass materials [24,25]. In SAXS, structural and spatial information
is indirectly obtained from the scattering intensity in the spectral domain, known as the
reciprocal space [26]. Therefore, characterizing the structure requires solving the inverse
problem of finding a plausible structure model that corresponds to the measured scattering
intensity. Small-angle X-ray scattering experiments were performed with a Xeuss 3.0
instrument (XENOCS SAS, Grenoble, France). The radiation was generated by a GeniX3D
source (Mo-Ko edge, A = 0.71078 A). Small-angle X-ray scattering curves were obtained
using an Eiger2 detector at different sample-detector distances from 1 to 4 m. The thickness
of the glass samples was 1 mm. The SAXS data were corrected for empty container data.
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The analysis of small-angle scattering data was performed in the software package SasView
(Version 5.0.6) [27].

The crystalline phase of the up-conversion luminescent nanoparticles in the glass
matrix was studied using the X-ray diffraction method with the same Xeuss 3.0 device
in diffraction mode, with the detector position at a distance of 0.5 m from the sample.
We assumed that the crystal phase relates to the cubic phase of 3-PbF, with space group
Fm3m [5,15].

3. Results

The SAXS curves of the studied glass materials are shown in Figure 1. The scattered in-
tensity was detected as a function of the momentum transfer modulus g = (47t/A)sin, where
0 is the scattering angle and A is the incident X-ray wavelength [25]. The obtained curves
for all samples are similar and have a typical shape for disordered glass systems [5,14,24].
There are small changes in the degree of slope of the curves and their shape, which may
correspond to a change in the fractal dimensions of scattering objects. Figure 1b shows the
Guinier plots {In(I(g)), g°}, which provide the radius of inertia Ry of the scatterers [24,25].
The glass sample behavior exhibits a non-linear trend towards low g, where aggregation
is detected by an upward curve, whereas a downward curve will be typical of particle
repulsion [24]. It can be seen that, with an increase in the content of thulium oxide Tm;O3,
there are noticeable changes in the Guinier graphs, which may indicate a clustering or
aggregation of smaller particles [23,24]. On the other hand, the model of several scatters
will be correct [5,14]. In this model, when the content of oxides increases, an increase in the
average size of large particles or aggregates is expected. Therefore, to analyze the SAXS
data, we used a two-particle model, which postulates the contribution to SAXS curves from
luminescent nanoparticles, most likely PbF,:Tm-Ho [14], and from fluctuations in density
inside the glass matrix [10]. This model has been used previously in studies of other glass
systems [5,14,28].

1(q), (a.n.)

0.006 0.008 0.01 0.012 0.014 2.5x10° 1.0x10¢ 2.2x10~* 4x107*

g, (A1) q’ (A—z)

Figure 1. SAXS curves of the studied glass materials and their approximation by function (a). Guinier
plots for the SAXS experimental data (b).

Therefore, the obtained SAXS curves were approximated by using the exponential-
power law model of Beaucage [29,30]. Those approaches to the analysis of small-angle
scattering describe scattering from complex systems that contain multiple levels of related
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structural features. It should be noted that even in the absence of nanoparticles in the glass
matrix, glass density heterogeneities of different natures can act as scattering objects. The
scattering intensity from a system of two scatters is represented by the following expression:

U Rézzl —q2R§1 1\" _quéz —q2R§2 1\"
T —|— Blexp T (q*1> + Gzexp T + B2eXp T <q*2> 7 (1)

where the coefficients Gy, Gy, B1 and B, and the degrees at exponents P and P, are the
fitted parameters for the first and second structural levels, respectively. The radius of
gyration Rg; and Rg, correspond to the main parameters of the sizes of scattering objects.
The functions g} and g3 in a power function are normalized as:
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where ki and k; are empirical coefficients. The values of the gyration radius Rg; and
Rgy are correlated with fluctuations in the density of glass [10] and with the PbF,:Tm-Ho
nanoparticles, respectively.

The calculated values of the power-law exponents P; and P, obtained from fitting
SAXS data by using Equation (1) are associated with the fractal dimension of the nanostruc-
tured system [24,31]. A power-law exponent in the range between 1 and 3 corresponds to
mass fractals [24,25], one between 3 and 4 indicates surface fractals and between 4 and 6
is a diffuse surface. It is evident that the fractal dimensions of the observed nanoparticles
PbF,:Tm-Ho vary slightly within the range Py = 3.0 =+ 3.6, which can correspond to some
estimated nanoparticles with a smooth, sharp interface [24,31]. At the same time, the slope
degree P; of the SAXS curve related to the density fluctuations does not exceed 3, which
corresponds to the mass fractals. Large regions of density fluctuations of the glass material
are formed in the glass matrix and are governed by the essential features of the chemical
interaction of the glass components [10,14]. The observed density fluctuations of the glass
material can serve as nucleation centers [15] for the nanostructured particles PbF,:Tm-Ho.

The results of the approximation of the experimental data by the function (1) are
shown in Figure la. The calculated size variation of the density fluctuations and formed
nanoparticles is shown in Figure 2a. It can be noted that, in heat-treated glasses doped
with thulium and holmium ions, the nanoparticles of 42-46 nm in size (Figure 2b) are
formed in a spherical approximation, where the diameter of the nanoparticles is calculated
asD=2(5/3)" 2R, and the average sizes of density fluctuations in the glass matrix grow
from 204(2) nm for sample N1 to 324(3) nm for sample N5.

Interestingly, as the relative concentration of Tm;O3/Ho,03 oxides increases, both
the average size of nanoparticle clusters and the glass density fluctuations are growing.
It can be explained that rare-earth ions are localized not only in nanoparticles but also in
the glass matrix in the form of oxides [5,14]. In order to estimate the average size ranges
of both glass density fluctuations and nanoparticles, approximations of SAXS data using
functions (1) and (2) were used. The SAXS technique is much superior when considering
the determination of the size distribution on a several-nanometer length scale for opaque
solutions and for solid specimens [31].

Scattering comprises not only contributions from the regularity of the space-filling
ordering of particles but also from a single particle. The particle scattering can be mathemat-
ically formulated depending on the type of particle shape. In block copolymer microdomain
systems, the Gauss distribution of the particle size has been assumed [24,31]. Only recently
has direct determination of the discrete size distribution been available by fitting the
theoretical scattering function to the experimentally obtained SAXS profile [27].
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Figure 2. The values of the gyration radii Rg1 (red close squares) of the density fluctuations and Rg2
(blue open square) of nanoparticles, which were calculated from the analysis of the SAXS data for
the studied glass materials. The obtained values are normalized to the corresponding values for N1
sample (a). The distribution of average sizes of nanoparticles in the studied glass samples obtained
by Equations (3) and (4) (b).

The paired distribution function of nanoparticles of intermediate size, having a finite
maximum size Dmax, was approximated by a linear combination of a finite number of N
cubic B-splines uniformly distributed in the range from 0 to Dpax:

N

p(r) =Y aigi(r) 3)

i=1

where g; is the coefficient of the i-th cubic B-spline, ¢;(r) [31,32]. The upper limit of
the values of the parameter 7, included in the inverse Fourier transform, was chosen in
such a way that the function p(r) smoothly tends to 0 for large values of r. Using the
above-mentioned mathematical apparatus, it is possible to estimate the paired distribution
function for a system of non-interacting aggregates. Based on the obtained dependencies
p(r), it is possible to determine the radius of gyration Rg, which characterizes the size of

intermediate nanoparticles:
D 1/2
B lfo rzp(r)dr]

s fOD p(r)dr

The results of the analysis are shown in Figure 2b. It can be seen that the average size
of nanoparticles in the spherical approximation [31,32] shifts to the region of large sizes,
although the width of the distribution does not change significantly. Interestingly, the slope
of the SAXS curves practically does not change, and its average value is « = —5.1(5). This
indicates that the fractal dimensionality and morphology of the nanostructured components
of the heat-treated glasses are preserved.

As an important aspect, the structural mechanisms of PbF,:Tm-Ho nanoparticle for-
mation can also be explained by the detection of the crystalline or amorphous state of the
luminescent nanoparticles. X-ray diffraction patterns for the studied glass samples are
shown in Figure 3. All diffraction patterns obtained have a typical shape for scattering from
amorphous materials. However, on the X-ray diffraction pattern corresponding to samples
N2, N3 and N4, the appearance of several diffraction peaks is observed. The positions
of the observed diffraction peaks correspond to the cubic structure with Fm3m symmetry
and indicate the PbF; phase [5,14]. We believe that the rare-earth ions became embedded
in crystals of PbF, because the unit cell parameter of this phase changes slightly with
increasing thulium and holmium oxide concentration, which indicates the entry of Ho>*

4)

29



Ceramics 2023, 6

and Tm>* ions into the crystal structure of the luminescent nanoparticle PbF,:Tm-Ho. Here,
it is declared that the spectral characteristics of up-conversion luminescence correspond to
those related to the cubic crystal structure of PbF; crystal [4,33].

Intensity, (a.u.)

(220)

PhEa

10

15 20 25 18 20 22
20, °

Figure 3. X-ray diffraction patterns of heat-treated glasses. The diffraction peaks of cubic phase
PbF,:Tm-Ho are indicated by Miller indices (a). The enlarged section of the diffraction pattern in
scattering angle range 18-22°, where the diffraction reflex (220) of the cubic phase PbF,:Tm-Ho is
detected (b).

Based on the obtained experimental data, the following structural mechanism of
nanoparticle formation in the heat-treated glass can be proposed. As previously assumed [5,10,19],
the density fluctuations in the glass materials can serve as the nucleation centers for the
oxide nanoparticles PbF,:Tm-Ho. At low concentrations of the initial oxides Tm;O3 and
Ho,03, complex amorphous nanostructured structures, or aggregates, are formed. The
nanoparticles form complex branching structures consisting of regular fractal arrangements
of clusters inside the glass material. With increasing oxide concentration, the formation of
a crystalline phase of PbF, nanoparticles with changes in the local environment of the glass
matrix is observed. These crystallized PbF, nanoparticles are a host system for rare-earth
Tm3* and Ho®" ions, whose entry into the cubic crystal lattice of PbF, provides conditions
for up-conversion luminescence [4,5].

4. Conclusions

The structural features of nanoparticle formation in heat-treated mixed oxyfluoride
glasses have been studied using small-angle X-ray scattering and X-ray diffraction methods.
It has been established that nanoparticles, presumably PbF,:Tm-Ho with sizes of 42-46 nm,
are formed at the selected heat-treatment mode. An increase in the average size of the
density fluctuations in glass from 204(2) to 324(3) nm is observed. With an increase in
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the concentration of Ho,O3 and Tm,O3 oxides, the average sizes of nanoparticles and
the sizes of local areas of density fluctuations both increased. The obtained structural
information will be useful for the analysis of the optical properties of nanostructured
up-conversion-luminescent glass ceramics.
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Abstract: The effect of partial SiO, substitution with Al;O3 and B,O3 on the thermal properties and
crystallization of glass sealants in the (50 — x)SiO;-30BaO-20MgO-xAl,O3(B,03) (wt %) system is
studied. It is established that the coefficient of thermal expansion of all obtained glasses lies within
a range of 8.2-9.9 x 107% K~!. Alumina-doped glasses crystallize after quenching, while samples
containing boron oxide are completely amorphous. Magnesium silicates are formed in all glasses
after exposure at 1000 °C for 125 h. After 500 h of exposure, a noticeable diffusion of zirconium ions
is observed from the YSZ electrolyte to the glass sealant volume, resulting in the formation of the
BaZrSizOy compound. The crystallization and products of interaction between YSZ ceramics and
boron-containing sealants have no significant effects on the adhesion and properties of glass sealants,
which makes them promising for applications in electrochemical devices.

Keywords: glass; glass—ceramic; sealant; yttria-stabilized zirconia; microstructure; crystallization;
SOFC

1. Introduction

Yttria-stabilized zirconia (YSZ) is widely used for various high-temperature devices,
including gas sensors [1,2], fuel cells [3], and electrolyzers [4]. YSZ-based gas sensors are
applied in various fields from medicine to the control of vehicle exhaust emissions [5]
due to the high sensitivity to such gases as NOy, CO, Hj, and hydrocarbons [6]. High-
temperature annealing is frequently used to combine the sensor’s parts [7] and create
tight contact. Another approach to sensor assembling implies the application of inorganic
binders, mainly a mixture of liquid glass and alumina powder [5,8]. Despite the fact
that glass sealants are the least spread for electrochemical sensors, there are some studies
indicating the perspective of such an approach [9]. In addition, glass sealants are the most
suitable for sensors operating at high (above 1000 °C) temperatures, which is confirmed
by the latest developments of the company Schott (Germany) (one of the largest sealant
manufacturers on the international market), who presented a high-temperature sensor
for monitoring the composition of car exhaust gases, assembled using a glass—ceramic
sealant (data on the glass—ceramic high-temperature sealant HEATEN produced by Schott
(Germany) can be found at https://www.schott.com/en-gb/products/heatan-p1000279
/technical-details?tab= €5001c8e5b8b497997de6e65e33174f5, accessed on 21 June 2023).

As mentioned above, YSZ is widely used for a number of high-temperature devices,
including oxygen pumps [10,11]. Oxygen pumps require tight sealing that can be reached
by glass application [12-14]. In addition, high-temperature glass and glass—ceramic sealants
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are required to seal laboratory cells when conducting different experiments [15,16]. In
addition to oxygen pumps, solid oxide fuel cells (SOFCs) are one of the common high-
temperature devices widely using glasses and glass—ceramics as sealing materials [3].

Barium silicate glasses are the most widespread glass and glass—ceramic sealants due to
their good stability at high temperatures, high mechanical strength, appropriate coefficient
of thermal expansion, and low electrical conductivity [17-19]. The properties of glass
sealants can be controlled by changing the glass composition [20-22] and the introduction of
filles into the glass matrix to obtain composites [19,23,24]. Several scientific groups studying
barium-containing and barium-free glass sealants and led by the following scientists can
be mentioned: K. Singh and G. Kaur [20,25,26], F. Smeacetto and A.G. Sabato [27-29], X.
Wang and Y. Dong [19,30,31], and A. Kuzmin and N. Saetova [32-35]. However, the sealant
compositions presented in the cited studies are complex and contain more than four oxides.
In this study, we aimed to develop glass sealants of less complex compositions containing
three main oxides (S5iO;, BaO, and MgO) and small amounts of additives (to 4 wt %). In
addition, the developed glass sealants are expected to be used not only for SOFC joints, but
for sealing oxygen pumps, which can be sealed at higher temperatures than SOFCs.

The choice of glass components is conditioned by their role in the glass network and
their effect on glass properties. Thus, SiO; is a glass former [22,36], and BaO and MgO
are modifiers increasing glass transition and softening temperatures, which is vital for
high-temperature applications and CTE value [22,36]. B,O3 (a glass-forming oxide) was
added to improve wettability and suppress crystallization [20,36]. Al,O3, which can act as
both a glass former and modifier depending on the concentration, was also introduced to
suppress crystallization [20,36] and increase the long-term stability of the sealant [22,36].
The introduction of small amounts of additives is believed not to affect the glass properties
dramatically (for instance, CTE and sealing temperature), but to impact the crystallization
behavior of glasses and their stability under high temperatures. It should also be men-
tioned that, unlike other studies [37-40], the sealants under investigation contain both BaO
and MgO.

This work is devoted to the investigation of the effect of the partial substitution of
silica in the (50 — x)SiO,-30BaO-20MgO-xAl,O3(B,03) (wt %) with Al,O3 and B,O3 on
the thermal properties and crystallization of glass—ceramic sealants for high-temperature
applications. The choice of glass composition is based on previous studies that utilized the
45510,-15A1,03-25BaO-15MgO (wt %) glass for oxygen pump sealing [41].

2. Materials and Methods

(50 — x)Si0;-30BaO-20MgO-xAl, O3 /B,O5 (wt %) glasses were obtained by melting
the stoichiometric mixtures of SiO,, BaCO3;, MgCOs;, Al,O3, and B,O3 (99.99% purity)
in alundum crucibles at a temperature of 1500 °C, followed by pouring the melt into a
glassy- carbon mold. Annealing was performed at a temperature of Tg—50 °C for 1 h,
and then the glass was cooled naturally in a furnace to room temperature. The chemical
composition of the obtained glasses was determined by atomic emission spectroscopy
(AES) using an Optima 4300 DV (Perkin Elmer, Waltham, MA, USA) spectrometer with an
accuracy of 2-3%. The phase composition of the glasses and glass—ceramics was studied by
X-ray diffraction (XRD) using an XRD-7000 (Shimadzu, Kyoto, Japan) and a D/MAX-2200
(Rigaku, Tokyo, Japan) diffractometer with Cu-Ky (A= 1.5418 A) radiation. XRD patterns
were collected at room temperature in a 20 range from 10 to 80° with a scanning step of
2 °/min.

To study the thermal expansion of the obtained materials, samples were cut out of as-
cast glasses and glass—ceramic samples were prepared by the compaction of glass powders
followed by sintering at 1050 °C. The measurements were conducted in temperature ranges
of 50-800 °C (cut samples) and 50-720 °C (compacted samples) using a quartz dilatometer
with a TT-80 (Tesatronic, Renens, Switzerland) meter with an accuracy of 0.01 pm; the
heating rate was 2 °/min.
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Hot-stage microscopy (HSM) was applied to study the sealant behavior under heating
by means of an ODP 868 (TA Instruments, New Castle, DE, USA) optical dilatometry
platform; the measurements were conducted in a heating microscope mode with a rate of
2 °/min. Samples were obtained by the compaction of glass powders; YSZ ceramic was
used as a substrate. The glass transition and crystallization temperatures were determined
by differential scanning calorimetry (DSC) using a 449 F1 Jupiter (Netzsch, Selb, Germany)
simultaneous thermal analysis device. The following measurement conditions were set:
platinum crucibles, a temperature range of 35-1100 °C, air atmosphere, and a heating rate
of 10 °/min.

The glass powder mixed with ethyl alcohol was applied onto the YSZ surface to study
the behavior of the sealant in contact with joined materials. Then, the samples were heat
treated by the sealing mode (temperature of 1240 °C, 10 min, heating rate of 2 °/min) in
an oxidizing atmosphere and cooled to room temperature in a furnace. The morphology
of YSZ-sealant-YSZ sealed samples was studied by scanning electron microscopy (SEM)
and energy dispersive spectroscopy (EDS) using a JSM-6510 LV (JEOL, Tokyo, Japan)
microscope equipped with an Inca Energy 350 (Oxford Instruments, Abingdon, UK) energy
dispersive spectroscopy system with an X-max 80 detector. Cross sections of samples
were obtained by epoxy impregnation, followed by grinding and polishing using a P12Sb
(Polilab, Moscow, Russia). SEM images were obtained in backscattered electron (BSE) mode
to provide a contrast between the glass matrix and crystallized phases.

3. Results and Discussion

Table 1 presents the nominal glass compositions and those determined by AES. In
general, the real compositions of the glasses are close to the nominal ones and the differences
are within the method error. However, there is an interaction between alundum crucibles
and glass melts, which is seen in the Al,O3 content.

Table 1. Nominal and real (AES) compositions of glasses in the (50 — x)SiO,-30BaO-20MgO-
xAl,O03(B03) system (wt %).

Sample SiO, MgO BaO Al,O3 B,O3
3B 47.0 20.0 30.0 - 3.0
3B AES 46.3 17.9 314 1.8 2.6
3A 47.0 20.0 30.0 3.0 -
3A AES 43.9 20.2 32.1 3.8 -
4B 46.0 20.0 30.0 - 4.0
4B AES 45.7 21.7 274 1.6 3.6
4A 46.0 20.0 30.0 4.0 -
4A AES 449 18.4 31.8 4.9 -

The XRD patterns given in Figure 1 demonstrate a broad halo typical of glasses. The
appearance of a less pronounced halo near 40° in addition to the main halo observed in an
angle range of ~20-30° could be connected with a phase separation [42].

After quenching, the samples doped with alumina demonstrated visible separation
in the transparent (lower part) and opaque (upper part) layers, which is schematically
demonstrated in Figure 1. To determine the phase composition of each part, the obtained
glasses were cut, the separated parts were powdered, and XRD patterns were then collected
(these patterns are given in Figure 1). According to the XRD patterns collected from the
transparent and opaque regions of 4A glass (Figure 1), some XRD peaks indicating the
presence of crystalline phases are seen in the opaque glass, while its transparent part is
amorphous. The crystalline phase can be identified as magnesium silicate Mg,5iO4 (PDF
card no. #078-1369). Glasses doped with boron oxide were homogeneous and transparent
and demonstrated no visible phase separation or crystallization.
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Figure 1. XRD patterns of as-cast 465i0,-30BaO-20MgO-4Al,O3 glass taken in different glass areas.

To obtain detailed information regarding phase separation in the 4A sample, its cross-
section was studied by means of SEM and EDX. Figure 2a,b present SEM images with
clearly pronounced areas in the glass volume consisting of needle-like crystals and broad
light and dark bands. Since the images were obtained in the backscattered electron (BSE)
mode, it can be assumed that the chemical composition of the mentioned regions differs,
which is confirmed by the EDX mapping data. Since this method is insensitive to boron,
some inaccuracies might appear during the EDX study. However, considering that the
maximum boron content in the studied glasses is 4 wt % and EDX is the only method
that can be used to characterize the phase composition of sealed glasses near the sealant—
material interface, it was assumed that, in this case, boron could be excluded from further

consideration without any significant loss in accuracy.

Figure 2. SEM images and element distribution maps for 4A as-cast glass: a —scale 500 pm, b — scale
100 pm, ¢ - SEM images and element distribution maps. The scale of all maps is the same.
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As seen in the element distribution maps given in Figure 2c, needle-like crystals can
be attributed to manganese compounds, which correlated with XRD data (Figure 1), darker
areas are enriched with silicon, and lighter areas possess an increased barium content.
Thus, it is obvious that phase separation and crystallization occur during melt cooling after
quenching. The boron-containing glasses do not show phase separation and crystallization
after melt cooling.

When glasses are used as sealing materials, the thermal properties of the materials
being joined and the operation temperatures must be considered. In this study, the sealants
have been developed to join construction elements made of YSZ ceramics for which the
value of the coefficient of thermal expansion (CTE) is ~9-10 x 1076 K~ [32]; this ceramic
is used for oxygen pumps and sensors operating at rather high temperatures up to 1100 °C.
The thermal characteristics of the glasses determined by DSC, dilatometry, and hot-stage
microscopy are given in Table 2. It should be mentioned that the softening temperature (T;)
determined by HSM is surprisingly high and its value is far beyond the range between T
and T, which is typical of glasses [43]. This might be explained by the crystallization of
the studied samples during slow heating (2 °/min), leading to shifting all characteristic
temperatures towards high temperatures.

Table 2. Thermal properties of (50 — x)SiO,-30BaO-20MgO-xAl,O3(B,O3) (wt %) glasses.

HSM, °C (£10 °C) DSC, °C (£2°Q) CTE x 106 K1 (£0.1)
Sample
Ts T, T, Bulk Pressed
3A 1170 740 915 8.4 9.4
4A 1130 740 930 8.7 8.2
3B 1150 725 910 8.3 9.5
4B 1200 720 925 9.5 9.9

Ts—softening temperature.

As seen in the DSC data, the glass transition temperatures (Tg) of the boron-containing
glasses are lower than those of the glasses doped with alumina. An increase in the con-
tent of both boron and aluminum oxides results in a slight growth of the crystallization
temperature (T). It should be mentioned that in all cases, the crystallization tempera-
tures are significantly lower than presumable operating temperatures; therefore, intense
crystallization might be expected during sealing and running.

Figure 3 presents the temperature dependences of the linear expansion of YSZ ceramics,
as-cast glasses, and glass—ceramic samples obtained by pressing glass powders followed
by sintering at 1050 °C. Typical dilatometric curves of as-cast glasses are shown in the
example of 4A and 4B samples. Given that glasses usually soften at lower temperatures
than glass—ceramics, the measurements of the glass samples were carried out in a narrower
temperature range. In general, all studied glass sealants have good compatibility with
YSZ ceramics in terms of thermal expansion. It should be mentioned that in the studied
temperature range, a dome typical for the dilatometric curves of glasses is seen only for
the 4B glass, which might be connected with the insufficient maximum temperature of the
experiment or with the partial crystallization of the glasses during heating, which affects
the curve shape. The values of CTE given in Table 2 were calculated in a temperature
range of 50-500 °C. The CTE values of the glass—ceramic samples are slightly higher than
those of glasses in most cases, except for the 4A composition. A greater CTE value of glass
(8.7 x 107° K1) compared with glass—ceramics (8.2 x 107 K1) might be connected
with the appearance of crystalline phases with a low CTE value during the glass—ceramics
sample preparation.

37



Ceramics 2023, 6

0.010

0.009 - ——4B glass P
s 4B glass-ceramic
0.008 ——4A glass 4
1 === 4A glass-ceramic f e
0.007 - y T Ty
| / T WS

0.006

ALIL,

0.005
0.004
0.003

0.002

1 v 1 N 1 N 1 N 1 N 1
300 400 500 600 700 800
Temperature, °C

Figure 3. Curves of relative elongation of as-cast glasses, glass—ceramics, and YSZ ceramics.

According to XRD patterns collected after the sintering of pressed samples at
1050 °C (Figure 4), the 3B sample demonstrates the lowest tendency to crystallization:
its crystallization degree was 15.1%, while that value was 79.2, 62.3, and 69.7 for samples
3A, 4A, and 4B, respectively. The percentage of crystalline phases was roughly estimated
using the method described by Pardo [44] with an accuracy of +2.5%. According to
the phase identification, BaMg,Si;O7 (CTE~10 x 10~ K1) [45], MgSiO3, and Mg,SiO,
were found.

3A

! 3B
MMMM
M N 4B

BaMg,Si,0,

Intensity, a.u.

1 R || | T R | I | (i il ‘ R T O | i .
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Figure 4. XRD patterns of (50 — x)SiO,-30BaO-20MgO-xAl,O3(B,03) glasses sintered at 1050 °C for
10 min. BaMg,Si,O7 (PDF#10-0044), MgSiOs (PDF#018-0778), Mg,SiO4 (PDF#078-1369).

The behavior of the glasses under heating was studied using hot-stage microscopy,
allowing the tracking of sintering, softening, sphere formation, and melting [46]. However,
only the sintering temperature can be clearly determined for the studied samples, while
further shape change is less pronounced. As seen in the HSM images given in Figure 5,
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the formation of a sphere typical of glasses [43,47,48] was not observed for some samples,
and a shape change corresponding to melting appears after softening. This might be
connected with the fact that the softening temperature (1140-1200 °C) is higher than the
crystallization temperature (Table 2) and glass—ceramic samples with a high crystallinity
degree are formed, which affects the sample behavior under heating.
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Figure 5. Hot-stage microscopy images for 4B and 4A samples.

As a rule, the sealing temperature is chosen based on the hot-stage microscopy data
(when this method is used), and two approaches to its choice can be considered. If the
sphere formation temperature is chosen as the sealing temperature, the sealing time is
increased; if the half-sphere formation temperature is chosen as the sealing one, the sealing
time is reduced [49]. However, this is impossible for the glasses under investigation due
to intense crystallization causing the unusual behavior described above. Therefore, a
temperature of 1240 °C was chosen empirically (based on the results of the experiment
consisting of the measurement of wettability angles using cross-sections of YSZ-sealant
samples [50]); the same sealing temperature was used for all glasses to reliably compare
their crystallization during heat treatment.

Figure 6 presents the typical XRD patterns of YSZ-sealant on the examples of sam-
ples containing 3 wt % Al,O3 and B,O3. The samples were treated by the sealing mode:
heating to 1240 °C with a rate of 2 °/min, exposing for 10 min, and natural cooling to
room temperature. Then, the samples were put in a furnace, heated to 1000 °C, and
kept for 125, 500, and 1000 h. As is seen, the main crystallization occurred during
125 h of exposure, which is typical for glasses [28,51,52], and further exposure did not lead
to noticeable changes in the XRD patterns. The XRD peaks were attributed to enstatite
(MgS5i03), forsterite (Mg)SiOy), and YSZ substrate (30, 50, and 60°). It is worth noting that
the BaMg,5i,O; compound found after sample sintering for CTE measurements (Figure 4)
was not observed, which might be connected with its instability under sealing conditions.
It should be noted that barium silicate glasses tend to the formation of numerous phases
during crystallization, which could undergo phase transitions [51,53,54]. Therefore, the
phase identification in such glasses using only XRD analysis is complicated.

39



Ceramics 2023, 6

EI 3AT,
3A 125h
w A, L
3A 500h
= Mw A
(0]
> 3A 1000h
g —— A A «.A_‘LAJ A Jk ol s
[0
= MgsSio,
| Mg,SiO,
l l | W A s %
‘ | Ysz
T T T - T T T 1
10 20 30 40 50 60 70

20,°

@ 7<.4—"AJ\\—~LA\_J“,\_/_ 3 B Tj.

3B 125h

; 3B 500h
>
m' woheu 2 Jl AA Kk A APz i O e
> 3B 1000h
C
2 MgSiO,
=
Mg,SiO,
| 1 f ‘ || wll § ‘\. o am g sadl "
YSsz
r T T T T T  §
10 20 30 40 50 60 70

20,°

Figure 6. XRD patterns of YSZ-sealant samples of 3A (a) and 3B (b) glasses after heat treatment
by the sealing mode and exposure for 125, 500, and 1000 h at 1000 °C in air atmosphere. MgSiO3
(PDF#018-0778), Mg,SiOy4 (PDF#078-1369).

To study the chemical interaction and crystallization processes, cross-sections of YSZ-
sealant samples were prepared. The microstructure was studied by scanning electron
microscopy in BSE mode because it is sensitive to the atomic weight of elements, and the
crystalline phases of different compositions can be distinguished by contrast.

Figure 7 shows the SEM images and element distribution maps of YSZ—4A and YSZ-
4B samples exposed at 1000 °C for 125 h. The observed inhomogeneity of the element
distribution is caused by the crystallization and phase separation typical for barium-
containing glasses [55] and demonstrated above for alumina-doped samples (Figure 2). In
the presented SEM images, phase separation in glasses is seen from a slight difference in
gray shadows: darker irregular areas can be distinguished in the light-gray glass (examples
of such areas are highlighted in Figure 7). Thus, the darker area near point 1 (Figure 7a)
is enriched with alumina (Table S1) while, the lighter area near point 3 is enriched with
barium. It was also found that in boron-containing samples 3B and 4B, MgSiOj is formed
(Figure 7a, point 2), while both Mg,SiO4 and MgSiO3 appear in alumina-containing glasses
(Figure 7a, spectrum 2 (Table S1) and Figure 8, spectra 6 and 7, Table S1).
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Figure 7. SEM images and element distribution maps of YSZ-3A (a) and YSZ—4B (b) joints after
exposure at 1000 °C for 125 h in air atmosphere. Points 1-3 indicate areas of EDX study (chemical
compositions are given in Table S1). Yellow circles indicate areas with increased alumina content.
The scale of all element distribution maps is similar.

Figure 8. SEM images and element distribution maps of YSZ—4A joint after exposure at 1000 °C for
125 h in air atmosphere. Points 4-7 indicate areas of EDX study (chemical compositions are given in
Table S1). Yellow square indicates the area of the upper SEM image given in higher magnification.
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After exposure of the YSZ—4A sample for 125 h (Figure 8), areas with different chemical
compositions are observed in BSE SEM images. For this composition, uneven phase
distribution is typical: the composition of lighter areas (Figure 8, spectrum 1) is close to
the BaSi;Os5 compound (which can be both amorphous [56] and crystalline) and these
areas are located near the sealant surface. The composition of the dark crystals of similar
shape (spectra 6 and 7, Table S1) is close to the MgSiO3 phase. It should be noted that no
alumina-containing phases were found, which might indicate that it does not contribute to
the phase formation. However, it should be mentioned that since the alumina content in the
studied glass is low (4 wt %), aluminum-containing crystalline phases could be distributed
unevenly and its presence might be missed due to the SEM limitations connected with the
visible area. A thin uniform layer and needle-like crystals are observed near the sealant-YSZ
interface, but their composition cannot be determined by EDX due to the small size.

Figure 9 shows SEM images of YSZ-sealant cross-sections after 500 h exposure at
1000 °C. Triangle-shaped light inclusions are observed in 3B and 4B sealants (Figure 9a,
point 1) in addition to magnesium silicate crystals observed after 125 h exposure. Using
EDX data, it was established that the chemical composition in point 1 (Figure 9) is close to
the BaZrSi3Og9 compound (experimental and theoretical compositions are given in Table 3).
In addition, some amounts of yttria and zirconia were found in the glass volume (point 2).
Obviously, both elements were transferred into the glass matrix due to ion diffusion from
the YSZ ceramics during heat treatment. Although zirconium and yttrium diffusion was
also observed in the case of the 3A and 4A sealants (Figure 9d, points 6 and 7), the formation
of BaZrSi;Og9 was not established. Some changes in magnesium silicate formation can be
mentioned: while MgSiO3 was formed in the 3B and 4B sealants boron-containing glasses
after 125 h exposure, it was not found in the 3B sealant after 500 h exposure. Dark crystals
seen in sealants 3A, 4A, and 3B (Figure 9, points 3 and 4) correspond to the Mg,SiO4 phase,
while Mg,SiOj3 is found in the 4B sample. According to the EDX analysis of residual glass
(points 2, 5, 6, and 7), the glass matrix is depleted with magnesium and silicon, which is
apparently caused by the intense crystallization of manganese silicates.

Figure 9. SEM images of sealant-YSZ interface after 500 h of exposure at 1000 °C in air atmosphere.
Points correspond to the areas of EDX study: a — 3B sealant, b — 4B sealant, ¢ — 3A sealant, and d — 4A
sealant. Points 1-7 indicate areas of EDX study (chemical compositions are given in Table 3).
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Table 3. Chemical composition determined by EDX in points depicted in Figure 9 (wt %) *.

Element (wt %) Ba Mg Si (0] Al Zr Y
1 344 0.3 22.7 422 0.3 20.4 0.4
2 32.2 3.1 24.6 37.2 1.1 1.3 35
3 0.1 32.6 19.2 481 - - -
4 0.8 33.8 20.7 44.7 - - -
5 38.2 3.1 19.9 33.5 54 - -
6 37.5 3.1 241 34.2 1.2 4.1 32
7 41.6 2.6 22.0 329 0.9 8.2 23
Mg,SiOy ** - 34.6 20.0 45.5 - - -
BaZrSiz3Og ** 30.1 - 18.4 31.5 - 20.0 -

*—excluding boron; *—theoretical values.

The further study of yttrium and zirconium diffusion to the glass volume was carried
out using YSZ-sealant-YSZ joints kept at 1000 °C for 1000 h in an air atmosphere (Figure 10).
According to the collected data, no new compounds were formed and the main crystalline
phases are Mg,5iO4 and BaZrSizOg (Table S2). It is clearly seen that despite the similar
phase composition, the distribution of the formed crystal over the glass volume differs
for compositions substituted with boron and aluminum oxides. Thus, the magnesium
silicate crystals formed in boron-containing glasses (Figure 10b) are larger compared
with those in aluminum-containing glasses (Figure 10d), and are more evenly distributed
over the glass volume. It should be noted that no MgSiOs3 crystals were observed after
1000 h exposure, which might be connected with the fact that, in terms of thermodynamics,
Mg, 5iO4 formation is preferable to MgSiO3 formation [57-59]. As for the BaZrSizOg phase,
it was only found in boron-containing glasses (Figure 10a,b). Although the size of the
needle-like crystals located near alumina-doped sealant-YSZ interface increased, it is still
insufficient to determine their chemical compositions using EDX.

Figure 10. SEM images of YSZ-glass—YSZ joints after 1000 h exposure at 1000 °C in an air atmosphere:
a — 3B sealant, b — 4B sealant, ¢ — 3A sealant, and d — 4A sealant. Points correspond to the areas of
EDX study; corresponding chemical compositions are given in Table S2.

To study the Zr?* and Y?* diffusion into the sealant volume, element distribution
profiles were collected on the YSZ-3B (Figure 11a,c,d) samples after 125, 500, and 1000 h
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exposure at 1000 °C and the YSZ-3A (Figure 11b) sample after 1000 h exposure at 1000 °C in
an air atmosphere. As is seen, despite the diffusion, zirconium is unevenly distributed over
the glass volume, which can be explained by its binding into silicates during its interaction
with the glass network. Obviously, the formation of the Zr-containing phase becomes
more pronounced with an increase in the exposure time and the appearance of Zr-enriched
regions is most clearly observed after 1000 h exposure. Nevertheless, some amount of
yttrium and zirconium can be found in uncrystallized vitreous regions (Figure 10, Table S2)
even in boron-free glasses, which allows one to expect Zr-containing phase formation with
an increase in the exposure time.
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Figure 11. Element distribution over the YSZ-3B samples exposed for 125 (a), 500 (c), and 1000 h (d)
at 1000 °C and YSZ-3A sample exposed for 1000 h (b).

Although Zr** and Y3* diffusion into the sealant volume is well known for glasses
containing barium and boron oxides [25,26,42,60], its mechanism has not been unambigu-
ously explained yet. Moreover, less complex reaction products such as barium zirconate
(BaZrOs) [61] are typically formed. According to the BaO-ZrO,-5iO; phase diagram [62],
the BaZrSi3Og compound can be obtained by the co-sintering of corresponding oxides at
1300 °C for 30 h, and it melts congruently at 1450 °C with the formation of BaSi;Os
and ZrSiO4. However, there is some evidence that the BaZrSizOg phase can crystal-
lize in glasses at temperatures below 1300 °C and much lower exposure times [63,64].
Preparing glass—ceramics using the unconventional solid-state method, Bo Li and co-
authors suggest the following equation to describe the barium zirconium silicate formation:
BaO + ZrO, + 35i0, = BaZrSj309 [63,64], which is close to the one proposed by V. G.
Chukhlantsev and Y. M. Galkin [62]. However, even though this equation appears to be
suitable for ceramics and glass—ceramics obtained by sintering, it seems that it cannot be
applied to describe the phase formation during glass crystallization due to the existence of
an extended glass network.

In glasses similar to the ones studied in this work, BaO and SiO; can act as glass
formers, MgO is a network modifier [65], and zirconium can be considered either as a
glass former [66] or a modifier [67]. Therefore, it might be assumed that Zr** jons can
embed into the Si-enriched part of the glass network forming ZrS5iO4 and then react with
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the Ba-enriched part of the glass network, which could lead to the BaZrS;309 formation.
V. G. Chukhlantsev and Y. M. Galkin [62] proved the possibility of BaZrSi3Og formation
through the sintering of BaSi,O5 + ZrO, and BaSi;Os + ZrSiO4 mixtures at 1250 °C for 80 h.
Since the sintering of the BaSi,Os + ZrO, mixture results in the formation of BayZr,Siz O
composition, which was not observed in the studied glass, it could be assumed that
the barium zirconium silicate formation in the glass network might be described by the
BaSiyOs5 + ZrSiOy4 = BaZrSi3Og equation.

Zr** and Y?* diffusion did not worsen the integrity of YSZ-sealant joints and it did
not affect the adhesion to ceramics, which allows the sealants to be applied for the sealing
of zirconia-based ceramics. However, yttrium diffusion from YSZ to glass could cause
cubic — monoclinic transition in ZrO; [68] and the degradation of its surface, which might
lead to joint failure.

All glass sealants passed the long exposure tests and showed good results in adhesion
and thermal compatibility with the electrolyte. The most suitable option for further ap-
plication is aluminum-containing glass because only a slight Zr** diffusion was observed
and they can be expected to provide good sealing at a longer operating time. It should be
mentioned that the behavior of the studied glasses differs from some glasses studied before.
For example, the formation of BaMg,5i,O7 in the phase observed in this work is hardly
discussed in the literature because the formation of Ba,Si3Og, BaSi,Os, and BaAl,Si,Og
phases is more typical for barium-containing glasses [42,43,53].

4. Conclusions

Glasses with different Al,O3 and B,O3 content were obtained in the (50 — x)SiO,-
30BaO-20MgO-xAl,O3/B,03 (wt.%) system. An increase in B,O3 content results in a
decrease in the glass transition temperature, while the introduction of Al,O3 has the
opposite effect. The CTE values of the samples do not depend on the composition, which
may be due to crystallization upon heating. This ensures the long-term stability of the
sealant-YSZ joints.

The crystallization processes in the studied glasses strongly depend on the heat
treatment temperature. Heat treatment at 1050 °C results in the formation of BaMg,5i,07,
MgSiO3, and Mg,5iOy4 phases in all of the studied glass sealants. Al,Oz-containing glasses
show a higher tendency to crystallize.

According to SEM and EDX studies of the behavior of the glass sealant in contact with
YSZ ceramics, a higher tendency of Zr#* to diffuse from the ceramic into the glass volume
is observed for BO3-containing glasses after exposure at 1000 °C. This diffusion results in
the formation of the BaZrSi3Og phase throughout the sealant. The Zr** diffusion depth in
Al,O3-containing glasses is much smaller.

It can be concluded that the 4A composition is the most suitable for application in
high-temperature devices based on YSZ ceramics, including solid oxide fuel cells, elec-
trolyzers, and gas sensors. Despite a greater crystallization tendency, the presence of Al,O3
significantly inhibits the diffusion of Zr**, ensuring the stability of the sealant-YSZ joints.
This sealant composition was successfully used to create an oxygen pump with a sensor
that operates for a long time at temperatures of 850-1100 °C (Figure S1).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ceramics6030081/s1: Table S1. EDX results for spectra provided
in Figures 7 and 8. Table S2. EDX results for spectra provided in Figure 11. Figure S1. Oxygen pump
with sensor glued with glass sealant
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Abstract: Phase transformations in the lithium aluminosilicate glass nucleated by a mixture of yttrium
and niobium oxides and doped with cobalt ions were studied for the development of multifunctional
transparent glass-ceramics. Initial glass and glass-ceramics obtained by isothermal heat-treatments at
700-900 °C contain YNbO4 nanocrystals with the distorted tetragonal structure. In samples heated
at 1000 °C and above, the monoclinic features are observed. High-temperature X-ray diffraction
technique clarifies the mechanism of the monoclinic yttrium orthoniobate formation, which occurs
not upon high-temperature heat-treatments above 900 °C but at cooling the glass-ceramics after
such heat-treatments, when YNbOy, nanocrystals with tetragonal structure undergo the second-order
transformation at ~550 °C. Lithium aluminosilicate solid solutions (ss) with 3-quartz structure are
the main crystalline phase of glass-ceramics prepared in the temperature range of 800-1000 °C. These
structural transformations are confirmed by Raman spectroscopy and illustrated by SEM study. The
absorption spectrum of the material changes only with crystallization of the 3-quartz ss due to
entering the Co?* ions into this phase mainly in octahedral coordination, substituting for Li* ions.
At the crystallization temperature of 1000 °C, the Co?* coordination in the [-quartz solid solutions
changes to tetrahedral one. Transparent glass-ceramics have a thermal expansion coefficient of about
10 x 1077 K1,

Keywords: yttrium niobate; 3-quartz solid solution; glass-ceramics; nanocrystals; small-angle
X-ray scattering; in situ high-temperature X-ray diffraction; scanning electron microscopy; Raman
spectroscopy; optical spectroscopy

1. Introduction

Low thermal expansion transparent glass-ceramics of the lithium aluminosilicate
(LAS) system form commercially the most important glass-ceramic family [1,2]. They are
composed of the main crystalline phase of lithium aluminosilicate solid solutions (ss)
with -quartz structure and have found their applications as cooktop plates, woodstove
windows, fireplaces, as cooking ware and fire protection doors or windows, large telescope
mirror blanks, ring laser gyroscopes, liquid crystal displays, and optical components [1,2].
A combination of unique thermal-mechanical properties of LAS glass-ceramics and their
transparency with optical properties of rare-earth ions in oxide nanocrystals could allow
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for the development of new multifunctional materials. However, ionic radii of rare-earth
ions are larger than those of ions that constitute the 3-quartz ss, and there exist no cation
sites for trivalent rare-earth ions in the LAS crystals [3]; 3-quartz ss appeared to be a poor
host for fluorescent cations [4].

It should be noted that LAS glass-ceramics are multiphase materials that contain the
crystalline phases of not only the (3-quartz ss, but also of the nucleating agent and it is
the nucleating agent that can become a promising host for trivalent rare-earth ions. In
our previous studies [5-7], we developed new transparent LAS glass-ceramics containing
rare-earth orthoniobates, such as (Er,Yb)NbO,, YbNbOj [6], and (Eu’*,Yb?*):YNDbO, [7],
bearing a bifunctional role of nucleating agents and luminescent compounds. It was found
that nanocrystals of rare-earth orthoniobates with disordered fluorite structures precipitate
from the initial X-ray amorphous glass upon heat-treatment; at elevated temperatures,
structural transformation to a tetragonal phase takes place. Glass-ceramics prepared by
heat-treatments at above 950 °C additionally contain crystals of rare-earth orthoniobates
with a monoclinic structure. The spectral-luminescent properties of rare-earth ions are
directly linked to the structure of corresponding rare-earth orthoniobates [5-7]. However, it
was not clear up to now if the monoclinic rare-earth orthoniobates were formed during the
high-temperature heat-treatments of initial glasses or upon cooling down the glass-ceramics
prepared by these heat-treatments. Therefore, the aim of the present study is to clarify
the sequence and the mechanism of phase transformations in transparent glass-ceramics
containing rare-earth and niobium oxides by means of in situ high-temperature X-ray
diffraction and differential thermal analysis.

In this study, yttrium was taken as a representative rare-earth ion, and yttrium or-
thoniobate was chosen as a model rare-earth orthoniobate. Yttrium orthoniobate is a
promising optical host for rare-earth ions because yttrium ions are easily replaced in any
proportion by other rare-earth ions with similar ionic radii [7-15]. It should be noted that
yttrium orthoniobate itself is distinguished by the combination of promising luminescent,
chemical, and mechanical properties. It is a self-activated X-ray phosphor [16] and widely
used in X-ray medical techniques. We believe the regularities of phase transformations
found by the example of yttrium orthoniobates crystallized in LAS glass-ceramics are the
general regularities that can be extended to other rare earth orthoniobates crystallized in
LAS glass-ceramics.

In nature, yttrium orthoniobate, YNbQy, is known as a mineral fergusonite [17,18].
There are three crystalline forms of synthetic yttrium orthoniobate, monoclinic (M-phase,
M-fergusonite) at room temperature, tetragonal (T-phase) with the scheelite (CaWQy) struc-
ture at higher temperatures [19], and a high-temperature cubic phase [20]. The structural
transformation between the monoclinic and tetragonal forms of YNbO; is reversible and
proceeds by a gradual change in symmetry in the approximate range of 500 to 800 °C; the
T-phase cannot be preserved at room temperature [19]. These phase transformations were
studied by K. Jurkschat et al. [20] and considered to be displacive ferroelastic transforma-
tions of a second order, leading to the formation of ferroelastic twinning domains during
the T-M phase transition. Heating of YNbOy crystals close to the melting temperature
shows that a high-temperature cubic phase could be detected, which consists of a solid
solution of YNbO, and Y3NbOy7 and possibly small amounts of Nb,O3 [20].

While heating an amorphous material prepared by the simultaneous hydrolysis of
yttrium and niobium alkoxides [21] or by the sol-gel method [22], another form of YNOy,
the T” one, was crystallized. This phase has been shown [22] to have a distorted tetragonal
structure similar to that found in tetragonal ZrO, with pseudo-fluorite lattice. The T
to M phase transformation does not occur, and the T’-phase can be obtained at room
temperature [21]. O. Yamaguchi et al. [21] suggested that the distortion of the tetragonal
structure is responsible for stabilization of the T’-phase at room temperature. The heating
behavior of this phase is very similar to that of the metamict mineral; it crystallizes in a
tetragonal modification when heated for prolonged periods of time at 400 to 800 °C, and
when heated to 1000 °C and cooled it is monoclinic [21].
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Here, for the first time we report the preparation of transparent glass-ceramics of
the LAS system containing yttrium orthoniobates nanocrystals by the melt-quenching
method with the aim to clarify the sequence and the mechanism of phase transformations
of yttrium orthoniobate nanocrystals in this system by means of in situ high-temperature
X-ray diffraction and differential thermal analysis.

2. Materials and Methods
2.1. Materials Preparation

For this study, we have chosen the glass of the composition 18 Li,O, 27 Al,O3, 55 SiO,
(mol%) [23], 5 mol% Y,03, 5 mol% Nb,Os, and 0.1 mol% CoO were added above 100% as
nucleators and colour dopant, respectively. The reagent-grade raw materials were supplied
by Nevareactive, Saint Petersburg, Russia. The batch weight was 300 g. The glass was
melted in air in a home-made crucible made of quartz ceramics at 1560 °C for 4 h with
stirring, and then poured out onto a metal plate and annealed at 620 °C for 1 h. Then, the
furnace was switched off and the glass was cooled down with the annealing furnace. The
transparent violet-blue-colored initial glass was heat-treated in isothermal conditions from
700 to 1350 °C for 6 h by the two-stage heat-treatments with the first hold at 700 °C for 6 h.
The heating rate was 5 °C per minute.

2.2. Characterization
2.2.1. Thermal Analysis

Differential thermal analysis (DTA) was carried out using a simultaneous thermal
analyzer, Netzsch STA 449F3 Jupiter, in platinum crucibles. The measurements were taken
upon heating from 30 to 1200 °C and upon cooling from 1200 to 300 °C under the argon
flow (30 mL/min). Two sets of measurements were conducted, employing heating and
cooling rates of 10 and 30 °C/min, respectively. The sample weight was 15 mg.

2.2.2. Powder X-ray Diffraction (PXRD)

PXRD measurements were performed using a Shamadzu XRD-6000 diffractometer
with CuK« radiation (A = 1.5406 A). The phase composition was analyzed by matching
the recorded PXRD patterns with the Inorganic Crystal Structure Database (ICSD). The
Rietveld refinement was performed using PDWin 4.0 software (Burevestnik, St. Petersburg,
Russia). The mean crystal sizes were estimated from broadening of X-ray peaks according
to Scherrer’s equation:

D =KA/A(206)cos0, 1)

where A is the wavelength of X-ray radiation, 6 is the diffraction angle, A(26) is the width
of peak at half of its maximum, and K is the constant assumed to be 1 [24]. The error
in the mean crystal size estimation is about 5%. The size of T’- and T-forms of YNbOy,
nanocrystals was estimated using the peak with the Miller’s indices (hkl) of (112). The size
of the B-quartz ss was estimated using the peak with the (hkl) indices of (121).

The a and c lattice parameters of the T’- and T-forms of YNbOj, crystals were estimated
from the positions of diffraction peaks with the Miller’s indices (hkl) of (112) and (004),
which ensured accuracy (£0.003 A), according to the equation:

1/dpg® = (W% + K2)/a® + 12/ 2. ()

High-temperature powder X-ray diffraction (HT-PXRD) patterns were recorded with
a Shimadzu XRD-7000 diffractometer with CuK« radiation (A = 1.5406 A) equipped with
an Anton Paar HTK-1200 furnace attachment. Powdered samples were heat-treated from
room temperature up to 1100 °C with a step of 100 °C, a heating/cooling rate of 30 °C per
minute, and isothermal holdings of 15 min at each step. PXRD patterns were collected
in-situ after each isothermal holding upon heating and cooling. The measurements were
taken for the Bragg angle (20) range from 20 to 40° (i.e., over the range of the strongest
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peaks of possible crystalline phases in the material studied) with a step of 0.02° and a scan
rate of 2°/min.

2.2.3. Small Angle X-ray Scattering

Plane-parallel polished samples with thickness of 0.2 mm were studied by small angle
X-ray scattering (SAXS) method. The SAXS intensity I(¢) was measured with a home-made
instrument in the range of scattering angles ¢ from 6 to 450 arc min. CuKox radiation
(A =1.5406 A) was used with an “infinitely” high primary beam (“infinitely” high slit).

SAXS curves of glass-ceramics and phase-separated glasses often exhibit maximum,
which appears due to the regularity in a distribution of scattering regions in the glass vol-
ume. In the presence of spatial ordering of the scattering regions, at which the interference
maximum is observed, the value of the angle ¢, corresponding to the maximum on the
I(¢) curve ¢m and the mean distance between centers of regularly distributed particle (L)
are related as

L2 (2.85 +2.97)-10° ¢, (3)

where L (in A) is a distance between centers of regularly distributed particle [25]. The
position of the maximum ¢, on the ¢ dependence of ¢-1($p) corresponds to the inverse
radius of the scattering regions. For the monodisperse system of spherical particles with
radius R, in condition of validity of Guineir equation [26],

R =1328/dm. 4)

2.2.4. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX)-Based
Element Analysis

The morphology of glass-ceramics was characterized by scanning electron microscopy
(SEM) using Tescan Vega 3 SBH microscope. For the study, the surface of the polished
samples was preliminary etched in a hydrofluoric acid for about 10 s. Particle size was
calculated using Image] software. The same Tescan Vega 3 SBH microscope equipped with
an Oxford INCA 200 energy-dispersive detector was employed for energy dispersive X-ray
(EDX)-based element analysis.

2.2.5. Raman Spectroscopy

Raman spectra were recorded on plane-parallel polished samples with a thickness of
~1 mm in backscattering geometry by using an InVia (Renishaw, Wotton-under-Edge, UK)
Micro-Raman spectrometer equipped with the CCD camera cooled up to —70 °C. Ar* laser
line of 514 nm was employed as an excitation source. Leica 50 x (NA = 0.75) objective was
used for illuminating the sample; the scattered light was collected by the same objective.
Edge filter was placed before the spectrograph entrance slit. A spatial resolution of 2 cm ™!
was obtained. Acquisition time was 60 s.

2.2.6. Absorption Spectroscopy

Absorption spectra were measured on a Shimadzu UV-3600 spectrophotometer in the
spectral range from 200 to 3300 nm on the same plane-parallel polished samples with a
thickness of ~1 mm that were used for the Raman spectra recording. The wavelength step
of measurements was 0.5 nm.

2.2.7. The Linear Coefficient of Thermal Expansion

The linear coefficient of thermal expansion (CTE) was measured with the Linseis
L75 VS 1000 dilatometer using samples with the length of 25-35 mm and cross-section of
3 x 3 mm. The measurements were taken upon heating from 30 to 500 °C at a heating rate
of 5 K/min.
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3. Results

The images of polished samples of transparent initial glass and glass-ceramics with
the thickness of 1 mm and of the opaque sample prepared by the heat-treatment at 700 °C
and at 1350 °C for 6 h at each stage are shown in Figure 1.

Figure 1. Images of samples of the initial and heat-treated glasses. The thickness of polished
transparent samples is 1 mm. The values indicated in the figure denote heat-treatment schedules.

3.1. DTA and XRD Studies
3.1.1. DTA Study

The first set of DTA measurements was conducted using conventional heating and
cooling rates of 10 °C/min. Several thermal effects were observed: a glass transition at
697 °C, followed by three exothermic peaks with onset temperatures at 782 °C (broad and
non-intense), 828 °C (sharp and intense), and 913 °C (very weak). No significant effects
were observed during the cooling process. With the aim to reveal the possible thermal
effect of the tetragonal-monoclinic phase transition upon cooling, we increased the heating
and cooling rate, and the second set of DTA measurements was performed at a heating
and cooling rate of 30 °C/min. The increased heating and cooling rate resulted in a shift of
the thermal effects towards higher temperatures, and two additional weak features were
revealed on the DTA curves. Figure 2 displays the data obtained from the second set of DTA
measurements. Consequently, the DTA curve of the initial glass exhibited a glass transition
temperature (Tg) at 708 °C and four exothermic peaks during heating (Figure 2). The first
broad exothermic peak occurred at Ton = 812 °C, where T,y is a crystallization onset
temperature, indicating the onset of crystallization of the nucleator in the form of the T'-
phase. This peak was followed by a sharp and intense peak at Ty2 = 861 °C, corresponding
to the crystallization of 3-quartz ss. Two small, broad peaks were observed at Ton3 = 935 °C
and Topa = 1097 °C. The peak at Ton3 = 935 °C was attributed to the T’-phase to T-phase
transformation, while the small peak at Tops = 1097 °C was associated with the formation
of B-spodumene ss. The DTA curve collected on cooling showed an inflection point at
temperature of 547 °C. This observation suggests the existence of a weak thermal effect,
which may be attributed to the phase transition from the T-phase to the M-phase, which is
known to be a continuous second-order transition [27]. To further support this suggestion,
HT-PXRD investigations were conducted and the results are described in detail below.
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Figure 2. The DTA curve of the initial glass recorded in heating (red curve) and cooling (blue curve)
modes. The heating and cooling rates are 30 °C/min. The values indicated in the figure denote the
temperature, in °C.

3.1.2. Isothermal Heat-Treatments

The XRD patterns for the initial and heat-treated glasses are presented in Figure 3.
Initial glass, as well as the glass heat-treated at 700 °C for 6 h (Figure 3a) contains the crystals
of yttrium orthoniobate, YNbO,, with distorted tetragonal structure (T’-phase) 11 nm in
size (Table 1). The addition of the second heat-treatment hold at 750 °C for 6 h results in
increasing fraction of the T’-phase with the same crystal size. After heat-treatments with
the second hold at 800-1000 °C, volume crystallization of lithium aluminosilicate solid
solutions (ss) with -quartz structure (3-quartz ss) was observed. Thus, nanocrystals of
yttrium orthoniobates serve as the heterogeneous nucleation sites for the crystallization
of B-quartz ss. The crystallinity fractions and crystal sizes increase with an increase in the
heat-treatment temperature. After heat-treatment at 900 °C for 6 h, the size of T’-YNbO,
crystals is 12 nm, the size of 3-quartz ss is about 42 nm. XRD pattern of the sample
heat-treated at the second stage at 1000 °C for 6 h shows co-precipitation of tetragonal
and monoclinic nanocrystals (M-phase) of YNbO, together with 3-quartz ss (Figure 3a).
The lattice parameters of the T’-phase are consistent with previously reported values of
a=5164 A, c = 10.864 A [21] and show no significant change until the temperature of
the second hold reaches 900 and 1000 °C, see Table 1. At the second stage at 1000 °C,
the appearance of the M-phase is accompanied by a shift towards lower Bragg angles
of the peaks in the XRD pattern, corresponding to the tetragonal yttrium niobate
(Figure 3a). This observation is reflected in the lattice parameters, which become
larger and closer to the values a = 5.21 A and ¢ = 11.05 A of lattice parameters of the
high-temperature T-phase [21,28].
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Figure 3. XRD patterns of the initial and heat-treated glasses: (a) initial glass and glasses subjected to
two-stage heat treatments at indicated temperatures, °C. The appropriate letters are used to indicate
the primary peaks of the crystalline phases. (b) results of the phase analysis of the glass heat-treated
at temperatures of 700 °C + 1350 °C using Rietveld method (Rwp = 8.35%). The inserts display the
magnified Bragg angle ranges containing the most intense peaks of all crystalline phases for improved
visibility. The pie plot represents the quantified phase composition (mass%), where blue corresponds
to B-spodumene ss, orange to the M-phase, and light violet to the T-phase. The duration of each hold
is 6 h. The diffraction patterns are shifted along the vertical axis for the convenience of observation.
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Table 1. Characteristics of crystalline phases of yttrium niobate and -quartz ss in LAS glass-ceramics
prepared by different heat-treatments.

Yttrium Niobate B-Quartz ss
Heat-Treatment K -
Schedule. °C/h . Lattice Parameters, A .
4 Crystal Size, nm Crystal Size, nm
a, +£0.003 c, £0.003
Initial glass 11.0+ 0.3 5.120 11.03 -
700/6 10.0 £ 0.3 5.121 11.08 -
700/6 +750/6 10.5+0.3 5.128 11.06 -
700/6 + 800/6 10.0 £0.3 5.120 11.03 46.0 + 1.5
700/6 +900/6 1204+0.3 5.157 11.04 42.0+ 1.0
700/6 +1000/6 155+04 5.158 11.01 40.5 + 1.0

The sample heat-treated at 700 °C and 1350 °C for 6 h at each stage contains mono-
clinic YNbOy crystals with the admixture of the T-phase and crystals of -spodumene ss
(Figure 3b). To refine its structure, a Rietveld refinement was performed for this sample,
and the results are presented in Figure 3b. The initial models for structure refinement of the
monoclinic phase of YNbQy, the tetragonal phase of YNbO,, and -spodumene ss were
based on ICSD records #20335, #60547, and #26817, respectively. According to the phase
analysis, the composition is as follows: 69 & 1 mass% of lithium aluminosilicate with a
structure of 3-spodumene ss, 28 £ 1 mass% yttrium niobate with a monoclinic structure
(M-YNDbOy,), and a trace amount of 3 £ 1 mass% yttrium niobate with a tetragonal structure
(T-YNDbQy). The refined lattice parameters for the 3-spodumene ss phase (space group:
P452,2) are a = 7.5357(9) A and ¢ =9.1689(15) A, while for the M-YNbO,4 phase (space group:
C12/c1), the lattice parameters are a = 7.0521(10) A, b = 10.9788(17) A, ¢ = 5.3004(8) A, and
B =134.180(5)°. The refined lattice parameters for the -spodumene ss and the M-phase
are consistent with previous reports [29,30], respectively.

3.1.3. In Situ High-Temperature XRD Study

According to Figure 4a, above 700 °C, nanocrystalls of T’-YNbOy continue to grow
from the initial glass containing traces of the T’-phase of yttrium niobate. Crystallization
of -quartz ss begins at 800 °C. The temperature raise to 1100 °C leads to the transforma-
tion of the distorted tetragonal T"-YNbOy to the high-temperature sheelite-like tetragonal
structure. Thus, XRD patterns collected in situ upon heating demonstrate no evidence of
low-temperature monoclinic phase (M-YNbO,) and argue for sequential transformations
of the yttrium niobate phase from the metastable distorted tetragonal T’-phase to the ther-
modynamically stable at high temperatures sheelite-like one. Nanocrystals of M-YNbO,
are formed from the high-temperature tetragonal phase with sheelite-like structure upon
cooling in the temperature range between 600 °C and room temperature, see Figure 4b.

3.2. Raman Spectroscopy Study

The Raman spectrum of the initial glass demonstrates the broad band spanning from
~200 to 350 cm ™!, the band at ~480 nm, an intense band with the maximum at 806 cm ™1
and a shoulder in the range of about 880-1000 cm~!, see Figure 5. The spectrum of the
glass heat-treated at 700 °C for 6 h resembles that of the initial glass, which is explained by
their similar phase compositions, see Figure 3a. The Raman spectrum drastically changes
after the heat-treatment at 700 + 1000 °C for 6 h at each stage. There are bands at 211, 235,
327,335, 422, 438, 482, 661, and 693 cm !, and the most pronounced band is at 806 cm™!
(Figure 5).
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Figure 4. In-situ PXRD patterns collected during (a) the heating of the initial glass and (b) the
cooling of the fabricated glass-ceramic. The assigned peaks correspond to the following phases:
T’—distorted, disordered tetragonal phase of YNbO,; T—high-temperature ordered tetragonal
phase of YNbO, with sheelite structure; M—M-fergusonite-like monoclinic phase of YNbOy;
[-q(ss)—lithium aluminosilicate solid solution with 3-quartz structure. The dashed lines show the
lack of peaks shift of corundum from the sample holder. The diffraction patterns are shifted along the
vertical axis for the convenience of observation.
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Figure 5. Raman spectra of the initial and heat-treated glasses. The excitation wavelength is 514 nm.
The values indicated in the figure denote heat-treatment temperatures and time, °C/h. The dashed
lines show positions of the maxima, cm~!. The spectra are shifted for the convenience of observation.
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In the Raman spectrum of the initial glass (Figure 5), the broad band of about 480 cm !
and a shoulder at 880 to 900 cm ! are due to vibrations of the aluminosilicate glass network
with a large number of non-bridging oxygens [31] and of [NbOy4] and [NbOg] polyhedrons
in the glass structure [32], respectively. The broad band at ~1000 cm ™! corresponds to
vibrations of [SiO4] tetrahedrons in the aluminosilicate glass network. A very weak broad
band at about 200-350 cm !, as well as the intense band at 806 cm !, reveal the beginning
of formation of distorted orthoniobate T’-YNbO, crystals with disordered fluorite-type
structure [6,7,33]. The Raman spectrum of the glass-ceramic obtained by the heat-treatment
at 1000 °C for 6 h gives the evidence of the absence of T’-phase (the disappearance of the
broad band at about 200-350 cm~!). A number of distinct bands appear in the Raman
spectrum of the sample. The bands at 482 and 1077 cm ™! reveal crystallization of the
B-quartz ss [34]. The complex shape of the broad band with the maximum at ~1077 cm ™! is
due to luminescence of Er®* ions, the unwanted impurity in the reagent of yttrium oxide [7].
The bands at ~330, ~420, ~660, and 806 cm ! belong to vibrations of [NbOy] tetrahedrons
in the T-YNDbOy crystals [35]. Since the frequencies of the main Raman bands of the T- and
M-YNbOy crystals are very close [35], unambiguous judgment about the appearance of
the M-phase is possible by the appearance in the Raman spectrum of two intense bands at
235 and 690 cm ™! and two weak bands at ~211 and ~435 cm 1. Thus, according to Raman
spectroscopy findings in the sample heat-treated at 700 +1000 °C for 6 h, the tetragonal
and monoclinic crystals of YNbOy coexist, which is in accordance with the XRD findings,
see Figure 3a.

3.3. Small Angle X-ray Scattering Study

Figure 6 shows the angular dependences of the SAXS intensity for the initial glass
and glasses heat-treated at 700 °C and at 700 + 1000 °C. Due to high electron density of
the inhomogeneous regions containing nanosized YNbOj crystals, the small-angle X-ray
scattering is predominantly determined by scattering by these regions.
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Figure 6. Small angle X-ray scattering of the initial and heat-treated glasses. The values indicated in
the figure denote heat-treatment temperatures and time, °C/h. The dashed line shows the position of
the maximum.

The initial glass demonstrates a well-developed inhomogeneous structure. It contains
inhomogeneity regions with radii of ~50 A as the result of phase separation and crystalliza-
tion during the melt casting and cooling. The SAXS intensity increases with heat-treatment
due to continuous crystallization of YNbO, nanocrystals.
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All SAXS curves exhibit a maximum, which indicates interparticle interference and,
accordingly, ensures an order in the distribution of regions of inhomogeneity. It confirms
the role of yttrium niobate as a nucleating agent. It can be assumed that interference effects
affect the intensity of light scattering and transparency.

The maximum on the SAXS curve from the initial glass presented in Figure 6 is
observed at a scattering angle of about 16’. So the average distance between scattering
regions estimated by the Equation (3) is about 180 A. As can be seen from Figure 6, low-
temperature heat-treatment at 700 °C for 6 h leads to a shift of the maximum to smaller
angles of ~10” and, accordingly, to an increase in the distance between the inhomogeneous
regions to ~290 A. After the heat-treatment at 700°C + 1000 °C for 6 h, the position of
the maximum on the SAXS curve practically does not change, that is, the geometry of
the structure and the distribution of regions of inhomogeneity do not change. The radii
of scattering regions increase from ~50 A for the initial glass to ~80 A for the glass heat-
treated at 700 °C for 6 h and to ~100 A for the glass-ceramics prepared by the heat-
treatment at 1000 °C at the second stage. The main reasons for the increase in the intensity
of SAXS during high-temperature heat-treatments are structural transformations within
the inhomogeneous regions resulting in the crystallization of the YNbO, phase.

3.4. SEM-EDX Study

Figure 7 illustrates the evolution of the initial glass morphology as a function of the
heat-treatment temperature. Analysis of the SEM data of the initial glass sample revealed
the presence of regions of inhomogeneity in the form of spherical particles characterized
by a narrow size distribution. The average size of these particles was determined to be
approximately 24 nm. Based on our previous studies [6,7] and the present data of the
SAXS analysis, we suggest that nanocrystals of YNbO, are formed within these regions of
inhomogeneity. Upon subjecting the samples to two-stage heat treatments with increasing
temperature, an increase in the number of these regions was observed. Their size distri-
butions exhibited a broader shape, and the maxima of the distributions shifted towards
higher values.

The average size of the regions of inhomogeneity in the sample heat-treated at the
second stage at 850 °C was approximately 35 nm, while in the sample heat-treated at
temperature of 1000 °C, the average size was approximately 37 nm. The morphology of
the sample, which underwent a two-stage heat-treatment at 700 °C + 1350 °C, exhibited
a drastic change compared to the morphology of the initial glass and the other glass-
ceramics. In Figure 7d, two distinct types of particles were observed. The particles of the
first type were almost spherical; with a bimodal size distribution (the smaller particles
had the diameter of ~0.4 um and the larger ones of ~0.8 um) with the average diameter
of approximately 0.72 um. The particles of the second type had a rod-like shape with
rectangular section. The length of these rod-like particles ranged from 0.2 to 6.5 um, while
the width varied from 73 to 266 nm. Based on Refs. [27,36,37] and our XRD findings, we
believe that the almost spherical particles correspond to yttrium orthoniobate crystals
with a monoclinic structure. Some of them have distinct facets, while the other show the
melted facets, see Figure 7d. We attribute the rod-like particles to the crystalline phase of
[3-spodumene ss.

The microstructure and elemental composition of glass-ceramic prepared by the heat-
treatment at 700 °C + 1350 °C were evaluated by SEM coupled with EDX analysis. The
results are shown in Figure 8a—c. It should be mentioned that the lithium content cannot
be determined by the EDX method, and the content of all other elements was normalized
to 100%.
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Figure 7. SEM images of the samples of (a) the initial glass, (b—d) heat-treated at (b) 700 °C + 850 °C,
(c) 700 °C + 1000 °C, and (d) 700 °C + 1350 °C. The duration of each hold is 6 h. (e) Particle size
distributions calculated from SEM data. The values presented in the figure (e) denote heat-treatment

temperatures and time (°C/h).
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Figure 8. SEM-EDX analysis of the etched surface of the glass-ceramic prepared by the heat-treatment
at 700 °C + 1350 °C. The duration of each hold is 6 h: (a) SEM image; (b) EDX spectrum, point 1;
(c) EDX spectrum, point 2. The points 1 and 2 are shown in Figure 8a by the corresponding numbers.
The numbers and plus sign in Figure 8a show the places from which the EDX spectra were recorded.

According to Figure 8b and Table 2, the bright round-shaped crystals denoted by the
number 1 in Figure 8a consist of yttrium, niobium, and oxygen ions. We also conducted
EDX analysis of the other round-shaped particles of different sizes and found that they
have a very similar elemental composition. Aluminum and silicon ions that appear in the
EDX spectrum in Figure 8b probably come from the surrounding matrix and from the
rod-like crystals located nearby (we should bear in mind that aluminum oxide is more
resistant to hydrofluoric acid than silica). Figure 8c presents the results of the EDX analysis
of the material from the point 2 in Figure 8a. Point 2 was chosen as a place where a number
of the rod-like crystals are located, see Figure 8a. This composition is enriched in aluminum
and silicon and depleted in yttrium and niobium as compared with the composition in
the point 1.
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Table 2. Compositions of the points 1 and 2 on the etched surface of the glass-ceramic prepared by
the heat-treatment at 700 °C + 1350 °C (see Figure 8a).

(0] Al Si Y Nb Total
Spectrum Mark
% Atom
1 65.33 11.36 2.72 8.64 11.95 100.00
2 63.31 19.39 6.05 5.99 5.26 100.00

3.5. Absorption Spectra

Absorption spectra of the initial glass and glass-ceramics are determined by absorption
of Co?" ions. The spectrum of the initial blue glass shows three wide absorption bands in the
visible region at 510, 590, and 650 nm, and a weak broad band in IR region spanning from
~1000 to ~2300 nm with a maximum at ~1460 nm, see Figure 9. The shape of the absorption
spectrum remains near unchanged after heat-treatments at 700 °C and 700 + 750 °C for
6 h; these samples are also blue-colored, see Figure 1. When the main crystalline phase
of B-quartz ss starts to crystallize at 800 °C, the material becomes violet-colored and its
absorption drastically changes. It is characterized by a number of well-resolved intense
bands in the visible range of spectrum with maxima at 505, 550, 580, and 595 nm, see
Figure 9. There is also a weak inflection at 430 nm. In the IR region, broad bands are
observed with maxima around 1250, 1500, 1720, and 1970 nm. The spectrum remains near
unchanged up to heat-treatment at 700 + 1000 °C, when the color of the materials changes
again to violet-blue, and new spectral features evolve. In the visible region, the spectrum is
characterized by a number of narrow bands at 545, 580, and 620 nm. In the IR, there are
three wide bands at approximately 1260, ~1400, and 1560 nm.
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Figure 9. Absorption spectra of the initial and heat-treated glasses. The values presented in the figure

denote heat-treatment temperatures and time (°C/h). The samples thickness is ~1 mm. The spectral
range marked with the dotted line shows the steps due to the change in detectors.

The spectrum of the initial glass is characteristic for Co?* ions in silicate and alu-
minosilicate glasses and thoroughly discussed in the literature [23,38-40]. This type of
spectrum is caused by the absorption of octahedrally and tetrahedrally coordinated Co?*
species with the predominance of the octahedrally coordinated Co?* species (the presence
of octahedrally coordinated Co?* ions is confirmed by a characteristic absorption band
at 510 nm). This spectrum is similar to the spectrum of the cobalt-doped initial glass
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of the same composition nucleated by ZrO,, see Ref. [23]. This similarity suggests that
Co?* ions do not enter into the crystalline phase of the nucleating agent but remain in the
residual glass phase. The fact that the absorption spectrum of the initial glass does not
change with heat-treatment at 700 °C and even at 700 + 750 °C confirms this suggestion
because the volume fraction of YNbO, nanocrystals increases with these heat-treatments,
see Figure 3a. The spectral features of absorption spectra of glass-ceramics prepared by
the heat-treatments at the second stage at 800, 850, 900, and 1000 °C are similar to those
discussed in Ref. [23]. It is not surprising because in Ref. [23], we studied the structural
states of Co?* ions upon formation of the same main crystalline phase of B-quartz ss in
the glass of the same composition nucleated by ZrO,. The spectrum of the violet-colored
glass-ceramic prepared at 800 and 900 °C, resembles the so-called type II spectrum of
Ref. [23]. It is assigned to a combination of the two coordinations, with a predominance of
octahedral coordination, which gives rise to a band at 505 nm. Intensities of absorption
bands at 505 and 550 nm are relatively high, indicating the possibility of distortion of the
octahedral symmetry. The presence of tetrahedral sites is manifested by the bands at 550,
580, and 595 nm. The band at 1220 nm arises from Co%* ions in octahedral sites, while
bands at 1260, 1400, and 1570 nm are due to tetrahedral sites of Co?*. Following Bogdanova
et al. [40], we state [23] that Co?* ions isomorphously replace Li* ions located mostly in
octahedral sites in the disordered structure of 3-quartz ss crystallized in glass having high
viscosity. The appearance of the so-called type III spectrum [23] after the heat-treatment at
1000 °C could be explained by a significant change in the local environment around the
Co?* ions in the structure of [-quartz ss. An increase in intensities of the bands at 545, 580,
and 620 nm in the visible range of spectrum, and of bands at 1390 and 1570 nm in the IR
(Figure 9), manifests an increase in tetrahedrally coordinated Co?* sites. Table 1 of Ref. [23]
shows an assignment of the absorption bands of Co?* ions recorded in the initial glass and
glass-ceramics.

3.6. Linear Coefficient of Thermal Expansion

The CTE value is ~61.0 £ 1.0 x 1077 K~ for the initial glass and the glass heat-treated
at 700 °C and at 700 + 750 °C, which is consistent with their similar phase composition.
The CTE value drastically changes upon crystallization of the main phase, 3-quartz ss,
see Table 3. The lowest CTE value of the transparent glass-ceramics of the LAS system
obtained in this study is 8.5 4= 1.0 x 10~7 K~!. Crystallization of B-quartz ss in glasses
of the LAS system doped with TiO,, ZrO,, or their mixture usually results in transparent
glass-ceramics with near zero CTE value [1,2]. We believe that the crystals of yttrium
orthoniobate with the CTE value of about 100-110 x 10~7 K~ [27] are responsible for the
obtained CTE values, while the combination of two crystalline phases with different CTE
values and of the residual glass phase is responsible for the complex dependence of the
CTE value on the heat-treatment schedule. It is worth mentioning that the proper choice of
the heat-treatment schedule allows us to obtain glass-ceramics with the CTE varied in the
broad range of the values.

Table 3. The CTE values of the initials and the heat-treated glass.

Heat-Treatment Schedule, °C

Glass 700 700 +750 700+800 700+850 700+900 700+1000 700+ 1350

CTE, +1.0, x10~7 K1

61.5 60.5 61.5 12.0 8.5 11.5 13.5 27.0

4. Discussion

The initial glass is found to be inhomogeneous. It contains nanosized metastable
crystals of T'-YNbO, with the distorted tetragonal structure. They crystallized from the
initial glass during melt casting, cooling, and annealing. The T’-crystals are preserved at
room temperature. According to SAXS findings, there is an order in the distribution of
these T’-YNbOj crystals, which confirms the role of yttrium niobate as a nucleating agent.
Glass-ceramics obtained by isothermal heat-treatments at 700-900 °C also contain the T’-
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phase. In our previous studies [6,7], we have demonstrated that the formation of M-YNbO,
nanocrystals in glass-ceramics typically occurs only after isothermal heat-treatments at
temperatures exceeding 950 °C.

According to in situ HT-PXRD study, the T’-phase had broadened peaks. The T-phase
with sharp lines developed above 1000 °C. No yttrium niobate other than YNbO,4 was
observed during the heating process. On cooling, the T-phase was gradually converted to
the M-phase by a very sluggish phase transformation below 600 °C. It should be noted the T
to M-phase transformation did not occur; the T’-phase crystallized during heat-treatments
was obtained at room temperature.

Thus, the in situ HT-PXRD study revealed that the M-YNbO, crystals are formed
not during isothermal heat-treatments but during cooling the prepared glass-ceramics
in the temperature range from 600 °C to room temperature. M-phase is formed by the
transformation of crystals of the high-temperature tetragonal phase with a sheelite-like
structure, T-YNDbO,.

In our studies, a complete T-M phase transition did not occur in the selected heat-
treatment schedules, resulting in the coexistence of the M-phase and the T-phase at room
temperature. It can be inferred that the stabilization of the tetragonal niobate phase with
sheelite structure at room temperature is influenced by the size effect through the contribu-
tion of high surface energy to the Gibbs energy of the tetragonal niobate crystals.

Prolonged heat-treatment at 1350 °C ensures that the majority of the niobate phase
undergoes crystallization in the form of the T-phase and subsequently transforms into the
M-phase during cooling to room temperature.

In this study, we aimed to reveal the mechanism of phase transformations in yttrium
orthoniobate nanocrystals upon heating the initial glass and cooling the fabricated glass-
ceramic. The glass composition studied in this work was the model one. Relatively high
concentrations of yttrium and niobium oxides made it easier for us to study these phase
transformations. It should be noted that the crystalline phase of YNbOy is not only the
nucleating agent but also a promising host for other rare-earth ions [6,7]. That is why it is
quite natural that the proportion of Y,0O3 and Nb,Os is above the proportions of TiO, /ZrO,
usually used in industry. It should be noted that rare-earth ions do not enter any crystalline
phase of LAS glass-ceramics produced in industry.

Doping the glass with small amount of cobalt oxide allowed us to demonstrate that the
developed glass-ceramics are multifunctional materials. In this work, we have shown that
cobalt ions, as representatives of transition metal ions, do not enter the crystalline phase
of yttrium orthoniobate, but selectively enter crystals of the 3-quartz ss. According to our
previous studies [6,7] rare-earth ions, such as Er’*, Yb3*, and Eu®*, do not enter the structure
of the 3-quartz ss, but form their own phase of rare-earth orthoniobate or selectively enter
the structure of yttrium orthoniobate [6,7]. By this means, rare-earth orthoniobates play the
dual role of nucleating agents and active crystalline phases containing rare-earth ions. Thus,
we demonstrated the development of transparent glass-ceramics with near zero thermal
expansion and with a selective doping of rare-earth and transition metal ions into different
crystalline phases. These materials are promising for photonic applications.

5. Conclusions

Transparent glass-ceramics based on nanosized crystals of yttrium orthoniobates,
YNbO;, and 3-quartz ss and doped with cobalt ions were prepared for the first time.
The initial glass and glass-ceramics obtained by isothermal heat-treatments at 700-750 °C
contain the only phase of T’-YNbO, with the distorted tetragonal structure and the crystal
size of ~10 nm. With an increase in the heat-treatment temperature, the size and volume
fraction of YNbO, crystals grow; in the process, the crystal structure transforms to the
tetragonal one, T-phase. In glass-ceramics obtained by heat-treatment at 1000 °C the
transformation to the monoclinic form (M-phase) begins.

The sequence of phase transformations in the yttrium orthoniobates crystals was
studied in detail by means of in situ high-temperature X-ray diffraction and differential
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thermal analysis. It was revealed for the first time that formation of the monoclinic phase
of yttrium orthoniobate occurs only from the high-temperature tetragonal phase with a
sheelite-like structure upon cooling according to the displacive ferroelastic transformation
of a second order.

Nanosized crystals of yttrium orthoniobates act as nucleating agents for bulk crys-
tallization of lithium aluminosilicate solid solutions with (3-quartz structure, the main
crystalline phase of glass-ceramics, which starts to crystallize at 800 °C.

It was demonstrated that cobalt ions from the initial glass selectively enter the crystals
of B-quartz ss. The multifunctional transparent glass-ceramics were developed. In these
glass-ceramics, rare-earth ions can selectively enter the nanosized crystals of yttrium
niobate, while the transition metal ions can selectively enter the 3-quartz ss. The large
amount of the main crystalline phase of 3-quartz ss ensures the low values of coefficient of
thermal expansion and high thermal shock resistance of the developed glass-ceramics. Heat-
treatments at different temperatures result in the development of glass-ceramics containing
crystalline phases of different structures, thus ensuring a variety of their physical and
optical properties.
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Abstract: Transparent glass-ceramics with a Li;O-Al,03-SiO, (LAS) system have been extensively
utilized in optical systems in which thermal stability is of utmost importance. This study is aimed
to develop thermal treatment routes that can effectively control the structure of transparent LAS
glass-ceramics and tune its thermal expansion coefficient within a wide range for novel applications
in photonics and integrated optics. The optimal conditions for the nucleation and crystallization of
LAS glass were determined by means of differential scanning calorimetry and a polythermal analysis.
XRD, Raman spectroscopy, and TEM microscopy were employed to examine the structural changes
which occurred after heat treatments. It was found that the second stage of heat treatment promotes
the formation of 3-eucryptite-like solid solution nanocrystals, which enables effective control of the
coefficient of thermal expansion of glass-ceramics in a wide temperature range of —120 to 500 °C. This
work provides novel insights into structural rearrangement scenarios occurring in LAS glass, which
are crucial for accurately predicting its crystallization behavior and ultimately achieving transparent
glass-ceramics with desirable properties.

Keywords: transparent glass-ceramics; zero CTE; low expansion materials; nucleation; crystallization

1. Introduction

Transparent glass-ceramics in the Li;O-Al,O3-5iO; (LAS) system have been demon-
strated to have notable importance in the field of optical instrument engineering, particu-
larly in applications in which thermal stability plays a crucial role [1,2]. This is primarily
attributed to their extremely low coefficient of thermal expansion (CTE) and their manufac-
turability, which allows for the production of large material blanks with outstanding optical
homogeneity. Such materials have provided a significant impetus to the development of
such areas as astronomy [3,4], ultra-precision metrology [5], the fabrication of navigation
devices [6,7], and novel nanometer precision manufacturing techniques, such as extreme
ultraviolet lithography [8,9]. The unique thermo-mechanical characteristics exhibited by
LAS glass-ceramics can be ascribed to the carefully regulated process of crystallization,
facilitating the formation of 3-eucryptite LiAlSiO4 solid solutions [10,11]. The -eucryptite
crystal phase exhibits a negative average CTE along the c-axis, with values reaching as
low as —6.2 ppm/K in the temperature range of 20-1000 °C [12,13]. By combining the
thermal expansion of the crystalline phase with the residual amorphous glass phase, LAS
glass-ceramics can be engineered to achieve near-zero CTE values, resulting in thermally
stable materials. On the other hand, the ability to finely adjust thermomechanical properties
through the temperature treatment of initial glasses shows potential for novel applications
of LAS glass-ceramics in photonics and integrated optics [14-16]. However, this also
calls for more comprehensive studies of the phase separation processes within the LAS
glass-forming system.
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The controlled crystallization method for LAS glass-ceramics is not unique and typ-
ically involves two consecutive stages of glass thermal treatment: (i) nucleation, during
which crystalline nuclei form within the amorphous phase; and (ii) crystallization, when
the desired crystalline phase grows at the sites of nucleus formation [17-19]. Despite the
methodological simplicity of obtaining LAS glass-ceramics, there are numerous factors that
influence the properties of the final material, including the chemical composition of the
initial glass, the presence of nucleation agents and their quantity, the synthesis method of
the glass, and subsequent thermal treatments [20,21]. In this regard, LAS glass-ceramics
are involved in a wide scope of research, including investigations into the effect of different
types and amounts of nucleating agents [22-24], the determination of nucleation mecha-
nisms and crystallization kinetics [25-27], and the development of various heat-treatment
routes to initiate crystal growth [28].

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

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

2. Materials and Methods
2.1. Glass Synthesis and Crystallization

Reagent grade raw materials were weighed, mixed, and used for the preparation of
the batch, which was calculated to produce 500 g of glass. Reagent grade Li;CO3 (Lanhit,
Moscow, Russia), AI(OH); (Labhimos-S, Moscow, Russia), SiO, (Lanhit, Moscow, Russia),
Al(PO3)s (Ekotek, Moscow, Russia), MgCOj3 (Spectr-Him, Moscow, Russia), Ba(NO3),
(Reahim, Moscow, Russia), TiO, (Lanhit, Moscow, Russia), ZrO, (Lanhit, Moscow, Russia),
ZnO (Spectr-Him, Moscow, Russia), Sb,Os (CT Lantan, Moscow, Russia), and As;Os
(Himpromkomplekt, Penza, Russia) were used as raw materials. Batch composition of
LAS glass is given in Table 1. The same glass composition was previously used in a
work studying the direct laser writing of depressed-cladding optical waveguides in glass-
ceramics [16]. The glass batch was loaded into the corundum crucible and placed in the
chamber of the bottom-loading electrical furnace equipped with MoSi; heating elements
(Promtermo Ltd., Moscow, Russia). The furnace was heated up to 1600 °C and kept at
this temperature for 4 h to homogenize and refine the glass melt. After that, the melt
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was poured into the preheated mold, which was subsequently transferred into the electric
mulffle furnace (Termokeramika Ltd., Moscow, Russia) for annealing of the glass cast at
600 °C for 4 h. The fabricated glass block of the size ~150 mm X 90 mm x 15 mm shown in
Figure S1 was visually transparent and homogeneous.

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

Glass Composition

Oxides Si02 A1203 Lizo P205 Ti02 ZI‘02 ZnO MgO BaO CaO A8203 Sb203
Batch composition, mol. %  61.1 159 111 49 2.1 0.9 0.4 2.0 0.8 0.4 0.2 0.2
Analytical composition, oo 195 101 46 1.9 0.8 0.4 1.9 0.7 0.3 0.1 0.1

mol. %

Glass properties

Glass transition Crystallization peak B o CTEpg. . 500°C, . 3 Refractive
temperature Tg, °C Tp, °C T —Tg °C ppm/K Density, g/cm index (np)
647 867 220 5.17 2.46 1.52

During the glass melting process, the composition of the glass can undergo changes as
a result of the evaporation of volatile components and partial dissolution of the crucible.
To evaluate the chemical composition of the glass after the synthesis, a 5800 VDV ICP-
OES inductively coupled plasma optical emission spectrometer equipped with an Ar flow
atmosphere plasma sample injection system (Agilent Technologies Inc., Santa Clara, CA,
USA) was employed. The instrumental settings for this technique and the measured
elements are presented in Table S1. Complete dissolution of the powdered glass sample
was achieved through a combination of HF/HCI/HNOj acids. The results of the chemical
analysis are presented in Table 1 and indicate good agreement between calculated and
analyzed glass composition. Mass losses during the glass melting did not exceed 1.5%. The
slight increase in Al,O3 content is presumably due to degradation of the corundum crucible.

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

2.2. Glass and Glass-Ceramics Characterization

The densities of glass and glass-ceramics were measured at room temperature by
the Archimedes method with distilled water as an immersing liquid. Bulk samples of
initial and nucleated glasses in the form of thin disks (15 & 1 mg) were used for thermal
analysis carried out using the Netzsch STA 449 F3 Jupiter simultaneous thermal analyzer
(NETZSCH, Waldkraiburg, Germany). The heating of samples was performed in a Pt
crucible at 10 °C/min rate in Ar flow atmosphere. The glass transition temperature (Tg)
was determined as the extrapolated onset of the transition, while the crystallization peak
temperature (Tp) was defined as the peak extremum temperature in differential scanning
calorimetry (DSC) curves. Length changes (AL) during heating of the bulk glass and glass-
ceramic samples with a size of 20 mm x 4 mm X 4 mm were investigated using a Netzsch
DIL 402 SE dilatometer (NETZSCH, Waldkraiburg, Germany), which was equipped with a
cooling system allowing for measurements in two temperature ranges: from —180 °C to
25 °C and from 25 °C to 500 °C at a heating rate of 5 °C/min. The CTE values calculated
from the elongation curves of AL /L = f(T) function are valid up to 1078 K1,

Powder X-ray diffraction (XRD) analysis of the initial glass and glass-ceramics was car-
ried out on a D2 Phaser diffractometer (Bruker, Germany) employing nickel-filtered CuKo
radiation in 20 range from 10° to 60°. Crystalline phases were identified by comparing
the peak positions and relative intensities in XRD patterns with the ICDD PDEF-2 database
(released in 2011). The crystallite size was estimated from broadening of the XRD peak

69



Ceramics 2024, 7

at about 26°, without correction for the instrumental broadening, according to Scherrer’s
equation as follows:
KA

— _ 1
Acost’ M

where A is the wavelength of the X-ray radiation (1.5406 A), 6 is the diffraction angle, A is
the width of the peak at half of its maximum and K is the constant assumed to be 1 [36]. The
crystallized fraction was evaluated as 100-(Ap /Ay), where A, and Ap are, respectively, the
area of the whole XRD pattern (without background) and the area of the peaks considered
as the area outside of the broad amorphous XRD pattern (Figure S2). The instrumental
background profile was determined from the X-ray scan of an empty silicon-made low-
background specimen holder. Indicated areas were calculated (in cps x degrees) using
DIFFRAC.EVA software version 5.0.

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

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

3. Results and Discussion

The DSC curve of the initial glass (Figure 1a) shows a single exothermic peak, which
is attributed to the crystallization of the 3-quartz solid solution, typical for LAS glass
compositions in the investigated temperature range [37]. Only the broad halo centered at
around 23° was observed in the XRD pattern of the initial glass (Figure 1b), pointing to
the absence of any crystalline phase. The main properties of the LAS glass are presented
in Table 1.

(a)
T,=867°C (b)
3
[y
! 2
o =
>
3 :
£
Tg=647°C
10 15 20 25 30 35 40 45 50 55 60
. 20, degree
600 800 1000

Temperature, °C

Figure 1. (a) DSC curve and (b) XRD pattern of the synthesized glass.

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

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

3.1. Determination of the Nucleation Temperature

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

The DSC curves of the glasses pre-treated near the Tg for a fixed holding time of
2 h are presented in Figure 2a. The evident extremum of (T’p — Tp) is observed due to
the non-linear shift of the position of the exothermic peak under the increase in the heat
treatment temperature. The temperature corresponding to this extremum was selected as
the nucleation temperature for the fabricated LAS glass.
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Figure 2. (a) DSC curves (vertically shifted for clarity) of the initial glass and after nucleation pre-
treatment at the indicated temperatures for 2 h; (b) Shift of the crystallization peak temperature Tp in
pretreated samples (with respect to Tp” of the initial glass) vs. nucleation pretreatment temperature.

To optimize the holding time at the nucleation temperature, a comparable method was
used, which includes assessing the maximum displacement of the (T’p — Tp) parameter
in relationship to the holding time [42]. The DSC curves of the glasses after treatments at
670 °C for various holding times are presented in Figure 3a. Our analysis of the (T’p — Tp)
dependence reveals that a plateau is reached after a holding time of 2 h. This suggests that
the formation of new crystallization nuclei reaches its maximum and does not continue
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to increase with longer holding times. A similar phenomenon has been observed in
studies on the formation and evolution of nanoinhomogeneities in lithium and magnesium
aluminosilicate glasses using small-angle neutron scattering [18,43]. Consequently, a
holding time of 2 h is believed to be sufficient for the nucleation of synthesized glass,
ensuring the formation of the largest possible number of crystal nuclei. The data on the
crystallization peak temperatures are summarized in Table S2.
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Figure 3. (a) DSC curves (vertically shifted for clarity) of initial glass and after nucleation pre-
treatment at 670 °C for the indicated duration; (b) Shift of the crystallization peak temperature Tp in
pretreated samples (with respect to Tp” of the initial glass) vs. nucleation pretreatment duration.

Hence, the nucleation process for obtaining transparent glass-ceramics in our study
involves the pre-treatment of the glass at 670 °C for 2 h. A comparison of the XRD patterns
and Raman spectra of the initial glass with those of the glasses after the nucleation pre-
treatment indicates no visible changes (Figure S3). However, previous studies on LAS
glasses with similar compositions revealed that during nucleation, ZrTiO4 nanocrystals
with sizes around a few nm form in glass [44,45]. These nanocrystals serve as a platform for
the epitaxial growth of crystal phases based on quartz and lithium aluminosilicates [46,47].
The small size and limited number of crystal nuclei make it challenging to detect them
using common techniques such XRD and Raman spectroscopy. Nevertheless, modern TEM
methods can provide detailed insights into the mechanism of the formation of such crystal
nuclei. It was established that the nucleation mechanism involves liquid-liquid phase
separation, resulting in the formation of TiO,- and ZrO,-enriched zones, followed by the
formation of ZrTiO4 nanocrystals with a core-shell structure [46—48]. The shell consists of
an amorphous phase enriched in Al;O3, which further inhibits the growth of ZrTiO4. The
optimized temperature—time regime of nucleation allows us to move forward in studying
the possibilities of the variation in the structure and properties of glass-ceramics by the
control of crystallization conditions during the second stage of heat treatment.

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

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

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

The duration of the crystal growth stage has a direct impact on the final structure
and therefore the properties of the synthesized glass-ceramics. Thus, the next series of
two-stage heat treatments included a holding time of the second stage up to 30 h. Further,
the samples of the glass-ceramics are designated as GC-X, where X is the duration of the
second stage of crystallization at 710 °C. Figure 5a presents the Raman spectra of the initial
glass and glass-ceramic samples after the performed heat treatments. The spectra exhibit
two distinct bands: band A in the range of 470-480 cm ! and band B in the range of
1070-1120 cm~!. Variations in the holding time of the second stage of the heat treatment
result in shifts in the position of the maxima of both bands. Notably, band A demonstrates
a significant increase in intensity, whereas the increase in band B is less pronounced. Band
A registered for the initial glass reaches its maximum at 472 cm !, indicating transverse
vibration modes [51] associated with the Si—-O-5i bond of the bridging oxygen during the
bonding of [SiO4] tetrahedrons. Additionally, band B in the original glass is observed at
1073 cm ™!, representing the antisymmetric stretching vibration of the Si-O bond within
the Q" structures, where n denotes the number of bridging oxygens [52]. As the exposure
time exceeds 22.5 h, band A becomes narrower and its maximum shifts to the region of
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480 cm~!. This shift may be attributed to a decrease in the Si-O-Si bond angles caused by
the crystallization of the silicate phase.

y Ban b
“ _/Q_/; 2.2 1 ) 1a

, : | A
- | 2.0
@ A !
>l - . . 6C-25 @ 1.8+
- i ey e e ---“I’ P T | :{
~ 3 1‘6 T
I= % ~_GC-20
i ! H AA

~_GC-10 144 R
S~ Glass A

1 b 1 ’ T ’ T L 1.2 T % T » 1 x 1
300 600 200 1200 1500 0 10 20 30
Raman Shift, cm™ Duration, hours

Figure 5. (a) Raman spectra of the glass and glass-ceramic samples; (b) Intensity ratio of band A and
B vs. the crystallization duration.

The shift of the maximum of band B to the region of 1120 cm ™!, which is also observed
with the increasing holding time of the heat treatment, may be attributed to the enhanced
binding of the residual silicate glass phase. This can be explained by the fact that a
significant portion of the Li;O glass modifier enters the crystalline phase, resulting in a
reduction in non-bridging oxygen in the glass network. Previous studies have associated
the bands in the mentioned regions in the Raman spectra of crystalline phases in the LAS
system with SiO,-3-quartz, LiAlSi)Og, and LiAlSiO4-p-eucryptite phases. However, due to
the overlapping of the bands and their broadening in glasses, it is challenging to provide an
accurate interpretation of the phases. Nevertheless, the obtained data tentatively indicate
that the observed change in the Raman spectra is related to the crystallization of 3-quartz
solid solutions, which is typical for LAS glasses.

To describe the scenario of the temporal evolution of crystalline phases in the sam-
ples during the second stage of the heat treatment, we examined the variations in the
I /1p intensity ratios, as depicted in Figure 5b. It is evident that at the duration of up to
22.5 h, the I /Ip ratio gradually increases. However, at 25 h, the stepped, nearly twofold
increase in I /Ig was found with further plateaus at 27.5 and 30 h. This distinctive pattern
indirectly signifies a possible significant change in the thermomechanical characteristics of
the glass-ceramics.

The XRD patterns of the glass-ceramic samples, obtained after the nucleation and
subsequent crystallization at a temperature of 710 °C with varying holding times, are
presented in Figure 6a. It is noteworthy that all the XRD patterns exhibit distinct reflexes,
whose position remains virtually unchanged as the holding time of the heat treatment
increases. The longer the holding time, the higher the intensity of the reflexes. The primary
XRD peak, located at an angle of 20 = 25.7°, could potentially correspond to multiple
crystalline phases, as displayed in Figure 6b. It is plausible that the predominant crystalline
phase formed in this glass under the applied heat treatment conditions is a 3-quartz solid
LiO-Al,O3-nSiO,-type solution. The diffraction peaks of this solid solution are shifted
by approximately 0.5-1° towards larger angles compared to the reflections of 3-eucryptite
(PDF card #00-026-0839), with the magnitude of deviation being proportional to the angle.
This shift can be attributed to the non-stoichiometric SiO, content in the solid solution and
due to the complex multicomponent composition of the initial glass.
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Figure 6. (a) XRD patterns of the glass-ceramic samples; (b) Standard PDF cards of LixAlxSij_4O»,
LiAlISiOy4, and LiAlISi;Og for comparison.

Increasing the duration of the holding time at a temperature of 710 °C up to 27.5h
results in a substantial increase in the content of the crystalline phase and a decrease in
the fraction of the amorphous phase, which cannot be evidently observed in the XRD
patterns. The evaluation of the crystalline phase content and crystallite size is presented
in Table 2. The crystallite size remains relatively constant at 33-35 nm regardless of
the holding time. However, the degree of crystallization of the samples increases from
approximately 14% to 49% after 20 h and 27.5 h of the second stage of the thermal treatment,
respectively. It is worth noting that 3-eucryptite exhibits a negative CTE coefficient (x),
with the average values of «x = —6.2 ppm/K in the c-axis direction within the temperature
range of 20-1000 °C. Therefore, significant changes in the thermomechanical properties can
be expected for the samples subjected to heat treatment at 710 °C within the specified time
range. These findings are consistent with the results obtained from the Raman spectroscopy,
in which an increase in the holding time leads to a notable enhancement in the intensities
of the bands associated with the formation of the crystalline phase (Figure 5).

Table 2. Calculated crystallized fraction, crystallite size, and CTE values in different temperature

ranges (CTEtq. . 12) for the glass-ceramic samples.

Sample  Duionn Sl Goallie Gl e L, CTEa e
ppm/K

GC-20 20 14 33 3.64 4.34 4.73

GC-22.5 22.5 24 33 3.13 3.88 4.25

GC-25 25 32 35 0.51 0.75 0.94

GC-27.5 27.5 49 35 —0.77 —0.49 —0.34

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

The size of the small particles was determined from a few TEM images and found
to be approximately 12 £ 2 nm, while the size of the large particles was calculated to be
around 40 =+ 11 nm (Figure 7b). The small particles are most likely the nucleation centers
for the growth of LAS-phase crystals in the form of large particles. These small particles can
be described as nanocrystals of ZrTiO,4 and a mixed form of Zr;_Ti;14O4, a finding that
has been confirmed by numerous researchers [44—47]. It is worth noting that the electron
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beam used during TEM imaging did have an impact on the glass-ceramic sample. However,
the size measurements obtained from the TEM images for the LAS crystals (40 &= 11 nm)
coincide well with the estimation (33-35 nm) using the XRD analysis.

(b)

Small particles
D=11.7+2.4 nm

Large particles
D=394:114nm

40 60 .80
Particle Size, nm

Figure 7. (a) TEM image of the glass-ceramic sample GC-27.5; (b) Particle size distribution as
extracted from the TEM image in (a).

Dilatometric curves were recorded over a wide temperature range (—120 to 500 °C)
to investigate the effect of the heat treatment duration during the second stage of crys-
tallization on the thermomechanical properties of glass-ceramics. Figure 8 displays the
relative elongation curves and the corresponding CTE values as a function of temperature.
By varying the holding times at 710 °C, it was possible to smoothly adjust the positions
of the relative elongation curves for the samples. The CTE values at 100 °C for the GC-20
and GC-22.5 samples exhibited only minor differences and are equal to 4.0 and 3.5 ppm/K,
respectively. The most significant changes in the thermomechanical properties of the heat-
treated specimens were observed within a range of holding times between 25 and 27.5 h, as
indicated by a transition in the CTE value from positive (0.5 ppm/K) for the GC-25 sample
to negative (—0.5 ppm/K) for the GC-27.5 sample. Increasing the holding time up to 30 h
resulted in negligible changes in the CTE, with the elongation curve closely resembling the
one of the GC-27.5 sample.
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Figure 8. (a) AL/Lg and (b) CTE curves of the bulk glass and glass-ceramic samples.

It can be hypothesized that at a temperature of 710 °C and a holding time of 27.5 h, the
primary crystallization processes have already finalized, and prolonging the heat treatment
duration does not substantially affect the structure and properties of the LAS glass-ceramics.
Thus, by manipulating the duration of the holding time during the temperature treatment
of the investigated samples within the confined range of 25 to 27.5 h, it becomes feasible to
fine-tune the CTE curve and, moreover, to alter its sign while preserving the stability of the
CTE values in close proximity to zero.

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

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

4. Conclusions

This study presents a comprehensive investigation into the influence of heat treatment
on the structural characteristics of LAS glass-ceramics, which enables the fine-tuning of
their thermal expansion coefficient. The temperature—time regime for efficient glass nucle-
ation was determined, and a two-stage heat treatment route was developed to produce
transparent glass-ceramics with a relatively high crystalline-phase content. The optimal
crystal growth temperature is found to be 710 °C, as this temperature effectively prevents
sample cracking caused by internal mechanical stresses during the formation of the crys-
talline phase. Furthermore, it is demonstrated that the variation in the duration of the heat
treatment in the second stage in the range of 20-30 h allows us to precisely control the
crystallization of a 3-eucryptite-like solid solution as well as the CTE of the glass-ceramics
in the range from 0.5 ppm/K to —0.5 ppm/K. The size of crystallites remains relatively
unchanged at approximately 33-35 nm, while the degree of crystallization reaches 49%.
The results of the study are of interest for researchers for the advancement of integrated
optical devices based on temperature-insensitive materials.
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mdpi.com/article/10.3390/ ceramics7010001/s1, Figure S1: Photo of the synthesized LAS glass block;
Figure S2: XRD patterns of one of the glass-ceramic samples and an empty silicon-made low-background
specimen holder used to estimate the instrumental background profile; Figure S3: (a) Raman spectra
and (b) XRD patterns of initial glass and glass obtained after the nucleation at 670 °C for 2 h; Table S1:
Detailed ICP-OES instrumental settings; Table S2: Crystallization peak temperatures determined from
the DSC curves (Figures 2 and 3) and calculated T'p — Tp parameter.
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Abstract: In the present work, the influence of alkali ions (Li, Na, K) on the structural and spec-
troscopic properties of silica glasses doped with Sm3* was investigated. Infrared and Raman spec-
troscopy techniques were used to investigate the structural properties of the alkali silicate glasses.
The optical absorption showed bands characteristic of Sm®* ions in alkali silicate glasses, and this
was investigated. The Judd—Ofelt theory was applied to evaluate the phenomenological intensity
parameters (()y, (4, and ) of the optical absorption measurements. The multi-channel visible and
near infrared emission transitions originating from the *Gs ,-emitting state of the Sm>* in alkali

silicate glasses with a maximum phonon energy of ~1050 cm~!

were investigated. From the evaluated
Judd-Ofelt parameters, radiative parameters such as spontaneous emission probabilities, radiative
lifetimes, branching ratios, and stimulated emission cross-sections were calculated. The recorded
luminescence spectra regions revealed intense green, orange, red, and near-infrared emission bands,

providing new traces for developing tunable laser and optoelectronic devices.

Keywords: alkali metal; structural and spectroscopic properties; Judd—Ofelt parameters

1. Introduction

Due to their potential for use as lasers and phosphors in a variety of hosts, including
glasses, crystals, and transparent vitro-ceramics that exhibit luminescent transitions in the
VIS and NIR spectra regions, Ln**-doped ions have attracted considerable technological
interest [1]. According to research, the optical spectra of the rare earth ions can be used as
structural probes to determine the local field parameters within a specific host glass because
the energy levels, profiles, and intensities of the absorption and emission bands depend on
how charges are distributed in the first coordination shells of the rare earth ions [2,3]. In
oxide glasses, silicate glasses are one of the most popular glass hosts for making optical
fiber lasers and amplifiers. Several papers have been published on the optical properties
of rare earth ions in different glasses [4-6], but only a few of them have been concerned
with Sm3* [7-10]. The significant energy gap (less non-radiative decay) between the *Gs ,
level and the next lower-lying energy level, °Fy /o, which is roughly 7200 cm~?, causes
glasses doped with Sm3* ions to have relatively high quantum efficiencies. It has been
known for a long time that Sm®* ion provide very strong luminescence in the orange and
red spectral regions in a variety of lattices [11,12]. However, only a few attempts have
been made to explore the possibility of using the orange-red luminescence of Sm®" ions for
the development of visible optical devices. The main reason for not carrying out spectral
studies on Sm** ions doped in glasses is the complicated structure of the 4f® configuration of
this ion because these glasses show different channels that lead to luminescence-quenching
and have strong phosphorescent intensities [13].

In the present work, the spectroscopic properties of Sm>* ions were used to investigate
the local structures of alkali (i.e., Li, Na, and K) oxides in silica. It has been known for a
long time that the gradual replacement of one alkali oxide by another induces nonlinear
changes in certain physical properties of glasses [14,15], and the explanation for this effect
in terms of the atomic structure is not simply due to the amorphous nature of the glass.
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2. Materials and Methods

Silicate glasses have the following composition: 33.0 RO + 66.0 SiO; + 1.0 SmyO3
(mol%), where R = Li, Na, and K. The glasses were prepared using the traditional melting
quenching technique. The laboratory chemicals used included purified sand Li;COs,
NayCO3, K,CO;3, SiOy, and Sm;y0O3 (99.99% purity grade from Sigma-Aldrich (St. Louis,
MO, USA)), and these were used for sample preparation. Since carbonates and silica are
highly hygroscopic, they were dried at 200 °C for 1-2 h. The mixture was placed in a
platinum crucible and heated at 700 to 800 °C to eliminate CO;, [16], and then it was melted
at 1550 °C for 2 h in air. The melted mixture was quickly poured into a preheated stainless
steel mold and annealed at 350 °C for 4 h. After that, it was cooled down slowly to room
temperature at a rate of 5 °C/min. Table 1 shows the compositions, appearances, and
melting temperatures of the prepared samples.

Table 1. Chemical compositions of the glass samples.

Melting Temperatures

Sample Notation Glass Compositions (mol%) Glass Appearances ©C)
LS-Sm 33.0 Li,O + 66.0 SiO; + 1.0 SmyO3 Transparent glass 1550
NS-Sm 33.0 Nay,O + 66.0 SiO; + 1.0 Sm,O3 Transparent glass 1550
KS-Sm 33.0 KO + 66.0 SiO; + 1.0 SmyO3 Transparent glass 1550

The densities of the prepared samples were measured using the Archimedes method
(with an analytical balance Shimadzu AUW220D, 0.1 mg/0.01 mg) using distilled water
as the immersion liquid. The refractive index was measured using a SOPRA GES-5E
ellipsometer. The FTIR transmittance spectra were measured using a Bomem MB100
spectrometer using KBr pellets. The Raman spectra were measured using an HeNe laser as
the excitation source. The absorption spectra in the UV-Vis-Nir region were recorded using
a high-performance spectrometer (PerkinElmer model LAMBDA 1050) with a spectral
resolution of 0.2 nm. The photoluminescence (PL) data were measured using a CryLas
GmbH 488 nm CW laser as a pumping source. The PL signal was dispersed by an Acton SP
2300 monochromator and detected by a Pixis 256E CCD. The detected signal was fed to an
SR 430 multichannel analyzer and transferred to a computer running acquisition software
(OriginPro).

3. Results and Discussions
3.1. Structural Analysis

One of the most successful techniques for structural analysis is infrared spectroscopy,
which makes it possible to identify structural features related to both the anionic sites
containing the modifying cations and the local units that form the glass network [17].
Figure 1 shows the vibrational spectra of the alkali silicate glasses, which exhibit prominent
bands at ~1037 cm ! for LS, ~1060 cm ! for NS, and ~1013 cm ! for KS due to Si-O-Si
stretching within the tetrahedral by the presence of alkali ions. These bands are sharpened
by the addition of rare earth ions. The introduction of rare earth ions in the matrix will alter
the environment of the defect centers in the silica [18]. Also, the relative intensities of the
peaks corresponding to the Si-O stretching from the tetrahedral and the non-bridged Si-O
were nearly the same for the LS and NS samples, but for the KS sample, it was possible
to observe a shift in the band at ~1013 cm ™! to lower wavenumbers, suggesting that the
effect of K on the Si-O stretching within the tetrahedral was slightly different from that of
Li and Na. The bands at ~916 cm ™! for LS, ~891 cm~! for NS, and 884 cm~! for KS were
due to the stretching of the non-bridged terminal Si—O. The addition of alkali ions would
decrease the local symmetry due to the formation of non-bridging oxygen bonds, giving
rise to a stretching mode at ~900 cm ! [19]. Comparing the spectra shown in Figure 1 and
described in Table 2, all of them presented shoulders at ~900 cm !, though they were more
pronounced for LS and NS samples, indicating the formation of non-bridged terminal Si-O.
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The bands at ~774 cm™! for LS, ~752 cm ™! for NS, and ~745 cm ™! for KS were due to the
stretching of the bridged Si—O-Si symmetric vibrations; more precisely, they were due to
the bending mode of the bridging oxygen perpendicular to the Si-Si axis within the 5i-O-5i
plane and were at ~470 cm ! for LS and NS and ~450 cm ! for KS due to the Si-O rocking
motion.
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Figure 1. FTIR absorption spectra of the different alkali silicate glasses.

Table 2. Vibration mode FTIR spectra of the alkali silicate glasses.

Vibration Mode LS-Sm NS-Sm KS-Sm
Wavenumber (cm—1) Wavenumber (cm—1) Wavenumber (cm—1)
Si-O-Si bending vibration 472 468 447
0O-Si-O bending vibration 774 752 745
Si-O-Si symmetric stretching 916 891 884
Si-O-Si asymmetric stretching 1037 1060 1013

Figure 2 shows the Raman spectra of the samples. These spectra consisted of three
intense peaks as representative cases, and the band assignments are presented in Table 3.
Prominent features of the silica glass Raman spectrum were shown in Matson et al. [20].
The Raman spectrum of silica contains a large and asymmetric band near ~440 cm ! and
a sharp band at ~492 cm ! related to the SiOy tetrahedra. A broad band at ~800 cm ™! is
related to the network of the 5iO; glass, a band at ~600 cm~ 1 is related to defects, bands at
1060 and 1190 cm ! are related to Si—-O-Si vibrations, and a band at ~950 cm ! is related
to crystalline metasilicates containing chains of SiO4 tetrahedra. According to Matson
et al. [20], the introduction of alkali ions in the silica network induces changes in the Raman
spectrum depending on the ion type and concentration. The stretching of non-bonding
oxygen on SiOj tetrahedra due to the alkali ion appeared at ~1100 cm ™! [20]. The results
shown in Figure 2 showed that intense bands were observed for all samples at close to
600 cm~!, and they were related to defects in the silica network and were likely induced by
the alkali ions (the creation of non-bonding oxygen atoms). Consistently, the bands close to

~1100 cm~! and ~950 cm ! were also observed for all samples while the band at ~800 cm !,
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related to the silica network, was not observed. This suggested that the incorporation of the
rare earth oxides studied in the alkali silicate glasses caused more non-bridging oxygen to
occur, and consequentially, it led to more polymerization in the network. It is expected that
the presence of rare earth oxides as modifiers contribute three NBO (non-bridging-oxygen)
atoms to a glass system while traditional modifiers (Li,O, NayO, and K,O) contribute only
one NBO (non-bridging-oxygen) atom [21].
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Figure 2. Raman spectra of the different alkali silicate glasses.

Table 3. Vibration-mode Raman spectra of the alkali silicate glasses.

Vibration mode LS-Sm NS-Sm KS-Sm
Wavenumber (cm—1) Wavenumber (cm—1) Wavenumber (cm—1)
Si-O 591 589 587
Si—O-Si symmetric stretching 939 942 930
Si-O-Si antisymmetric stretching 1073 1094 1097

Physical parameters such as the densities, refractive indexes, concentrations of Sm3+
ions, polaron radii, inter-ionic distances, field strengths, reflection losses, optical dielectrics,
and dielectric constants of the glasses were calculated using standard equations [22,23] and
are presented in Table 4.

3.2. Optical Properties

The absorption bands of the RE ions in a host glass can be expressed as oscillator
strengths, and the electronic transitions can be calculated using the expression:

fop = 4.318 x 10~ / e(v)dv 1)

where the integral represents the area under the absorption curve and ¢(v) is the molar
extinction coefficient. According to the Judd-Ofelt (JO) theory [24,25], which defines a set
of three parameters (), ()4, and ()4) susceptible to the environment of the RE ion, the
parameter (), is related to the covalence of the metal-ligand bond while ()4 and ()4 are
related to the rigidity of the host matrix. In the Judd-Ofelt theory, the oscillator strength,
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fea, of the spectral intensity of an electric dipole absorption transition from the initial state,
aJ, to the final state, bJ’,

(n2+2)°
9

2 2
fua(a] 1) = 3555 © Y ot pr) @

A=24,6

where m is the mass of an electron, c is the velocity of the light, / is the Planck’s constant, v
is the wavenumber of the absorption peak, 7 is the refractive index, and U" is the doubly
reduced matrix element.

Table 4. Physical properties of the Sm3*-doped alkali metal ion silicate samples.

Physical Properties LS-Sm NS-Sm KS-Sm
Density, p (gm/ cm?) (+ 0.0005) 2.4552 2.5396 2.5598
Refractive index (n) (585 nm) 1.4930 1.4490 1.4310

Concentration of Sm3*, N

(x10% ions/cm?) 2.1896 1.8854 1.7370

Molar volume (V) (cm3/mol) 27.5024 31.9404 34.6697
Polaron radius, (A) 6.6846 7.0264 7.2211
Interionic distance, r; (nm) 1.6591 1.7439 1.7923

Field strength, F (x10'® cm~2) 6.7139 6.0766 5.7533
Reflection losses (Rp) (x1072) 3.9107 3.3614 3.1433
Molar refraction (Rpm) (cm?/mol) 7.9928 8.5671 8.9742
Optical dielectric constant (Pot/dP) 1.2290 1.0996 1.0478
Dielectric constant (&) 2.2290 2.0996 2.0478

Molar polarizability (otm) x 10722 cm? 3.1687 3.3964 3.5578

The optical absorption spectra of the Sm3*-doped different alkali silicate glasses (Li,
Na, and K) recorded at temperature room are shown in Figure 3. The spectral behavior
of the Sm>* in the glasses was very similar to that found in fluorophosphate [26], boro-
sulphate [27], and germanate [28] glasses. Seven absorption bands were shown for each
sample, as described in Table 5, which were associated with the absorption transitions from
the ®Hj,, ground state to the excited states, as labeled in Figure 3. The observed band posi-
tions of different absorption peaks of the samples were due to the interactions between the
alkali ions and the crystal field. The band shapes of the ions in all three alkali silicate glasses
were similar, with small differences in the half-band widths and peak positions. These
results suggested that the Sm®* ions resided in essentially the same sites as the three alkali
ions. The calculated B and & values of the glasses are presented in Table 5. The observed
the nephelauxetic effect [29,30] was increased with the increase in the alkali ions as follows:
K > Na > Li. The negative results demonstrated that the Sm** ions and their surrounding
ligands were primarily ionic in character. Sm®" has a 4f° electron configuration which is
characterized by 2*1L; free-ion levels. With knowledge of the Sm** concentrations, sample
thicknesses, peaks positions, and peak areas, the experimental oscillator strengths were
obtained by using Equation (1). From the experimentally measured oscillator strengths
and doubly reduced matrix elements [31], the J-O intensity parameters were obtained
using Equation (2). The measured, as well calculated, oscillator strengths and J-O inten-
sity parameters of the Sm3* in the alkali silicate glasses are presented in Tables 6 and 7,
respectively. The magnitudes of ]-O intensity parameters are important for investigations
of glass structures and transition properties of rare earth ions. In general, the (), parameter
is an indicator of the covalence of a metal-ligand bond (short-range effect) and the ()4 and
()¢ parameters provide information about the rigidity of a host glass’s matrix (long-range
effects) [32].
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Figure 3. Optical absorption spectra of the Sm**-doped alkali silicate glasses recorded at room
temperature in the NIR region.

Table 5. Bands positions (em~1) and their assignments for the Sm3+—doped alkali silicates.

Transitions °Hj/, LS-Sm NS-Sm KS-Sm
F11/2 10,626.99 10,655.73 10,672.36
Fy/, 9325.81 9353.91 9369.21
6F7/2 8185.95 8183.33 8169.19
°Fs /5 7316.94 7325.95 7322.03
F3/, 6815.18 6821.16 6806.60
®Hys,n 6558.67 6560.53 6549.88
F1 /2 6288.49 6306.04 6309.73

B 1.01436 1.01569 1.01573
) —0.01416 —0.01544 —0.01548

Table 6. Experimental (fexp) and calculated (f,;) oscillator strengths (x 107°) and rms (07) for the
Sm3* alkali silicate glasses.

LS-Sm NS-Sm KS-Sm
Transitions °Hg/,
fexp fcul fexp fcul fexp fcul

6F11/2 0.602 0.568 0.363 0.407 0.309 0.205
6F9/2 4.720 3.440 3.390 2.470 1.640 1.230
°F; /» 3.490 4.660 2.490 3.33 1.220 1.610
6F5/2 2.360 1.890 1.630 1.370 0.648 0.595
6F3/2 1.210 1.060 1.170 0.874 0.760 0.475
6H15/2 + 6F1/2 0.897 0.326 1.091 0.383 0.806 0.307

Orms 0.9856 0.8310 0.5036

In the values for (), ()4, and Q)¢ in Table 7 for the Sm3+—doped alkali silicate glasses,
we observed variations in the intensities of the parameters as follows: Qg > 4 > (). The
lithium silicate glass matrix exhibited higher (), values and the potassium silicate glass
matrix was minimal, indicating lower covalence values for these compositions. It has been
proposed that in oxide glasses, a rare earth ion is surrounded by eight neighboring oxygen
atoms belonging to the corners of SiOy, forming a tetrahedral. Normally, the intensity
parameter (), which indicates covalence, decreases with decreases in the intensity of the
hypersensitive transition.

86



Ceramics 2023, 6

The hypersensitive transitions for the Sm3* ions were °Hs /2 —OF,; /2 and OF, /2- The
hypersensitivity of a transition is proportional to the nephelauxetic ratio, indicating the
RE-O bond’s ionic nature [33]. The ()¢ parameter was the largest in the glasses, showing
that the Sm—O bond was more ionic in these glasses than in other glasses and indicating
the higher rigidity of the glasses. The shift in the peak wavelengths of the hypersensitive
transitions towards shorter wavelengths increased with the size of the alkali ions in the
glass matrix, indicating decreases in the ionic nature of the RE-O bonds. Also, these
changes were not the result of a large-scale structural rearrangement of the local glass
network, but rather, they were primarily caused by the interactions between the alkali ions
and the matrix.

Table 7. A comparison of the Judd-Ofelt parameters (0j) (x 10720 ¢m?) in different hosts.

Host Matrix 0Oy (oN (013 X = 04/Q Order
LS-Sm3* (present work) 1.28 3.14 453 0.69 Qg > Q4 >0
LCN borate [34] 0.84 4.00 5.02 0.79 O >0y >0
30Li,0:70B,O053-Pr3* [35] 0.10 4.71 5.28 0.89 O >0y >0
NS-Sm3* (present work) 1.27 2.69 3.15 0.85 Q> Q4 >0y
NaZnBS-Sm3* [27] 0.55 9.68 9.77 0.99 Qg >0y >0
30Na,0:70B,O3-Pr3* [35] 0.98 4.76 4.86 0.97 O >0y >0
KS-Sm3* (present work) 1.04 1.12 1.61 0.69 Qg >0y >0
KZnBS-Sm>* [27] 0.18 11.37 11.45 0.99 Qg > Q4 >0
LKG [11] 0.63 4.05 4.69 0.86 Qg >0y >0

3.3. Emission Spectra and Radiative Properties

The emission spectra under the 488 nm excitation wavelength consisted of poten-
tial green, yellow, and orange-reddish emissions at ~565 nm (*Gs/,—°Hs,, magnetic
dipole (MD) transition), ~600 nm (*Gs5 /2 —H, /2 mixed magnetic-electric dipole transition),
~650 nm (*Gs /2—>6H9 /2 electric dipole transition), and ~710 nm (*Gs /2—>6H11 /2 electronic
dipole transition), all of which were recorded at room temperature in the VIS regions,
as shown in Figure 4. The peaks in the NIR region centered at ~915 nm (*Gs,,—°F3 ),
~960 nm (*Gs,,—°F5,2), ~1045 nm (*Gs ;,—°F7,), ~1200 nm (*Gs/,—°Fy »), and ~1300 nm
(*Gs /2—>6F11 /2) are presented in Figure 5. It is important to note the largest number of
transitions observed, including the one at 1300 nm, indicated that the alkali silicate glasses
were very efficient systems.
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Figure 4. VIS region emission spectra for the alkali silicate glasses under excitation at 488 nm.
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Figure 5. NIR region emission spectra for the alkali silicate glasses under excitation at 488 nm.

The radiative transition probability A,.q (aJ and b]’) is given by the expression:

4..3,2
Amd(a]/ b],) = oA Ve

T 3h(2] +1)

2 2
“”;”54 ©

where Sq and S;,,q are electric and magnetic dipole line-strengths, respectively. From these
values, it is possible to calculate the branching ratio and radiative lifetime of an emitting
state, aJ, which is calculated from:

N _ _ Avaa(a],b]") 4
Brad (a], bJ ) B Yoy Araq(a], b]’) ¥

and 1
= Y Aol 1) o

In addition, another important radiative parameter property, the fluorescent integrated
emission cross-section (op) for stimulated emissions, is estimated from the following

equation:
4

by = — 4 bJ’ 6
Up(a]/ ]) —W rad(a],b]") (6)

Due to the characteristic lack of long-range order in glasses, the local environment
of RE ions is expected to be slightly different from one site to another, resulting in broad
absorption bands. The crystal field splitting is also responsible for the broadening of these
bands [26]. It has been assumed that in oxide glasses, an RE ion has eight neighboring
oxygen atoms that are shared with the corners of the glass, forming a tetrahedral. In
lanthanides, there are certain f—f transitions that are exceptionally sensitive to the local
environment, and they are known as hypersensitive transitions (A] <2, AL <2, and AS = 0).
For Sm*3, they corresponded to the ®Hs/,—°F3,, and °F /, transitions, which were in the
visible range. The addition of alkali ions as network modifiers in oxide glasses induced
the formation of non-bridging oxygen atoms, changing the forming cation coordination
number. This effect induced changes in the lanthanide-oxygen distances and, therefore,
should affect the optical properties of the RE ion in the oxide glass [26].

Using the phenomenological intensity parameters, one can estimate the radiative
transition probability values for Arq(s™h (Equation (3)). From these values, it is possible to
calculate the branching ratio Br (Equation (4)) and radiative lifetime T4 (ms) (Equation (5))
from the *Gs /, excited level to all its lower-lying levels for alkali silicate glasses, as shown in
Table 8. The stimulated emission cross-section (Equation (6)) is an important parameter for
predicting a better laser performance and high quantum efficiency of glass matrices. Table 9
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reports the emission band positions, the effective bandwidths, and the values of emission
cross-section ¢ (A,) for some of the transitions originating from the *Gs, level of the
Sm3* ions in the silicate glasses. Even though the magnitudes of the intensity parameters
obtained in the present work were low, the measured ¢ (/\ p) values for the *Gs / ,—OH; 12,9/2
transitions were relatively higher than those reported for other glasses [36-39]. The highest
values were observed for the *Gs /2-6H7 /2 transitions (6.14 x 10722 cm?, 4.97 x 10722 cm?,
and 2.31 x 10722 cm? for the LS, NS, and KS samples, respectively). Despite the values of
o (Ap) for the NIR emissions being lower than those of the VIS emissions, they were of the
same order of magnitude. Therefore, the novel NIR emissions of the alkali silicate glasses
provided a new clue for developing potential NIR optoelectronic devices.

Table 8. Radiative transition probability values (A,,4 sy, branching ratio values (3r), and radiative
lifetime values (7,44 (ms)) for the Sm3+-doped alkali silicate glasses.

Transitions
from 4G, to

LS-Sm NS-Sm KS-Sm

AE(em™) Auy(s™  Br Trad DE(em™) Apg(s™)  Br Trad DE(em™) Apg(s™)  Br Trad

6H5/2 17,740 45.40 0.1812 399 17,731 36.28 0.1951 537 17,728 17.19 0.1906 11.08
®Hy /» 16,608 110.618  0.4415 16,584 76.318 0.4104 16,568 34.372  0.3808
6H9/2 15,407 58.314 0.2327 15,408 46.000 0.2473 15,369 25510 0.2827
Hyy /9 14,101 26.256 0.1048 14,065 18.945 0.1019 14,025 8.074 0.0895
6F3 /2 10,890 0.800 0.0032 10,905 0.705 0.0038 10,834 0.502 0.0056
Fs/2 10,424 5.925 0.0236 10,395 5.257 0.0283 10,373 3.405 0.0377
°F, 9578 1.965 0.0078 9606 1.505 0.0081 9533 0.606 0.0067
6F9/2 8324 0.860 0.0034 8326 0.701 0.0038 8321 0.458 0.0051
F11 /2 7686 0.419 0.0017 7669 0.271 0.0015 7645 0.129 0.0014
Table 9. Stimulated emission cross-sections (o(Ap) X 10~22 cm?) for the emission peak wavelengths
(Ap) in the infrared with the effective line width values (A.g) for the Sm3*-doped alkali silicate glasses.
Transitions LS-Sm NS-Sm KS-Sm
from 4G, to
Ap(nm) AAgfr(nm) a(Ay) Ap(nm) A gfr(nm) o(Ay) Ap(nm) A p(nm) a(Ay)
6H5/2 564 10.14 2.69 564 11.01 211 565 12.28 0.92
6H7/2 602 14.16 6.14 603 12.82 497 604 12.68 2.31
6H9/2 649 14.76 417 650 14.83 3.49 651 13.73 2.16
6H11/2 710 2291 1.73 711 21.63 1.42 713 18.75 0.72
F3/2 919 19.03 0.18 919 17.74 0.18 921 19.60 0.12
6F5/2 959 27.37 1.09 962 28.36 1.01 964 22.92 0.83
6F7/2 1044 27.25 0.51 1043 32.19 0.35 1052 24.68 0.19
6F9/2 1199 70.61 0.15 1201 60.99 0.15 1204 61.82 0.10
6F11/2 1301 39.59 0.18 1309 33.35 0.15 1307 41.09 0.06

4. Conclusions

The present work detailed the influence of alkali ions on the structural and spectro-
scopic properties of Sm3* ion-doped silicon glasses. The FTIR spectra of the doped silica
showed that the Si-O-5i bending modes were sharpened with the introduction of rare
earth ions. The addition of alkali ions decreased the local symmetry due to the formation
of non-bridging oxygen bonds, giving rise to a stretching mode at ~900 cm . The optical
properties of the Sm®* alkali silicates were measured and analyzed using the Judd-Ofelt
theory. The ()4 parameter was the largest in the glasses, showing that the Sm-O bonds
were more ionic in these glasses than in other glasses and indicating the higher rigidity
of these glasses. The intensities of the emission bands in the VIS and NIR regions of the
samples containing Li were relatively high compared to those of the samples containing
Na and K. The emission spectra showed potential for green, yellow, and orange-reddish
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emissions. The branching ratios were larger for the *Gs,—°Hy/, (VIS region) transition
and decreased from the Li and Na to the K silicates, and the ratios for the *Gs /2 —0Fs /2 (NIR
region) transition decreased as follows: Li > Na > K. The stimulated emission cross-sections
obtained were similar to the values reported in the literature for Sm®" in different glasses.
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Abstract: Bismuth-germanate glasses, which are well known as a promising active medium for
broadband near-infrared spectral range fiber lasers and as an initial matrix for nonlinear optical
glass ceramics, have been synthesized in a 5-50 mol% BipO3; wide concentration range. Their
structural and physical characteristics were studied by Raman and FT-IR spectroscopy, differential
scanning calorimetry, X-ray diffraction, optical, and luminescence methods. It has been found that
the main structural units of glasses are [BiO4z] and [GeOy4]. The growth in bismuth oxide content
resulted in an increase in density and refractive index. The spectral and luminescent properties of
glasses strongly depended on the amount of bismuth active centers. The maximum intensity of IR
luminescence has been achieved for the 5Bi; O3-95GeO, sample. The heat treatment of glasses resulted
in the formation of several crystalline phases, the structure and amount of which depended on the
initial glass composition. The main phases were non-linear Bi;GeOs and scintillating Bi4Ge3O1».
Comparing with the previous papers dealing with bismuth and germanium oxide-based glasses, we
enlarge the range of BioO3 concentration up to 50 mol% and decrease the synthesis temperature from
1300 to 1100 °C.

Keywords: bismuth-germanate glass; bismuth active centers; IR-luminescence; crystallization

1. Introduction

The BiyO3-GeO; system has a wide glass transition region up to 85.7 mol% Bi,O3 [1,2].
The basis of the structural network of bismuth-germanate glasses is [GeOy4]* -tetrahedra [3].
Bismuth oxide, as a modifier, creates additional bonds in glass, strengthening it. It is
generally accepted that Bi** ions are predominantly in octahedral coordination in glass,
but it can be varied from octahedral [BiOg]®~ to pyramidal [BiO5]®~ at Bi-concentration
growth. Along with Bi3*, bismuth can exist in other charge states in glasses [4].

Bismuth-containing glasses have a high refractive index and high density; they are
transparent in the visible and IR spectral ranges [5,6]. Increased researchers’ attention to
these glasses arose after the discovery of a unique luminescence in the 1100-1500 nm range,
the source of which is bismuth active centers (BACs) [7]. The structure of these centers
has been subjected to changes over the past 20 years [8-10]. Up to date, the prevailing
opinion is that BAC has a complex active structure, which is a combination of bismuth
ions in low oxidation states and oxygen vacancies [11]. Understanding the nature of these
centers would make it possible to optimize laser active media for the near-IR range.

In addition to active optics, bismuth-germanate glasses are used to produce glass-
ceramic materials since the glass formation region of the BiO3-GeO, system includes

Ceramics 2023, 6, 1559-1572. https:/ /doi.org/10.3390/ ceramics6030097 92

https:/ /www.mdpi.com/journal /ceramics



Ceramics 2023, 6

the compositions of different crystalline phases: “metastable” Bi,GeOs with ferroelectric
characteristics [12], and BiysGe3O1, with scintillation properties [13].

All this makes bismuth-germanate glasses both unique and multipurpose materi-
als. Thus, the goal of the present research was to investigate the properties of bismuth-
germanate glasses synthesized in a wide range of bismuth and germanium oxide concen-
trations for further application in various fields of science and technology.

2. Materials and Methods

We synthesized xBi,O3(100-x)GeO, glasses in the 5-50 mol% Biy O3 concentration
range with a 5 mol% step. We used Bi;O3 99.999 wt% and GeO; 99.995 wt% purchased
from LANHIT LTD (Russia, Moscow). For a better presentation of the results, the samples
were signed as x(100-x). For example, the 15Bi,O3-85GeO, composition was signed as
15-85 (Sample ID). Glasses were synthesized in corundum crucibles at 1100 °C for 30 min
by the standard melt-quenching technique with casting onto a metal substrate at room
temperature. Thermal stresses were removed at 350 °C for 3 h, followed by cooling at a
rate of ~50 °C/h. Polished parallel plates with 2 mm thickness were made from glasses for
further studies.

The elemental analysis of the synthesized glasses was carried out using an X-ray
spectral energy-dispersive microanalyzer (EDS Oxford Instruments X-MAX-50) on the base
of a Tescan VEGA3-LMU scanning electron microscope (TESCAN ORSAY HOLDING, Brno,
Czech Republic). Raman spectra were recorded on a QE65000 spectrophotometer (Ocean
Optics, Largo, FL, USA) using a 785 nm excitation laser in the frequency shift range of
200-2000 cm ! in backscattering geometry. IR transmission spectra were recorded on a Ten-
sor 27 IR-Fourier spectrometer (Bruker, Ettlingen, Germany) in the 400-8000 cm ™! range.

The characteristic temperatures of the samples were determined by different scanning
calorimetry methods using a DSC 404 F1 Pegasus instrument (Erich Netzsch GmbH & Co.
Holding KG, Selb, Germany). The measurements were carried out for 100-120 mg samples
placed in platinum crucibles at a 20 mL/min airflow and 10 °C/min heating rate. The
density of the samples was determined by the hydrostatic method using a M-ER123 ACF
JR-150.005 TFT balance (Mercury WP Tech Group Co., Ltd., Incheon, Republic of Korea)
with an accuracy of 0.005 g/cm?. The refractive index (np > 1.78) was determined using a
MIN-8 optical microscope (LOMO JSC, Saint Peterburg, Russia) by measuring the shift of
the refracted beam at different preset tilt angles of sample plates located on a special stage.

The absorption spectra were recorded on a UNICO 2800 (UV/VIS) spectrophotometer
(United Products & Instruments, Suite E Dayton, NJ, USA) in the 190-1100 nm wavelength
range with a 1 nm step. The luminescence spectra were recorded on an IFS 125HR FT-IR
spectrometer (Bruker, Ettlingen, Germany) using an original self-made luminescent module.
Luminescence was excited by diode lasers (CNI, Changchun, China) with wavelengths of
405, 425, 525, 650, and 805 nm; the power density on the sample was 100 mW / mm?, and
the spectral resolution was 12 cm 1.

The original glasses were subjected to heat treatment for 2 h at various temperatures
based on the DSC data. The structure of the crystalline phases was determined by X-ray
diffraction using an Equinox-2000 diffractometer (Inel SAS, Artenay, France) with a linear
CCD detector with a step of 0.0296 degrees in the range from 0 to 114 26 and a 2400 s acqui-
sition time using CuK« radiation (A = 1.54056 A). The phases were identified by a Match!
Software package (2003-2015 CRYSTAL IMPACT, Bonn, Germany) as follows: x-GeO,
(SG No 136; PDF #35-0729); x—GeO, (SG No 136; PDF #21-0902); 3-GeO, (SG No 154;
PDF #43-1016); Bi;Ge3Og (SG No 215; PDF #43-0216); Bi;Ge3zOg (SG No 176; PDF #43-0216);
BiyGe3zO12 (SG No 220; PDF #34-0416); Bi;GeOs (SG No 36; PDF #36-0289); and BijoGeOyq
(SG No 197; PDF #77-0556).
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3. Results
3.1. Glass Samples

The synthesized samples had a ruby-red color, which became more saturated with
an increase in the bismuth oxide content (Figure 1). Samples containing >40 mol% Bi, O3
had color inhomogeneity, probably caused by heterogeneous component distribution in

the glass.
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Figure 1. Photos of synthesized glasses. Here and after the numbers, refer to the sample ID.

The sample with the lowest content of bismuth oxide (5 mol%) had inclusions of
bubbles due to the high melt viscosity at the synthesis temperature, and some of its
properties were not studied. As a result, the 5-95 sample density was lower than the density
of pure GeO,. Glasses 50-50 were inclined to surface crystallization during melt casting,
which contradicted the data of [2], in which 85.7Bi;O3-14.3GeO; glasses were presented and
similar synthesis conditions (temperature 1100-1200 °C, quenching on a metal substrate at
room temperature) were reported for their production.

The results of the elemental analysis of the glasses showed that all samples contained
an aluminum impurity (Table 1) due to the synthesis in corundum crucibles. A similar
result was observed in [14]. With an increase in the bismuth oxide content, the amount
of aluminum in the glass composition increased, which was explained by the chemical
aggressiveness of the bismuth oxide melt towards the crucible material. Additionally,
bismuth volatilized insignificantly during the synthesis, which was also described in the
literature [15]. At the same time, the Bi/Ge ratio in our initial mixture and in the synthesized
glass remained nearly unchanged.

Table 1. The composition of glasses according to the EDS data.

Sample ID Bi Content (mol%) Ge Content (mol%) O Content (mol%) Al Content (mol%)
Raw EDS Raw EDS Raw EDS * Raw EDS
10-90 6.25 8.51 +£0.29 28.13 25.89 +0.13 65.62 65.18 0.00 0.42 +0.02
15-85 9.09 1091 £ 0.37 25.76 22.35+0.11 65.15 63.25 0.00 3.49 £0.14
20-80 11.76 10.52 £ 0.36 23.53 21.77 £0.11 64.71 65.97 0.00 1.74 £ 0.07
25-75 14.29 13.54 £+ 0.46 21.43 18.21 £+ 0.09 64.28 63.62 0.00 4.63 £0.18
30-70 16.67 1543 + 0.52 19.45 16.36 + 0.08 63.88 63.30 0.00 490 £0.19
35-65 18.92 17.01 + 0.58 17.57 14.22 + 0.07 63.51 62.84 0.00 5.93 £0.23
40-60 21.05 18.61 £ 0.63 15.79 12.78 £ 0.07 63.15 62.58 0.00 6.03 £ 0.24
45-55 23.08 20.93 £0.71 14.10 11.35 £ 0.06 62.82 62.22 0.00 5.50 £0.21
50-50 25.00 22.80 +=0.78 12.50 9.76 + 0.05 62.50 61.90 0.00 5.54 +0.22

* Oxygen content was calculated as 100-xBi-yGe-zAl
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3.2. Glass Structure Characterization

Structural units in the glass network were characterized using Raman and IR spec-
troscopy (Figures 2 and 3). In the low-frequency region (<700 cm~!) for the Raman spectra
(Figure 2), the bands in the region of 500 cm ! characterized [GeOy]-tetrahedra vibrations.
Their intensity decreased with a reduction in germanium oxide concentration [2,16]. Ad-
ditionally, in this region, there was a wide band at 600 cm ™!, related to vibrations of the
Bi-O bond of [BiOg]-octahedra [17]. It is interesting that for the 50-50 glass, the band at
395 cm ™!, associated with the bending of the O-Ge-O bridge bond [16], had the highest
intensity in comparison with other glasses. It can be explained by the tendency of this glass
to surface crystallize GeO, phases.

50-50
m
35-65
0-70
/”N

20-80
/‘N

10-90
5-95

T T T T T T
500 750 1000 1250 1500 1750
Raman shift (cm'1)

Intensity (a. u.)

Figure 2. Raman spectra of synthesized glasses.
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Figure 3. FT-IR spectra of synthesized glasses.

The bands in the high frequency region of the Raman spectra (>700 cm™!) were
assigned to [GeOy]-tetrahedra vibrations with different numbers of non-bridging oxygen
atoms, so-called Qn-units, where 7 is the number of bridging oxygen atoms [18,19]. The
growth of bismuth oxide content (Figure 2) resulted in the increasing intensity of the
bands in the high-frequency region. This indicated an increase in the defectiveness of the
glass structure.

The FT-IR spectra of the glasses (Figure 3) contained the main bands at 580, 670, 850,
and 1105 cm~!. The band at 580 cm ! referred to asymmetric stretching of the Ge-O-Ge
bridge bond vibrations [19] and was observed for all glasses; its intensity decreased with
increasing BipO3 content. The band at 670 cm ™! was assigned to vibrations of Bi-O bonds in
[BiOg] structural units [20]. The band at 880 cm ™! was assigned to Ge-O-Ge stretching [21].
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The band at 1105 cm~! was assigned to vibrations of the Bi-O-Bi or Bi-O-Ge bond [20].
It should be noted that the bands at 880 and 1105 cm™~! shifted to the low-frequency
region with an increase in the bismuth oxide content, which indicated a weakening of the
Ge-O bonds due to the incorporation of bismuth ions into the glass network. The FI-IR
transmission spectra (Figure 3) confirmed the assumptions about the glass structure and
were in agreement with the Raman spectra presented above.

3.3. DSC Characterization and Physical Properties

The glass transition temperatures (Tg) and maximum crystallization temperatures (Tx)
of all samples (Table 2) were determined from DSC curves (Figures S1-510).

Table 2. Glass characteristic temperatures *.

Sample ID Tg, °C Ty, °C Ty, °C T3, °C
5-95 470 631 662 690
10-90 460 651 719 -
15-85 461 650 707 -
20-80 469 696 744 -
25-75 470 663 689 721
30-70 473 633 712 -
35-65 478 647 663 692
40-60 469 624 657 -
45-55 441 518 575 654
50-50 450 548 598 657

*—the determination error for all characteristic temperatures was +1 °C.

The presence of several crystallization temperatures was associated with the formation
of various crystalline phases. The difference in the number of crystallization temperatures
(2 or 3) for different compositions can be associated both with a change in the type of
crystallizing phases and with a rather high heating rate of the samples during the DSC
processing. The formation of the metastable BiyGeOs phase could be observed in the
600-650 °C temperature range, according to [22]. The crystallization temperature in the
region of 650-700 °C may correspond to the transition of the metastable BiGeOs phase
to the stable Bi4Ge3O1, with the eulytite structure [23]. The shift of the crystallization
temperatures of the same phase towards high values for glasses with a BiO3 content
<30 mol% is explained by the lower tendency of these glasses to crystallize (Figure 4).

0.06 TX3= 657°C
0.04 - T,,=598°C
T =696°C
0.02-
Tﬂ= 744°C
0.00 -
5 |
<]
T -0.02 |

-0.04 -

-0.06

-0.08 T T T T T T T

0 100 200 300 400 500 600 700
Temperature (°C)

Figure 4. DSC curves of 20-80 and 50-50 synthesized glasses.

The density and refractive index of glasses (Table 3) expectedly increased with the
growth in bismuth oxide content. The obtained results correlated with the data [5,6].
A slight decrease in the density and refractive index can be explained by the entry of
aluminum oxide from the crucibles into the glasses.
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Table 3. Density and refractive index values of glasses.

Sample Density (g/cm3 ) Refractive Index at 589 nm

0-100 * 4.25
5-95 4.085 + 0.005 1.68 £ 0.01
10-90 4.645 + 0.005 1.76 + 0.01
15-85 5.185 £ 0.005 1.80 4+ 0.04
20-80 5.370 £ 0.005 1.86 £+ 0.06
25-75 5.945 + 0.005 2.06 + 0.06
30-70 6.015 + 0.005 2.08 +0.02
35-65 6.330 + 0.005 2.10 4+ 0.04
40-60 6.685 + 0.005 2.12 +0.02
45-55 6.760 + 0.005 2.14 + 0.04
50-50 7.085 4 0.005 2.14 +£0.04

100-0 * 8.90

* Values are presented for pure oxides.

3.4. Spectral-Luminescent Properties

The absorption spectra of glasses (Figure 5) exhibited a characteristic shoulder at 500
nm associated with BACs [7-9]. The absorption coefficient in this region increased with the
growth of the bismuth oxide content.

Similarly, with an increase in the bismuth oxide content, the short-wavelength absorp-
tion edge shifted from 340 nm (Sample ID 5-95) to 425 nm (Sample ID 50-50). This shift
was due to the fact that the optical band gap of bismuth (III) oxide is smaller than that of
germanium oxide (5.63 eV) and ranges from 2.5 to 3.2 eV for various Bi;O3 polymorphs [14].
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——20-80
——25.75
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_ — 3565
T ——40-60
5 5] —— 4555
= ——50-50
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0 —

. . - . e
400 500 600 700 800 900 1000
Wavelength (nm)

Figure 5. Optical absorption spectra of synthesized glasses.

To determine the width of the optical energy gap (Eg) of glasses, the Tauc method was

used (Figure 6, Table 4).
1.2x10° ~
«— —595
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s —2575
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Figure 6. Tauc’s plots.
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Table 4. Energy band gap of bismuth-germanate glasses.

Sample ID Eg (eV) *
5-95 3.54
10-90 3.47
15-85 3.35
20-80 3.28
25-75 3.20
30-70 3.08
35-65 3.04
40-60 2.95
45-55 2.86
50-50 2.82

*—the determination error for Eg was £0.02 eV.

Under excitation of photoluminescence (PL) at wavelengths of 405, 425, 525, 650, and
805 nm for 5-95 samples (Figure 7), it was found that 450 nm was the optimal excitation for
BAC:s (see Figure 519). We observed that a green laser (525 nm) action led to strong heating
of the glasses, which significantly decreased the PL intensity.
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Figure 7. Luminescence spectrum of 5-95 glass at A** = 400-600 nm.

The PL spectra of glasses at A** = 450 nm (Figure 8) represented a wide band in the near
IR region. As can be seen, the luminescence region corresponded to the data of [7-10], which
additionally confirms the presence of BACs in glasses. For tested glasses, when the bismuth
oxide content increased, the PL intensity became lower due to concentration quenching.
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Figure 8. Photoluminescence spectra of glasses (A = 450 nm).
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Sample 5-95 demonstrated the highest PL intensity (Figure 9). The observed broadband
luminescence was attributed to low-valence forms of bismuth (Bi"<?*) in the BACs [11,24,25].

Wavelength (um)

24 22 2 1.8 16 14 12 1
T T T T T T T T T T T
1 experimental PL
144 s Peak 1
i R Peak 2
10| S Peak 3 |
............ Peak 4
Cumulative Fit
= 1.04
: | 27= 450 nm
> 06 \ FWHM=0.25 ym
]
c
)
_E 0.6
= 1
gz /
044 /
0.2 \
0.0 T T T T T T T T T T T T ¥
4,000 5,000 6,000 7,000 8,000 9,000 10,000 11,000

Wavenumber (cm")
Figure 9. Photoluminescence spectrum of 5-95 glass (A®* = 450 nm).

4. Discussion

Analysis of the optical absorption and luminescence spectra of the synthesized glasses
(A®* = 450 nm) showed the presence of BACs, the number of which increased with the
bismuth oxide total concentration growth. The contour of the PL spectrum in the IR region
was represented by a superposition of several bands, whose maxima, determined from
the Gaussian components, were located at wavelengths ~1125, 1310, 1615, and 1885 nm
(Figure 9). According to [26,27], the bands at 1125 and 1310 nm corresponded to the
3P; — 3P transitions for the Bi* ion and the 2Dj,, — S5, transitions for Bi’, respectively.

At the same time, it was shown in [11] that BACs were not individual low-valence
bismuth ions, but a complex system of cations and an oxygen vacancy. In this case, both
bands at 1125 nm (Peak 4 in Figure 9) and 1310 nm (Peak 3 in Figure 9) belonged to oxygen-
deficient centers =Bi- - - Ge=. Thus, the difference in the band position was caused by the
presence or absence of aluminum ions in the second coordination sphere of the BACs,
respectively [11]. Previously, for the samples with a high content of BiO3 (>20 mol%), the
luminescence was observed in the longer wavelength part of the spectrum (1800-3000 nm).
It was supposed that this luminescence could be attributed to the formation of Bis3* cluster
centers [28] or oxygen-deficient centers =Bi- - - Bi= [11]. We assume that in our glasses two
types of luminescent BACs were formed: namely, =Bi- - - Ge= (~1125 and ~1310 nm) (Peaks
4 and 3 in Figure 9) and =Bi- - - Bi= (1615 and 1885 nm) (Peaks 2 and 1 in Figure 9) in a
smaller amount. BiO3 content growth led to an increase in the amount of =Bi- - - Bi= type
centers and to PL decreasing in the ~1300 nm region. This BACs transformation was in
good agreement with the structural analysis data. The shift of the vibration bands towards
low frequencies at the bismuth oxide content growth indicated an increase in the Ge-O and
Bi-O bond lengths, which in turn resulted in the formation of =Bi- - - Bi= centers having
shorter bond lengths than the =Bi- - - Ge= centers [11].

The glass transition temperatures of bismuth-containing glasses were lower compared
to the temperature of pure GeO; glass (519 °C [29]), probably due to a decrease in melt
viscosity upon the introduction of BiO3. The resulting range of Ty values (440-480 °C)
was in good agreement with the data previously reported [30-33].

The DSC data showed the possibility of crystallization of several phases in glasses,
and the set of crystalline phases varied for different glass compositions. The heat treatment
of samples at 600 °C showed (Figure 10 and Figures S11-517) that predominantly x-GeO,
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and (3-GeO; phases crystallized, accompanied by a certain amount of the Bi4Ge3O;, phase
in samples containing up to 20 mol% BipO3. The crystallization peaks of all phases for
these compositions were weakly separated (Figures S1-53), which indicated the almost
simultaneous beginning of their crystallization process in glass. The simultaneous exis-
tence of both modifications of crystalline GeO, correlated well with the metastable phase
diagram [3], in which ~600 °C served as the transition temperature between x-GeO, and
3-GeO, polymorphs. The Bi;GeOs phase, noted in the same phase diagram, was unstable
in this concentration range, as shown in [33], and appeared only in trace amounts in the
5-95 sample according to XRD patterns (see Figure 10).
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Figure 10. XRD patterns of crystallized glasses (a) 5-95, (b) 10-90, (c) 15-85, (d) 40-60, (e) 45-55, and
(f) 50-50 heat-treated at 600 °C for 2 h (for details, see Figures S11-513,515-517).

Crystallization in the 550-640 °C temperature range leads to the formation of the
BiyGe3 01, phase [30-32], alone or together with other phases for glass compositions con-
taining 1040 mol% Bi;O3. Therefore, the crystallization peaks belonging to the 650-663 °C
range can be associated with the maximum crystallization temperature of the Bi;Ge3O1,
phase (Figure 11). The crystallization peaks in the 690-744 °C range can be associated with
the crystallization temperature of the 3-GeO, phase for samples with a high content of
GeO; or other phases for samples with a high content of Bi,Os.
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Figure 11. Glass transition and maximum crystallization temperatures of different phases formed
from glasses with varied Bi;O3 composition.

It is known that the set of crystalline phases in crystallized glasses changes as the con-
tent of BipO3 increases (>20 mol%). BiyGe3O1, and Bi;GeOs become the main phases [34,35].
Therefore, despite the XRD amorphous halo for our glasses containing 20-35 mol% Bi,O3
and heat-treated at 600 °C (Figure S14), it can be assumed that the crystallization proceeded
similarly in our samples. Consequently, for the 624-647 °C range, the crystallization peaks
belonged to the Bi;GeOs phase. This assumption was also supported by the fact that the
BiGeOs phase disappearance was noted in [36] when the heat treatment temperature
increased above 640 °C. Heat-treatment of 25-75 glass (Figure 518) at 690 °C led to the
BisGe301; and BiyGezOg phases’ formation in agreement with [33,34]. An increase of the
heat treatment temperature to 720 °C for the 25-75 glass led to an insignificant decrease
in the amount of the Bi;Ge3O9 phase, whose composition corresponded to that of glass;
therefore, the crystallization maximum at 690 °C on the DSC curve corresponded to the
BiyGe3zOg phase formation. The formation of phases’ mixtures during 25-75 glass crystal-
lization corresponded to the cross sections of the Bi-Ge—O phase diagram [37], where in
the region of 25 mol% Bi;O3 we observed Sg;,Ge,0,, — SBi,Ge;0, — V bivariant equilibrium.
The same phase equilibrium explains the absence of the 3-GeO, phase in the crystallized
glasses, which demonstrated a weak crystallization peak at 721 °C on the DSC curve.

The crystallization of 45-55 and 50-50 glasses should be discussed in detail. These
glasses were inclined to crystallization in the glass casting process already. Therefore, there
was a possibility of the spontaneous nuclei of crystalline phases” existence in glasses that
were not determined by XRD. The crystallization maximum at temperatures of 575-598 °C
belonged probably to the Bi;GeOs phase since heat treatment at 600 °C led to the formation
of this particular phase as the main one in 45-55 glass and the only one in 50-50 glass. To
confirm these conclusions and to identify the crystallization peaks in the 518-548 °C range,
which were not observed for the rest of the glass compositions, additional annealing of
45-55 and 50-50 glasses was carried out.

For the 45-55 sample (Figure 12), annealing at 520 °C led to the formation of the
BijpGeOy phase together with the BiyGeOs and BiyGe3O;, phases. The composition of the
Bi1»GeO;y phase corresponds to the molar composition of 85.7Bi,O3-14.3GeO,, which is
quite far from the original 45-55 glass composition. However, if we consider the Bi-Ge-O
phase diagram cross sections [37] at temperatures close to the heat-treatment temperature
(517 °C, 596 °C), it becomes clear that the 45-55 composition is in the range of monovariant
equilibrium Sg;,,Ge0,, — SBiyGe;01, — SBiyGeos — V- Annealing of 45-55 glass at 580 °C led to
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the crystallization of only two phases: Bi;GeOs (basic) and BisGe3O1, (Figure 12). The area
of SBi\,Ge0, — SBiyGes01, — SBiyGeOs — V monovariant equilibrium narrowed at temperature
increases from 799 K to 850 K in the Bi-Ge-O diagram cross section [37]. As a result,
the 45-55 glass composition moved to the region of Sg;,Ge,0,, — SBi,Geos — V bivariant
equilibrium. Thus, for 45-55 glass, the exothermic peak at 518 °C referred to the maximum
crystallization temperature of the BijGeOyy phase, while the peak at 575 °C referred to the
Bi,GeOs phase.
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Figure 12. XRD patterns of crystallized 45-55 glasses heat-treated for 2 h at different temperatures:
(a) 600 °C, (b) 580 °C, and (c) 520 °C.

Heat treatment of 50-50 glass at 550 °C led to the single Bi;GeOs phase formation
corresponding to the glass composition (Figure 13). The increase in heat-treatment tem-
perature to 600 °C led to the appearance of the mixture of Bi;GeOs and (3-GeO; phases.
The further temperature rise to 750 °C caused the formation of the mixture of BiGeOs,
(-GeO,, and B-BiyOs phases. Thus, the maximum crystallization temperatures of 548,
598, and 657 °C corresponded to the formation of Bi;GeOs, 3-GeO,, and (3-Bi;O3 phases,
respectively. The formation of the 3-GeO; crystalline phase at high bismuth concentrations
in the 50-50 sample could be caused by composition fluctuations in the initial glass.
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Figure 13. XRD patterns of crystallized 50-50 glasses heat-treated for 2 h at different temperatures:
(a) 750 °C, (b) 600 °C, and (c) 550 °C.

Summarizing the crystallization data, we can say that the crystallization temperatures
of bismuth-germanate phases correlate well with the amount of bismuth in their
composition. The decrease in BiO3 content in the row of individual compounds
Bi;pGeOyy — BirGeOs — BigGezO1p — BinGezOg (85.7-50-40-25 mol%) results in an
increase in the maximum crystallization temperatures of the corresponding phases.

5. Conclusions

To fill the gaps in fundamental data for the first time, we investigated bismuth and
germanium oxide-based glasses in a wide concentration range, with special emphasis
on high Bi;O3 concentrations up to 50 mol%. We succeeded in decreasing the synthesis
temperature from 1300 to 1100 °C. Glasses based on bismuth oxide and germanium oxide
demonstrated a strong dependence of their structure and properties on the Bi;O3/GeO,
ratio. An increase in the bismuth oxide concentration led to an increase in the number of
non-bridging oxygen ions and a weakening of the Ge-O bonds. Such a rearrangement
of the glass structure contributed to the destruction of =Bi- - - Ge= bismuth luminescent
centers and the formation of =Bi- - - Bi= luminescent centers, which led to a weakening of
the PL intensity in the region of ~1300 nm. The results of glass crystallization depended
on the Bi;O; oxide content: the higher the BiyO3 concentration in a crystalline phase, the
lower the temperature of its formation.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ ceramics6030097 /s1, Figure S1: DSC curve of synthesized 5-95 glass;
Figure S2: DSC curve of 10-90 glass; Figure S3: DSC curve of synthesized 15-85 glass; Figure S4: DSC
curve of synthesized 20-80 glass; Figure S5: DSC curve of synthesized 25-75 glass; Figure S6: DSC
curve of synthesized 30-70 glass; Figure S7: DSC curve of synthesized 35-65 glass; Figure S8: DSC
curve of synthesized 40-60 glass; Figure S9: DSC curve of synthesized 45-55 glass; Figure S10: DSC
curve of synthesized 50-50 glass; Figure S11: XRD patterns of 5-95 glass heat-treated at 600 °C;
Figure S12: XRD patterns of 10-90 glass heat-treated at 600 °C; Figure S13: XRD patterns of 15-85 glass
heat-treated at 600 °C; Figure S14: XRD patterns of 20-80, 25-75, 30-70, and 35-65 glasses heat-treated
at 600 °C; Figure S15: XRD patterns of 40-60 glass heat-treated at 600 °C; Figure S16: XRD patterns
of 45-55 glass heat-treated at 600 °C; Figure S17: XRD patterns of 50-50 glass heat-treated at 600 °C;
Figure S18: XRD patterns of 25-75 glass heat-treated at 600, 690, and 720 °C; Figure S19: Excitation
and emission spectra of 5-95 glass (A®* = 450 nm).
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Abstract: The bright luminescence of silver clusters in glass have potential applications in solid-state
lighting, optical memory, and spectral converters. In this work, luminescent silver clusters were
formed in the bulk of photo-thermo-refractive glass (15Na;O-5Zn0O-2.9A1,03-70.3510,-6.5F, mol.%)
doped with different Ag,O concentrations from 0.01 to 0.05 mol.%. The spontaneous formation of
plasmonic nanoparticles during glass synthesis was observed at 0.05 mol.% of Ag,O in the glass
composition, limiting the silver concentration range for cluster formation. The luminescence of
silver clusters was characterized by steady-state and time-resolved spectroscopy techniques. The
rate constants of fluorescence, phosphorescence, intersystem crossing, and nonradiative deactivation
were estimated on the basis of an experimental study. A comparison of the results obtained for
the photophysical properties of luminescent silver clusters formed in the ion-exchanged layers of
photo-thermo-refractive glass is provided.

Keywords: glass; luminescence; silver clusters

1. Introduction

Functional optical materials based on silver clusters have found different applications
in white light generation [1], optical data storage [2—4], sensing [5,6], spectral conversion [7],
waveguides [8-10], and radiation measurements [11,12]. Currently, the development
of new materials for effective solid-state lighting is attracting a lot of attention because
of its potential to reduce electricity consumption. White light generation with silver
clusters was achieved through the combination of a blue light-emitting diode (LED) with
a layer of organic ligand-stabilized Agg clusters with a quantum yield of 95% at room
temperature [13]. Although the emission of Agg clusters was shown to be thermally stable,
the combined emission of blue LED and Ags showed a significant drop near 500 nm,
which is similar to the widely applied cerium-doped yttrium aluminum garnet (YAG:Ce)
luminophore [14].

Luminescent silver clusters in inorganic hosts, such as zeolites and glasses, have
great potential as light-emissive materials for white LEDs. Silver cluster-doped materials
possess broad emission spectra, covering the whole visible spectrum under long-wave
ultraviolet (UV) excitation around 365 nm, which is available from commercial LEDs.
Unlike traditional luminophores, such as rare-earth-doped or transition metal-doped crystal
powders, silver clusters have no distinguished emission bands, providing natural lighting
with a high color-rendering index. Luminescent materials based on silver clusters in
zeolites were shown to have intense green-yellow luminescence with a quantum yield of
83% in Linde Type A (LTA) zeolites [15-17] and up to 100% in faujasite (FAU) zeolites [18].
Although zeolite-based materials are established as promising materials for white light
emission, their long-term stability may be affected by the sorption properties of zeolites.
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It was shown that the external quantum efficiency of silver clusters in LTA, FAUX, and
FAUY zeolites fell 1.1-10 times after one month in a high-humidity environment [19].
Unlike zeolites, inorganic glass provides excellent chemical stability for silver clusters
dispersed in the bulk of glass. The use of oxyfluoride glass doped with silver was proposed
to generate white light with different color temperatures under near-UV irradiation [20].
Recently, a prototype of a white LED was realized by a combination of a UV LED with
peak emission at 365 nm and silver clusters dispersed in borosilicate glass. The prototype
was characterized by color coordinates of (0.32, 0.37) and a color rendering index of 89.7,
indicating that silver clusters dispersed in inorganic glass have the potential for white light
generation [21].

Silicate glasses have been used to host luminescent silver clusters because of their
chemical and mechanical stability. Also, it was shown that in silica-based glass, silver
clusters can have a quantum yield of luminescence up to 63% [22]. There are three main
methods to introduce silver ions into silicate glass: the addition of silver compounds to
a glass batch, ion exchange, and ion implantation. The most straightforward approach
is the addition of silver compounds to the glass batch, leading to the formation of silver
clusters in the bulk of the material. Since the solubility of silver ions in silica glasses is low,
the main limitation of this approach is the spontaneous aggregation of luminescent silver
clusters into larger non-luminescent silver species, such as plasmonic nanoparticles [23].
The ion exchange method modifies the surface layer of the glass after synthesis; it is
necessary to introduce alkali metal ions into the glass composition to exchange them
with silver ions by immersing them in a silver-containing salt melt. It is possible to
introduce >10 mol.% of Ag,0O into silicate glass by tuning the glass composition, the time
and temperature of ion exchange, and the salt melt composition [24]. Additionally, ion
exchange is an established method of optical waveguide production [25]. The thickness of
an ion exchange layer depends on the exact parameters of the process and reaches several
tens of micrometers. Similar to ion exchange, ion implantation also introduces silver ions
only into the surface layer of the glass, but the thickness of the modified layer is usually less
than two micrometers [26,27]. Also, ion implantation requires more complicated equipment
in comparison with other methods.

In this work, we synthesized luminescent silver clusters in the bulk of photo-thermo-
refractive glass and extensively studied their luminescent properties using steady-state and
time-resolved spectroscopy. Earlier, the formation of luminescent silver clusters was shown
in the bulk of glass with a similar composition, but the optical characterization lacked
the study of luminescence quantum yields as well as fluorescence and phosphorescence
decay kinetics [23]. Furthermore, the comparison of photophysical properties with the
properties of silver clusters synthesized using the ion exchange technique in similar glass
was performed. It was shown that although the concentration of Ag* was 200-500 times
larger for the ion-exchanged glasses, the photophysical properties of the silver clusters
were close. This result supports the suggestion that only small silver clusters, consisting of
only 2—4 atoms, are luminescent.

2. Materials and Methods

Photo-thermo-refractive glass with the composition 15Na,O-5Zn0-2.9A1,05-70.35i0,-
6.5F (mol.%) was used to form luminescent clusters in the bulk of the glass. The glass
matrix was additionally doped with 0.02 mol.% of Sb,O3 and 0.007 mol.% of CeO,. The
concentrations of Ag,O were 0.01, 0.025, and 0.05 mol.%, corresponding to the samples
Ag.01, Ag.025, and Ag.05. The glass was synthesized in a quartz ceramic (stekrit) crucible at
1440 °C in an air atmosphere, and a platinum stirrer was used to homogenize the glass melt.
The glass transition temperature (Tg) of the samples was measured with an STA 449 F1
Jupiter (Netzsch) differential scanning calorimeter at a heating rate of 10 K/min, and
Tg was found to be 486 °C. Glass samples were cut in plates with a thickness of ~1 mm
and further polished for spectroscopy analysis. To initiate cluster formation, the glass
samples were irradiated with a mercury lamp for 10 min on each side and subsequently
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heat-treated. Irradiation was necessary to ionize Ce* into Ce?**t, and the released electrons
were trapped by Sb>* ions forming (Sb>*)~ species. The time of irradiation was chosen to
ensure the saturation of Ce®* ionization. Further heat treatment provided energy to release
electrons from (Sb>*)~ and reduce Ag* ions to Ag?, followed by cluster formation. The
mechanism of photo-thermo-induced crystallization in the PTR glass has been studied in
detail previously [28,29]. The heat treatment of the irradiated glass samples was carried
out at 350, 400, and 450 °C for three hours.

Absorption spectra were measured using a PerkinElmer Lambda 650 spectropho-
tometer. Steady-state emission spectra and absolute quantum yields of luminescence
were acquired using a Hamamatsu C9920 setup equipped with a 150 W CW xenon lamp,
an 8.3 cm integrating sphere, and a PMA-12 CCD spectrometer. Time-resolved emission
spectra were measured using a PerkinElmer LS50B fluorometer equipped with a pulsed
xenon lamp with a pulse width at half maximum < 10 ps. The fluorometer was used in the
phosphorescence measurement mode, which made it possible to record sample emission
with a fixed delay time after the excitation pulse. Total emission spectra representing
combined fluorescence and phosphorescence of silver clusters were measured without
delay after the excitation pulse. Further, the phosphorescence of silver clusters was detected
with a delay of 40 us after the excitation pulse to ensure full decay of the excitation pulse;
the value of the delay time was established according to the scattering reference. The
fluorescence spectra were reconstructed by subtracting the phosphorescence spectra from
the total emission spectra. Steady-state and time-resolved spectra were measured under
340 nm excitation; the second order diffraction peak from excitation pulse was blocked
with a cut-off filter. All spectra were corrected for the sensitivity of the detector. Fluo-
rescence decay curves were obtained with a HORIBA Fluorolog-3 fluorometer using the
time-correlated single photon counting (TCSPC) technique, and fluorescence was excited
by an LED at 340 nm with a 1.2 ns pulse. The experimental decay curves were fitted
using bi-exponential or tri-exponential functions, depending on the goodness of the fit.
Average fluorescence lifetimes were obtained using the following equation in the case of
the bi-exponential fitting:

T+ aTh

Tayg = —————, 1
ave w17+ AT ( )

where «; is the amplitude of the i-th component, and 7; is the lifetime of the i-th component.
Average fluorescence lifetimes in the case of triexponential fitting were calculated using the
following equation:
- W T + 0 TF + a3 T2
8y +am tazts

)

where «; is the amplitude of the i-th component, and 7; is the lifetime of the ith component.
Phosphorescence decay curves were obtained using phosphorescence spectra recorded
with different delays after the excitation pulse and a fixed gate time.

3. Results and Discussion

Silica-based glasses have a low solubility of silver ions, which limits the concentration
of AgyO introduced through the glass batch. Absorption spectra of the initial glass samples
are shown in Figure 1a, demonstrating that the Ag.01 and Ag.025 samples were transparent
in the visible range. A characteristic absorption band of Ce®" ions was observed at 310 nm
for all samples with the contribution of Ce** ions in the shorter wavelength region [30].
Additionally, the Ag.05 sample had an intense absorption peak at 410 nm corresponding to
the plasmon absorption of silver nanoparticles. Therefore, spontaneous formation of silver
nanoparticles during the synthesis of glass with the Ag,O concentration of 0.05 mol.%
was observed for the studied glass system. UV irradiation of the glass samples with
a mercury lamp induced the appearance of additional unstructured absorption caused by
the transition of cerium ions to the Ce** state (Figure 1b-d) and a decrease in the intensity of
Ce®* absorption bands as a result of photoionization. The increase in absorption originated
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from a tail of the strong charge transfer transition of Ce*" in the near-UV region, since Ce**
has a 4f° configuration and, therefore, cannot exhibit f-f or f-d transitions [31]. Further
heat treatment had a different effect on the samples with different Ag,O concentrations.
The Ag.01 sample demonstrated the formation of typical unstructured absorption of silver
clusters between 320 and 400 nm after heat treatment at 350 °C (Figure 1b). An increase in
the heat treatment temperature to 400 and 450 °C led to the appearance of distinguishable
absorption peaks of silver nanoparticles. It is interesting that the Ag.025 sample with
a higher silver concentration demonstrated the appearance of silver nanoparticles only
after heat treatment at 450 °C (Figure 1c). The Ag.05 sample retained the shape and position
of the plasmon peak after UV irradiation and heat treatment (Figure 1d). The formation of
unstructured absorption overlapping with the plasmon peak is attributed to the appearance
of luminescent silver clusters, since it was shown further that Ag.05 glass samples possess
efficient emission after heat treatment.
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Figure 1. Comparison of initial glass absorption spectra (a). Influence of UV irradiation and heat
treatment on the absorption of Ag.01 (b), Ag.025 (c), and Ag.05 (d) glass samples.

The calculation of the effective optical size of silver nanoparticles was carried out
according to the Mie theory [32,33] using the following equation:

d = 2vF)/Aw, 3)

where d is the average silver nanoparticle diameter, vF is the Fermi velocity (1.39 x 108 cm/s
for silver [34]), and Aw is the full width at half maximum (FWHM) in angular frequency
units. The results of the nanoparticle size calculation for the samples with distinguishable
plasmon peaks are shown in Table 1. It can be seen that the increase in the concentration of
Ag>0 in glass composition led to the formation of larger nanoparticles.

The initial samples of photo-thermo-refractive glass demonstrated luminescence under
340 nm excitation originating from the set of glass dopants. Normalized luminescence spectra
of Ag.01, Ag.025, and Ag.05 samples are shown in Figure 2a. It can be seen that Ag.01 and
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Ag.025 glasses had very similar luminescence, consisting of a single band corresponding to
the emission of Ce®* [35,36]. The fluorescence decay curves of Ag.01 and Ag.025 samples
were fitted with a tri-exponential function (Figure 2b); the corresponding average fluorescence
lifetimes were 23.7 and 28.3 ns. The Ag.05 luminescence spectrum differed significantly
from those of the Ag.01 and Ag.025 glasses; an increase in the AgyO concentration led to
the appearance of a broad luminescence signal in the range of 425-700 nm (Figure 2a). Time-
resolved spectroscopy revealed that the additional emission from the Ag.05 sample was
mostly long-lived phosphorescence with a maximum at 510 nm and a lifetime of 100 ps
(Figure 2c). Comparison of the short-lived emission spectra of Ag.05 and Ag.01 shows
that the fluorescence of Ag.05 was wider and tailed more to the longer wavelength region
(Figure 2d). The combination of fluorescence and phosphorescence with emission in blue
and green-yellow parts of the spectra is a characteristic feature of the luminescence of silver
clusters in the studied glass matrix [24,37]. Additionally, we observed a decrease in the
fluorescence lifetime to 16.9 ns, which may originate from the contribution of silver clusters,
since the fluorescence lifetime of silver clusters in the studied glass varies from 3.2 to 4.5 ns.
Therefore, the formation of luminescent silver species together with plasmonic nanoparticles
was observed after the synthesis and annealing of Ag.05 glass.

Table 1. Size of silver nanoparticles calculated via Mie theory.

Heat Treatment Temperature, °C Ag.01 Ag.025 Ag.05
Initial glass - - 6 nm

350 - - 6 nm

400 1 nm - 6 nm

450 2nm 4nm 6 nm

The initial samples of Ag.01, Ag.025, and Ag.05 glasses had a relatively low luminescence
quantum yield ranging from 0.06 to 0.1, which decreased by a factor of 2-5 to 0.02-0.05 after UV
irradiation (Table 2). The decrease in the luminescence quantum efficiency after UV irradiation
corresponded to the transition of Ce>* to Ce**, which is generally non-luminescent [38]. UV
irradiation of the initial glass samples also changed the shape of the luminescence spectra.
Comparison of Figure 2a,e shows that the contribution of the Ce®" emission peak to the
glass luminescence was minimized with the increasing concentration of Ag,O in the glass;
the simultaneous appearance of a broad emission band with a maximum at 580 nm was
observed. This emission band should belong to some transition species in the glass formed
under the UV irradiation, rather than to luminescent clusters. The maximum of silver clusters’
phosphorescence was located at shorter wavelengths near 540-550 nm (Figure 3). Also, the
broad emission band at 580 nm decayed mainly during the time of excitation flash from
the xenon lamp; phosphorescence was only a small fraction of the total emission from the
UV-irradiated Ag.025 sample (Figure 2f). Additionally, it was assumed earlier that the main
electron acceptors at the stage of UV irradiation of photo-thermo-refractive glass are Sb>" ions,
which form (Sb>)~ centers and donate the trapped electrons to Ag* ions only during further
heat treatment [39].

The UV-irradiated samples of Ag.01, Ag.025, and Ag.05 glasses were heat treated at
350, 400, and 450 °C for 3 h to initiate the intense formation of silver clusters. After heat
treatment, the glass samples demonstrated bright white emission under UV excitation
(Figure 4a). The quantum yield of luminescence increased from 0.02-0.05 to a maximum
value of 0.43 for the Ag.05 sample after heat treatment at 400 °C. After heat treatment,
the luminescence spectra of the glass samples demonstrated continuous emission from
400 to 720 nm (Figure 3), except the Ag.01 glass after the heat treatment at 450 °C, for
which luminesce was mainly in the red part of the spectrum (Figure 3c). Using time-
resolved spectroscopy, the emission of glass samples was separated into fluorescence and
phosphorescence with lifetimes of several nanoseconds and hundreds of microseconds,
respectively. The coexistence of fluorescence and phosphorescence is a specific feature of the
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silver cluster emission in glasses and was observed earlier for a similar glass system with
silver clusters formed using the Na*-Ag* ion exchange technique [40]. It can be seen that,
for all concentrations of Ag,O in glass, an increase in the heat treatment temperature led
to a decrease in the fluorescence contribution to the total emission spectra. This tendency
partly originates from the reabsorption of cluster emission, but cannot be totally attributed
to the inner-filter effect, considering that the absorption spectra of Ag.025 glass heat treated
at 350 and 400 °C were almost identical (Figure 1c), while the contribution of fluorescence
lowered from 37% to 28% of the total light emission. Additionally, only for Ag.05 glass
samples with the most prominent plasmon peak of silver nanoparticles, we observed
a clear reabsorption mark at 410 nm (Figure 3g—i). Therefore, changes in the fluorescence to
phosphorescence ratio should originate from the formation of different sets of luminescent
silver clusters after heat treatment at different temperatures.
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Figure 2. Normalized luminescence spectra of the initial glass samples, A¢x = 340 nm (a). Fluorescence
decay curves of the initial glass samples registered at 405 nm, Aex = 340 nm (b). Fluorescence,
phosphorescence, and total emission spectra of the initial Ag.05 glass sample, Aex = 340 nm (c).
Comparison of the Ag.01 and Ag.05 glass fluorescence spectra, Aex = 340 nm (d). Normalized
luminescence spectra of the glass samples after UV irradiation, Aex = 340 nm (e). Phosphorescence
and total emission spectra of the Ag.025 glass after UV irradiation, Aex = 340 nm (f).

Table 2. Quantum yields of Ag.01, Ag.025, and Ag.05 glass samples under 340 nm excitation.

Heat Treatment Temperature, °C Ag.01 Ag.025 Ag.05
Initial glass 0.1 0.06 0.09
UV-irradiated initial glass 0.02 0.03 0.05
350 0.25 0.35 0.34
400 0.16 0.42 0.43
450 0.07 0.32 0.3
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Figure 3. Fluorescence, phosphorescence, and total emission spectra of Ag.01 glass after UV irradiation
and heat treatment at (a) 350, (b) 400, and (c) 450 °C. Fluorescence, phosphorescence, and total emission
spectra of Ag.025 glass after UV irradiation and heat treatment at (d) 350, (e) 400, and (f) 450 °C.
Fluorescence, phosphorescence, and total emission spectra of Ag.05 glass after UV irradiation and heat
treatment at (g) 350, (h) 400, and (i) 450 °C. All spectra were measured with Aex = 340 nm.

Although the heat-treated samples of Ag.05 glass manifested clear plasmon absorption
bands, the emission of silver clusters in these samples was not quenched. The photolumi-
nescence quantum yield of the Ag.05 sample heat treated at 400 °C reached the maximum
observed value of 0.43 (Table 2). This result indicates that luminescent silver clusters
and plasmonic nanoparticles can coexist in glass without negative effects on the emissive
properties of the clusters. It has been shown that a characteristic emission of silver clusters
was observed for Ag.05 glass right after synthesis (Figure 2a); further development of
the effective cluster luminescence after UV irradiation and heat treatment implies that
a significant part of silver in glass did not form plasmonic nanoparticles and remained in
the form of Ag* ions. The fluorescence and phosphorescence lifetimes (Table 3), as well
as the spectral properties (Figure 3), were the same for all heat-treated samples, except for
the Ag.01 sample after heat treatment at 450 °C. Average fluorescence lifetimes coincided
within 0.5 ns, and phosphorescence lifetimes had values of 120-141 ps. Unlike the lifetimes
of emission, quantum yields of luminescence differed by more than a factor of two, from
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0.16 to 0.43. Considering that the applied method of quantum yield measurements deter-
mines the external quantum efficiency, this significant difference should originate from the
existence of passive absorption at the excitation wavelength. Possible sources of passive
absorption are plasmonic nanoparticles and other non-luminescent silver species, as well as
the residual Ce®* ions. To evaluate the possible application of the studied glass samples for
the generation of white light, CIE chromaticity coordinates were calculated for the selected
glass samples (Figure 4b).

520 b

.05 (400)

Ag.05 (450) %A%%.‘gf?z

Ag.025 (400) “°

620

0.24

A 00 01 02 03 04 05 06 07 08

Figure 4. Photo of initial, UV-irradiated, and heat-treated glass samples at temperatures 350, 400, and
450 °C (from left to right) under UV illumination (a). CIE chromaticity diagram of the selected glass
samples. Temperatures of heat treatment are presented in brackets (b).

Table 3. Fluorescence and phosphorescence lifetimes of Ag.01, Ag.025, and Ag.05 glass samples under
340 nm excitation. T 5 c—average fluorescence lifetime registered at Aem =405 nm for initial glasses
and Aem =400 nm for heat-treated glasses, Tp—phosphorescence lifetime measured at Aem = 485 nm
for initial Ag.05 glass and Ae¢m = 515 nm for heat-treated glasses.

Heat Treatment Temperature, °C Ag.01 Ag.025 Ag.05
Trag @) T Tiag®9)  Tp(aS)  Traug (n9) T (1)
Initial glass 23.7 - 28.3 - 16.9 100
350 3.7 141 3.2 132 3.3 135
400 3.6 136 3.4 136 3.4 133
450 4.5 105 3.2 123 3.4 120

Based on the spectroscopic characterization of the synthesized glass samples, we have
chosen Ag.01 glass after heat treatment at 350 °C and Ag.025 glass after heat treatment at
400 °C for the analysis of photophysical process rates. The chosen samples had the highest
quantum yields of luminescence for a given concentration of Ag,O and demonstrated no
spectral features of plasmonic nanoparticles. The rate constants of cluster fluorescence,
phosphorescence, and intersystem crossing were estimated on the basis of the earlier pro-
posed approach [40], which is summarized below. It was supposed that a set of silver
clusters formed in the glass is responsible for the bright white luminescence under near-UV
excitation. Broad emission spectra originate from inhomogeneous broadening by different
local environments in the glass matrix. Based on the observed fluorescence and phos-
phorescence emission components, a three-level energy diagram with the ground singlet
state Sy, excited singlet Sy, and triplet T states (Figure 5a) was applied to analyze the
photophysics of silver clusters in glass. After photoexcitation of a silver cluster, the S; state
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is deactivated radiatively via fluorescence with the process rate constant k; or nonradia-
tively via intersystem crossing with the process rate constant kis.. The probability of direct
51 deactivation via internal conversion is negligible, since the energy of the fluorescence
transition is significantly higher than the typical phonon energy of silicate glass [41]. After
the intersystem crossing, the excited triplet state T; is deactivated radiatively via phospho-
rescence with the process rate constant k;, or nonradiatively with the rate constant ky,.
Similar three-level energy diagrams were used to describe the properties of silver clusters
in other glass systems [42,43]. Within the used approach, it was necessary to measure the
quantum yield of emission, separate the spectra of fluorescence and phosphorescence, and
the emission decays of fluorescence and phosphorescence to estimate the rate constants of
silver clusters. It is important to note that the applied method of photophysical process
rate determination provides average values of the rate constants, while the properties of
a single silver cluster may deviate from them.
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Figure 5. Energy level diagram of silver clusters. ks and kyp—radiative rate constants of fluorescence
and phosphorescence, kjsc—intersystem crossing rate constant, kn,r—nonradiative deactivation of
the triplet state rate constant (a). Fluorescence decay curves of the Ag.01 glass after UV irradiation
and heat treatment at 350 °C and Ag.05 glass after UV irradiation and heat treatment at 400 °C
measured at Aem =400 nm, Aex = 340 nm (b). Phosphorescence decay curves of the Ag.01 glass after
UV irradiation and heat treatment at 350 °C and Ag.05 glass after UV irradiation and heat treatment
at 400 °C measured at Aem = 515 nm, Aex = 340 nm (c).

Figure 5b,c demonstrate the decay curves of fluorescence and phosphorescence. The
corresponding lifetimes used for estimation of the photophysical parameters of silver
clusters and luminescence quantum yields are summarized in Table 4. Comparison of the
luminescence quantum yields and emission lifetimes obtained for silver clusters in the bulk
of glass with earlier published results on silver clusters formed by ion exchange in the same
glass matrix shows that no significant difference between these synthesis approaches is
observed. The most prominent difference in the value of luminescence quantum yield partly
originates from the passive absorption at the excitation wavelength since the formation of
clusters in ion-exchange layers does not require the cerium in glass composition. The ion
exchange procedure used to form silver clusters in photo-thermo-refractive glass provides
an average Ag,O concentration of 5.2 mol.% in a 12.4 um layer with a surface concentration
of 12.7 mol.% [24]. Therefore, the concentrations of silver ions used to form luminescent
silver clusters in the glass bulk were 200-500 times lower than in the ion exchange method.
Nevertheless, those great differences in the concentration of Ag* ions in glass do not lead
to the formation of fundamentally different emissive silver clusters. Analysis of the rate
constants of photophysical processes shows that a common feature of silver clusters in
photo-thermo-refractive glass is a very fast intersystem crossing, leading to the prevalence
of phosphorescence in the emission (Table 5). The radiative rate constants of fluorescence
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and phosphorescence are of the same order of magnitude, as well as the constant rates of
the triplet state deactivation.

Table 4. Photophysical parameters of silver clusters in Ag.01 glass after UV irradiation and heat treatment
at 350 °C and Ag.05 glass after UV irradiation and heat treatment at 400 °C. T;—lifetime of 7 fluorescence
component, Ty 5yg—average fluorescence lifetime registered at Aem = 400 nm, T,—phosphorescence
lifetime measured at Aem = 515 nm. All lifetimes were measured with Aex = 340 nm. @},,,—luminescence

quantum yield of glass samples under 340 nm excitation.

Sample T1, NS Ty, NS T3, NS Tf avg, NS Tp, US Dlum Reference
Ag.01-UV- .
HT350 0.8 3.8 14.5 3.7 141 0.25 this work
Ag.025-UV- :
HT400 1.3 5.1 - 34 136 0.42 this work
Ion-exchanged sample 1.5 5.0 - 3.8 110 0.66 [40]

Table 5. Photophysical parameters of silver clusters in Ag.01 glass after UV irradiation and heat treatment
at 350 °C and Ag.05 glass after UV irradiation and heat treatment at 400 °C. k¢ and k;p—radiative rate con-
stants of fluorescence and phosphorescence, kisc—intersystem crossing rate constant, k,,7—nonradiative
deactivation of the triplet state rate constant, @, ®js, and @p—fluorescence, intersystem crossing, and

phosphorescence quantum yields.

Sample ke 57 kige 671 kp 71 kper (571 oF Do D, Reference
Ag.01-UV- 07 108 103 103 i
HT350 1.6-10 2.5-10 1.4-10 5.6-10 0.06 0.94 0.20 this work
AgOZS-UV— 7 8 3 3 .
HT400 2.3-10 2.7-10 2.7-10 4.6-10 0.08 0.92 0.37 this work
Ion-exchanged sample 3.2:107 2.3:108 5.6:10° 3.6:10° 0.12 0.88 0.61 [40]

4. Conclusions

Luminescent silver clusters were formed in the bulk of photo-thermo-refractive glass
containing 0.01, 0.025, and 0.05 mol.% of Ag,O. Spontaneous formation of plasmonic nanopar-
ticles during glass synthesis was observed at 0.05 mol.% of Ag,O in the glass composition.
After UV irradiation and heat treatment of the synthesized glasses, efficient formation of silver
clusters with bright white luminescence was observed even for the glass samples with plas-
monic nanoparticles. The spectroscopic characterization using steady-state and time-resolved
techniques revealed that silver clusters in the glass bulk have the same characteristic features
as the previously studied silver clusters in ion-exchange layers. The emission spectra of silver
clusters consist of fluorescence with an average lifetime of 3.2—4.5 ns and phosphorescence
with a lifetime of 105-141 us. The quantum yield of the studied glass samples varies from
0.25 to 0.42. Based on experimental studies, the estimation of the radiative rate constants of
fluorescence and phosphorescence, the rate constant of intersystem crossing, and the rate
constant of nonradiative deactivation of the triplet state was performed. The results obtained
on fluorescence and phosphorescence lifetimes and quantum yields, as well as the rates
of photophysical processes, were compared with the previously obtained results for silver
clusters formed in ion-exchange layers of the same glass matrix. It was revealed that different
synthesis approaches form close sets of emissive silver clusters, despite the difference in
Ag* concentration by 200-500 times. This result suggests that silver clusters of one type are
responsible for the white emission of the studied glasses.
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Abstract: New oxychloride lead borate glasses in the xPbCl,—(50-0.5x)PbO—(50-0.5x)B,O3 system
were synthesized with a maximum lead chloride content of 40 mol%. The characteristic temperatures
and mechanical and optical properties were studied. The incorporation of lead chloride led to a
significant expansion of the transparency range in the UV (up to 355 nm) and IR regions (up to
4710 nm). Decreases in the Vickers hardness, density, and glass transition temperature were the
consequences of a change in the structure. The studied glasses are promising materials for photonics
and IR optics. The structure of the PbCl,-PbO-B,0O3 system was analyzed in detail using vibrational
spectroscopy and X-ray diffraction.

Keywords: oxychloride glasses; lead chloride; optical absorption; glass network structure

1. Introduction

The variety of compositions and extremely interesting properties of glasses based on
boron oxide have attracted the attention of many researchers. In the last few decades, the
importance of borate glasses has increased because they exhibit an exceptional combination
of properties, such as transparency in a wide spectral range, mechanical strength, chemical
resistance, as well as thermal shock and crystallization resistance [1].

Borate glasses containing lead compounds have unique characteristics. The inclusion
of PbO and PbX; (X = F, Cl, and Br) in glass compositions leads to a significant increase
in electrical conductivity [2], transparency in the IR and UV ranges [3,4], high refractive
indices [5], and optical nonlinearity [6].

Oxyhalide glasses are very promising as matrix materials for applications such as
modern laser systems and fiber communication lines [7]. The incorporation of lead halides
(PbX;) into glasses leads to low phonon energies, which makes them promising materials
due to a decrease in nonradiative losses because of multiphonon relaxations [8]. The optical
properties of glasses of the PbX,-PbO-B,O3 system doped with d-elements [5,9] and
f-elements [4,10,11] have been studied. The positive effect of lead halides on their spectral
and luminescent properties has been proven. However, the preparation and usage of many
oxyhalide glasses are often limited due to their high tendency to crystallize, the toxicity
of reagents, and the rather high content of OH™ groups [4,10]. There is no information on
the preparation of borate glasses with a PbCl, content of more than 25 mol% and there are
limited data on their optical properties in the IR region and their structures.

This work aimed to develop a synthesis technique for new oxychloride lead borate
glasses with a large amount of lead chloride (up to 40 mol%) and to investigate their optical,
mechanical, and thermal properties.
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2. Materials and Methods

The glasses were synthesized with the general formula xPbCl,-(50-0.5x)PbO-(50-
0.5x)B,0O3, where x varied from 0 to 40 mol% with a 5 mol% step. PbCl,, PbO powder
preparations (99.9, Himkraft, Kaliningrad, Russia) and B,Oj3 glassy strips (99.9, Reachim,
Moscow, Russia) were used as initial components for synthesis. The necessary amounts
of components were weighed using an Explorer Ohaus PA64 electronic balance (Ohaus,
Shanghai, China). The mixture was homogenized by repeated grinding in an agate mortar.
The sample weight for one experiment was ~15 g. The charge was placed in a corundum
crucible with a cover and melted for 30 min at 900 °C in a PM-12M1 muffle furnace (EVS,
St. Petersburg, Russia) under ambient atmosphere. The melt was then cast into a glassy
carbon mold and quickly pressed by another glassy carbon mold. To reduce quenching
stresses, the glasses were annealed in a SNOL 7.2/1100 furnace (Umega Group, Ukmergg,
Lithuania) at 240 °C for samples with PbCl, content >20 mol% and at 300 °C for samples
with PbCl, content < 15 mol%. The residual stress was controlled by using the optical
polarization method with a PKS-250M polariscope-polarimeter (Zagorsk Optical and Me-
chanical Plant, Sergiev Posad, Russia). Plane-parallel samples of 2 mm thickness were
polished using a T-080.00.00 stone-cutting machine (Togran, Moscow, Russia).

The amorphous nature of the glasses was confirmed by X-ray diffraction analysis using
an Equinox 2000 X-ray diffractometer (Thermo Fisher Scientific, Saint-Herblain, France)
with CuK radiation (A = 1.54060 A) in the 20 angle range from 10° to 100°, with a 0.01°
scanning step and 2 s/step exposure. The diffraction patterns were analyzed using Match!
software (2003-2015 CRYSTAL IMPAC T, Bonn, Germany).

We used X-ray fluorescent spectroscopy (XFS) to estimate the element composition of the
synthesized glasses. The measurements were carried out using a TESCAN VEGA3-LMU scan-
ning electron microscope (TESCAN ORSAY HOLDING, Brmo, Czech Republic) equipped
with an X-MAX-50 EDS detector (Oxford Instruments, Abingdon, UK) at 30 kV voltage.

The absorption spectra were recorded using a JASCO V-770 spectrophotometer
(JASCO Corporation, Tokyo, Japan) in the range of 190-2700 nm. The absorption spectra
were obtained using a Bruker Tensor 27 FI-IR spectrometer (Bruker, Berlin, Germany) in
the 1.25-27.00 um range.

The refractive index of glass samples was measured on a Metricon 2010 refractometer
(Metricon, Pennington, NJ, USA). The measurement method was based on determining the
critical angle of incidence at which light began to penetrate the sample volume through the
surface of the measuring prism, similar to the Abbe refractometer. The refractive index was
measured at three wavelengths: 633, 969, and 1539 nm.

Glass transition (Tg), crystallization (T¢), and melting (T),) temperatures were deter-
mined by differential scanning calorimetry (DSC) using an SDT Q-600 thermal analyzer
(TA Instruments, New Castle, DE, USA) at 10 °C/min rate from RT to 800 °C. Aluminum
oxide (Al,O3) was used as a reference. For analysis, glass samples were preliminarily
ground into powder. At the same time, thermogravimetric analysis was performed to
assess the volatilization of glass components.

The structure of the glasses was studied using Fourier transform IR spectra and Raman
spectra (RS). FT-IR spectroscopy was performed on a Bruker Tensor 27 spectrometer (Bruker,
Berlin, Germany). For FT-IR measurements, the glass samples were ground into a fine
powder and then mixed with KBr powder in a weight ratio of 0.01:0.19. The prepared
mixture was pressed into pellets, which were immediately measured (in the range of
400-8000 cm ') to avoid exposure to atmospheric moisture. Raman spectra were recorded
in the 80-3500 cm ! range using standard laser excitation on a Vertex 70 FT-IR spectrometer
with the Raman module RAM II (Bruker, Berlin, Germany) equipped with a 1064 nm
neodymium laser. The laser power was 350 mW. Powder preparations were used for
Raman measurements.

The glass density was determined using the hydrostatic weighing method with a
MERTECH M-ER 123 ACF JR balance and special equipment (MERTECH, Moscow, Russia).
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Vickers hardness of glasses was measured by indenting a diamond pyramid with
a square base and an angle between the faces equal to 136°. To increase the statistical
reliability, the measurements were carried out 5 times for each of the four weight loads
(50, 100, 150, and 200 g), and the measurement results were averaged. For each point, the
average deviation was calculated, and these were then averaged. Samples were measured
using a PMT-3 tester (LOMO, St. Petersburg, Russia).

3. Results and Discussion
3.1. Glass Composition and Structure Characterization

The compositions of the obtained glasses are shown in Figure 1.

PhCl,

- glass
partially crystallized glass

se000000

[ X J
~

.8+
*excluding 11 mol%
o (WO3+Al,0;+RE;0;)

S0

B,0, 10 20 30 40 ! 60 70 80 90 a0
PbO, mol%

Figure 1. The compositions of glasses in the PbCl,-PbO-B,0O3 system: 1—our work; 2—[2]; 3—[12];
4—[13,14]; 5—[5]; 6—[15]; 7—([16]; 8—I[4,10,11].

The diffraction patterns of the synthesized glasses confirmed the amorphous nature of
the samples (Figure 2).

40PbCI2-30Pb0-303203
30PbCl,-35PbO-35B,0,

| 20PbC1,-40Pb0-40B,0,

| .N 10PbCl,-45Pb0-45B,0,
| *M 50PbO-50B,0,

10 20 30 40 50 60 70 80
20, deg

Intensity, a. u.

Figure 2. XRD patterns of glasses in the xPbCl,—(50-0.5x)PbO-(50-0.5x)B, O3 system.

Figure 2 shows that the glass halo underwent significant changes upon the addition
of PbCl,, which indicated a change in the short-range order structure. We assumed that
at high PbCl, concentrations, the local glass structure tended toward the structure of
crystalline PbCl, but with a greater degree of disorder, which was specific for the glassy
state (Figure S1) [17,18]. Heavily doped glasses (>20%) were possibly partly crystallized
(nanocrystals formation), but the limited resolution of the patterns did not allow a clear
conclusion. When glasses with a PbCl, content of more than 40% were synthesized, partial
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crystallization of the melt occurred with the formation of the PbCl, phase (Figure S1). The
PbCl, phase was rhombic (space group Pnma, a =7.623 A, b=9.048 A, c = 4.535 A, Z = 4).
Card ID 01-084-1177 (MATCH) or pdf 26-1159 PCPDFWIN.

The synthesis of oxychloride glasses is complicated due to the high hygroscopic-
ity of Cl-containing components. In the process of glass melting, in addition to direct
volatilization, pyrohydrolysis occurs [4]:

PbCl, + H,O—PbO + 2HCIt 1)
An exchange reaction is also possible [19]:
3PbCl, + B,O3—3PbO + 2BCl3 1 (2)

The results of the elemental analysis (Table S1) showed that the Cl/Pb ratio in the
synthesized glasses remained almost the same as in the initial batch (Figure 3).
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Ratio CI/Pb, at%, by analysis
©

Figure 3. Comparison of Cl1/Pb ratio in the batch and glasses synthesized in the xPbCl,—(50-0.5x)PbO-
(50-0.5x)B, O3 system.

To evaluate the volatilization of the glass components during synthesis, we applied a
direct weighing technique. It was shown that volatilization remained almost constant for
all compositions with PbCl, below 35 mol% (Figure 4). Thus, we assumed that B,O3 and
water volatilized simultaneously with PbCl,. However, there was no way to confirm this
assumption, since the XFS technique is limited in detecting light elements such as boron
(Zg = 5). This is the reason that the data in Table S1 are presented in the form of ratios
of elements.
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Figure 4. Volatilization of glass components from the melt during synthesis depending on PbCl,
content for glasses in the xPbCl,—(50-0.5x)PbO—(50-0.5x)B,O3 system. The line provides a guide for
the eyes.
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The synthesized glasses contained a small amount of aluminum (Table S1) because
of the dissolution of the corundum crucible by the aggressive PbO-based melt. However,
Al;O3 has a positive effect on the spectral and mechanical properties of glasses due to
it being a network former [20]. We did not observe significant losses of PbCl, during
synthesis, which made it possible to correctly describe the physicochemical properties of
the glasses based on their batch composition.

The glass structure was studied by Raman spectroscopy in the 80-3500 cm ™! range,
which was divided into 3 parts for detailed analysis: 80-250 cm~! (Figures 5, S2 and S3),
250-1750 cm ™! (Figure 6), and 1750-3500 cm ! (Figure S4). In Raman spectroscopy, vibra-
tions with wavenumbers less than 400 cm~! are usually attributed to vibrational modes
associated with heavy metal atoms. In addition, the frequencies of halide compounds with
predominantly ionic bonds are generated in this range [21,22].

=
(=1
N

o
©
1

o
o
1

e
IS
L

50PbO-50B,0,
| 10PbCI -45Pb0-45B,0,
40PbC1_-30Pb0-30B,0,

Normalized Raman Intensity
o
Ny

0.0

80 100 120 140 160 180 200 220 240
Raman shift, em’

Figure 5. Raman spectra of xPbCl,—(50-0.5x)PbO-(50-0.5x)B, O3 glasses (80-250 em ! range).
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Figure 6. Raman spectra of xPbCl,—(50-0.5x)PbO-(50-0.5x)B, O3 glasses (250-1750 cm ™! range).

We observed a broadened peak in the 80-250 cm™~! range (Figure 5), which was a
superposition of several fundamental modes and a bosonic peak [4,23]. The assignment
of vibrational modes to the corresponding structural groupings is presented in Table 1.
The observed broadened peak underwent significant changes depending on the glass
composition. For the 50PbO-50B,05 glass composition, we observed 4 main modes at 80,
90, 105, and 135 cm~! (Figure S2). These were the result of bending vibrations in PbOy
structural units [23], stretching of the ionic component of the Pb-O bond [24], Pb?* cations
in the glass network [25], and covalent symmetric stretching of the Pb—O bond in PbOy
tetrahedra [26], respectively. In lead borate glasses with a high PbO content, [PbO, >~
pyramids are glass network-forming units and most of the lead went into building these
pyramids. The rest of the lead acted as a charge compensator in the form of free Pb?* ions.
[PbO4]?>~ units preferentially bridge bonds with BO3 groups rather than BOy groups [25].
The dominant units in these glasses are BO3; and [PbO,]*>~ with Pb—O—B bridges between
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them. The introduction of lead chloride caused a sharp decrease in mode intensity around
135 cm !, indicating the destruction of these bridges [25].

In addition, local peaks with maxima at 80 and 90 cm™" were strongly smoothed
and had reduced intensities, which also indicated the disappearance of PbOj,, units in the
glass network. On the other hand, we observed a generation of new bands at 91, 105, and
120 ecm 1. They belonged to vibrations of C1~ [27] ions, Pb2* [28] cations, and stretching
vibrations of the Pb—Cl bond [29]. The further growth of PbCl, concertation up to 40 mol%
resulted in the generation of new modes at 150-180 cm ! [27], while the modes related
to the structural units of PbOy, practically disappeared. Cl~ acts as a non-bridging anion
and two halogen anions replace one O?~. This leads to the destruction of [PbO4]%>~ units
and the formation of Pb?* cations. The appearance of Raman bands related to vibrations of
chlorine anions and the Pb—Cl bond directly indicated the formation of new chlorine- and
lead-containing structural units. It was suggested that such units could be presented as
Cl~Pb%*[BO, /2]~ complexes [2]. This composition of structural units could be explained
by the fact that chlorine entered the glass network only in interstitial positions and acted
as a non-bridging anion in the glass network [2,25]. Because the strength of an ionic
bond is inversely proportional to the square of the ionic radius, substitution of 0>~ with
ror- = 1.40 A by C1~ with 7, = 1.81 A further weakened the bonds in the glass network.
Thus, depolymerization and weakening of the glass network occurred with the formation
of isolated ion-containing structural units.

1

Table 1. Interpretation of Raman bands in glasses.

Range of 80-250 cm~1 Range of 250-1750 cm 1

Wavenumber, cm~1

Interpretation Reference Wavenumber, cm—1 Interpretation Reference

80

90

91

105

120

135

150-180

Bending vibrations in
structural units of PbOy,

polyhedral PbO,, units

[23,30] 310 Vibrations of [PbO4]>~ units [23,31]

Stretching of predominantly 2324 476 Pb-O bond vibrations [32,33]

ionic Pb-O bonds in [23,24] 570 Oscillations of borate [23,25]
tetrahedrons BJy .

Deformation modes of BO3

Vibrations associated with [21,22,27,34,35] 620 metaborate chains [23,26]
PbCl,, presumably Cl . L
BO3 deformation modes in ring
710 [23,26]
metaborate groups
Cations Pb* [25,28,36] 870 Oscillations B, ™ in 126,37]
pentaborate groups
Pb-Cl stretching vibration [22,29], 910 Oscillations B ~ in ortho-and [2637]
pentaborate groups
Symmetric Pb-O stretching in
the [PbO4]>~ pyramid [25,26,32,38] 980 Oscillations B~ of diborate groups [26,39,40]
configuration
Valence vibrations of Pb—Cl, [22,27,32,34,35,41] 1050 Oscillations B, ~ of diborate groups [23,39,40]
bending vibrations of the [ 1075 Oscillations B, ~ of diborate groups [23,39]
Pb-Cl bond B-O~ stretches in metaborate triangles
1285 (BD>,0™), mostly forming chain [23,25,33]

structures. A minor fraction:
BJ; extensions

We observed several characteristic bands related to different groups in the glass
structure in the 250-1750 cm ™! range (Figure 6). An increase in PbCl, content resulted in a
decrease in band intensities.

The band around 310 cm ™! indicated the existence of PbOy polyhedral units in the net-
work [23]. This was caused by the superposition of two bands centered at 280 and 330 cm ™!,
which were attributed to vibrations of these units in PbO crystals with orthorhombic and
tetragonal symmetry, respectively [18]. The decrease in the band intensity indicated the
destruction of PbOy, tetrahedra in the network with PbCl, content growth. The band at
476 cm~! was also assigned to Pb-O bond vibrations and it underwent similar changes [33].

The 570 cm ™! band was associated with the borate tetrahedron (B&, ) and it decreased
with PbCl, content growth. The BO;—PbO, bridge bond formed a fourfold coordination
of boron with oxygen [23].

Bands at 620 and 710 cm ! were assigned to the deformation modes of metaborate
chains and rings, respectively [23,26,37]. They also lost their intensity with PbCl, content
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growth. However, the band at 710 cm~! conserved its shape even for systems with 40 mol%
of lead chloride, which indicated greater stability of the ring metaborate groups.

The 870 and 910 cm ! bands decreased while the PbCl, content grew to 20 mol% and
then remained constant with further PbCl, content growth. The 980, 1050, and 1075 cm !
bands referred to the presence of B, ~ in diborate groups and showed a similar evolution
with PbCl, content growth.

The 1285 cm ! band referred to B-O~ extensions in metaborate triangles (BJ,O7),
mostly forming chain structures, and to BO3 stretching. The band intensity strongly
decreased with PbCl, content growth.

For the 50-50 glass composition, the intensity of the bands related to the BO, ™ vibra-
tions was noticeably lower than for the bands related to the BO3 vibrations, primarily at
710 and 1285 cm~!. We observed a reduction in the I7;/I 285 ratio with PbCl, content
growth resulting from destruction of the Pb-O bond. The glass network was rearranged to
a more ionic and depolymerized one, with the gradual replacement of BO3 groups by BO4
groups [25].

In the range up to 3500 cm ™! (Figure S4), only water oscillations were observed.

The FT-IR spectra showed several bands (Figures 7 and S5), interpreted in Table 2.
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Figure 7. FT-IR spectra of synthesized glasses.

The 470 cm~! band referred to the vibrations of Pb?* cations and its intensity increased
with PbCl, content growth. The 660 cm ™! band referred to vibrations of free BO, groups.
It was practically absent in the 50-50 glass but it manifested itself and increased with PbCl,
content growth.

The 691 cm~! band was associated with B-O vibrations in the PbO—BO; bridge and
the band intensity rapidly decreased with PbCl, content growth, which directly indicated
the destruction of PbO, tetrahedra.

Peaks in the 800~1200 cm ! range referred to vibrations of the B-O bond in units of
BOj4. The bands were retained and even slightly increased with PbCl, content growth,
which indicated the retention of BOy4 units in the grid.

Peaks in the 1300-1700 cm~! range were attributed to bond fluctuations in the BO3
groups. Their intensities decreased with PbCl, content growth, which indicated the de-
struction of the corresponding structural units.

We should note that the FT-IR data were in full agreement with the Raman spec-
troscopy data. PbCl, content growth resulted in the generation of new lead—chloride
structural-chemical units, accompanied by a significant decrease in concentrations of BO3
groups and PbO;, tetrahedra.
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Table 2. Interpretation of FI-IR bands in glasses.

Wavenumber, cm—1 Corresponding Vibrational Mode Reference
~466 Lead cation oscillations Pb%* [42,43]
~560 Oscillations of free BO4 groups [44]
~610 bending vibrations of the B-O-B bonds in the BO3 group [45]
~691 B-O oscillations associated with the PbO—BOj3 bridge in the lead borate network [45,46]
~760 Bending vibrations of the O3B—O-BO4 bond [5]
~800-1200 Tensile vibrations of the B-O bonds of the tetrahedral block BOy in ortho-, pyro-, [5,45,46]
and metaborate groups
970 Tensile vibrations of B-O bonds in BO4 groups [45,46]
~1050-1150 Tensile B-O oscillations in BO, units from tri-, tetra-, and pentaborate groups [4,5]
1300-1700 Bond fluctuations in BO3 groups [4,5,45,46]
~1505, 1559, 1611 Asymmetric relaxations of B-O bond stretching of BOj3 trigonal blocks [44]
~2350 Asymmetric modes of CO, stretching [47]
~3445 Stretching vibrations of OH™ groups [4,44,47]

3.2. DSC Characterization and Physical Properties

The presented DSC data (Figures 7, 56510, Table 3) led us conclude that for the glasses
of this system, the glass transition temperature (Ty) decreased with PbCl, content growth.
For the boundaries of PbCl, composition, the difference was 80 °C. Such a significant
change in the glass transition temperature (Ty) has been observed by other researchers and
was attributed to structural changes in the glass network [16,48,49].

Table 3. Glass characteristic temperatures *.

Glass Composition, mol%

Tgr °C Ty1, °C Teq, °C Ty, °C Tca, °C T, °C Tin2, °C AT = (Txl - Tg)r °C

50PbO-50B,05
10PbCl,—5PbO—-45B,0;
20PbCl,~40PbO-40B,05
30PbCl,~35PbO-35B,05
40PbCl,~30PbO-30B,05

331 - - - - - - -
327 405 427 485 540 522 601 78
303 402 447 - - 383 604 99
279 408 436 - - 390 470 129
251 381 397 428 - 381 467 130

*—the determination error for all characteristic temperatures was £1 °C.

The incorporation of halogen ions (Cl, Br, I) into the gaps of the borate network led to
a violation of the order of the BO3 groups. The overall disorder in halogen-doped glass
occurred mainly due to the expansion of the boron—-oxygen network [50,51]. Glasses with
PbCl, concentrations < 20 mol% consisted mainly of BOs units, which had a relatively
open structure. The large Cl™ ions could be easily incorporated in the network only in
interstitial positions. With the further addition of PbCl, (>20 mol%), the B-O network
began to expand due to PbCl,. The network retained its connectivity, but it contained
large voids that allowed the placement of CI~ ions. The expansion of the B-O network,
and hence the progressive weakening of the structure, manifested itself in a significant
decrease in the glass transition temperature (Ty) [16]. This mechanism was confirmed by
our structural studies.

At the same time, the DSC curves showed that the characteristics of crystallization
in the studied glasses changed. The 50PbO-50B,03 sample did not exhibit an exothermic
peak corresponding to crystallization. However, we observed a broadened exothermic peak
of crystallization with PbCl, content growth. A further increase in PbCl, content resulted
in the splitting of the peak into two components. At 40 mol% PbCl,, we observed only the
crystallization peak with a lower T..

The lead borate oxychloride glasses demonstrated two endothermic peaks at con-
tinuous heating, marked as Ty;; and Ty, (Figure 8). This indicated the stepwise na-
ture of the glass softening. We observed the final melting temperature of the studied
glasses at <600 °C, which made it possible to classify these glasses as low-melting glasses
(Figures S6-510).
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Figure 8. DSC curves of synthesized glasses.

One of the most important criteria for glasses is the thermal stability coefficient (AT),
defined as the difference between the onset of crystallization (Ty) and glass transition
(Tg) [52] temperatures (Table 3). For all glass compositions, AT was higher than 70 °C. This
meant that the studied glasses were resistant to crystallization. An increase in AT indicated
an increase in glass stability with PbCl, content growth [53-55].

According to the TGA data, volatilization of the studied glasses began in the tempera-
ture region of 540-630 °C, and PbCl, content growth intensified the volatilization (Figure 9).
In contrast, the 50PbO-50B,03 glass did not volatilize up to 800 °C. Since the crystallization
of the corresponding compositions occurred before active volatilization had begun, one
could conclude that it was possible to create glass-crystalline materials based on glasses
without changing the chemical composition.
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Figure 9. Results of thermogravimetric analysis of synthesized glasses.

Based on the data from measuring the density (p) of the glass samples, the molar
volume Vi, was calculated using formula (3):

Vm =M/p, 3)

where M is the average molecular weight of the glass [9].
The glass density gradually decreased with increasing PbCl, content in glass (Figure 10).
In similar oxychloride glass systems [5,16,49], the same dependencies were observed.
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Figure 10. Dependence of density (black) and molar volume (blue) on the content of PbCl, in
xPbCly—(50-0.5x)PbO—-(50-0.5x)B, O3 glass.

An increase in PbCl, concentration caused the density decrease and molar volume
growth that were associated with a change in the structure of the glass network [5]. The
big Cl~ ion occupies more space than the smaller O>~ and expands the glass network,
thereby increasing the molar volume [9,12], which was consistent with the data on the
glass structure.

Glass samples containing a larger amount of PbCl, had lower Vickers hardness
(Figures 11 and S11). Similar results for the same glass systems were presented in [14,48].
The transition from triangular BO3 groups to tetrahedral BO4 groups reduced the hardness
and increased the non-bridging oxygens in binary [56] and ternary [57] borate glass systems.
The trend towards a decrease in Vickers hardness with increased PbCl, composition was
associated with the formation of a larger number of depolymerizable boron structural units
and a decrease in the rigidity of covalent bonds within them [58]. According to [20], the
Vickers hardness of lead borate glasses mainly depends on the nature of the types of lead
and boron structural units present in the glasses.
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Figure 11. Dependence of Vickers hardness on the content of PbCl, in xPbCl,—(50-0.5x)PbO—(50-

0.5x)B, O3 glass. The line is guide for the eyes.

3.3. Optical Properties
The optical absorption spectra obtained in the UV, visible, and near-IR regions of the

glasses under study are shown in Figure 12. The optical absorption coefficient, x(A), was
calculated from the absorption, A(A), based on the following relation [9]:

AN

a(A) = 2.303T, 4)
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where d is the thickness of the glass sample.
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Figure 12. Optical absorption spectra of synthesized glasses. Enlarged fragment in the inset.

On the other hand, the optical absorption coefficient, a(v), for amorphous materials is
given by the Tauc equation [13]:

2
a(v) = const [(h]/;fg)] , (5)

where hv is the photon energy and Ej is the optical energy gap. Thus, based on the Tauc
plots (Figure 13), the optical gap (Eg) of the studied glasses was estimated.
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Figure 13. Tauc plots of optical absorption spectra of synthesized glasses.

The Tauc energy (optical band gap) increased linearly with an increase in the PbCl,
content (Figure 14). This was the reason for the shift of the short-wavelength absorption
edge of the glasses to the UV region (inset in Figure 12, Table 4).

The absorption edge in oxide glasses corresponds to the transition of an oxygen
electron to the excited state [59]. The more weakly these oxygen electrons are bound,
the more easily absorption occurs. In glasses, non-bridging oxygen is more negative
than bridging oxygen. Increasing the proportion of ionized oxygen by converting it from
bridging to non-bridging oxygen raises the valence band top, which leads to a decrease in
the band gap (E,) [60].
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Figure 14. Dependence of the optical band gap on the PbCl, content in glasses. The line provides a
guide for the eyes.

Table 4. Optical properties of glasses.

Short- Tauc Urbach Average Waw];:lré i- th Absorption of
Glass Composition, mol% Wavelength Energy Energy Absorption Absor tiongE dee the OH~ Group
Absorption Edge A, nm Eg, eV* E., eV* Coefficient, cm 1 7{’ m 8 Band, cm—1

50PbO-50B,03 365 3.307 0.468 5.7 3611 15.5
5PbCl,-47.5PbO-47.5B,03 365 3.320 0.393 3.6 3626 22.0
10PbCl,-45PbO-45B,03 363 3.327 0.504 47 3664 224
15PbCl,—42.5PbO-42.5B,05 360 3.378 0.432 4.4 3690 20.3
20PbCl,—40PbO—-40B,03 360 3.376 0.435 5.0 3739 12.4
25PbCl,-37.5PbO-37.5B,03 359 3.389 0.505 5.2 3788 11.9
30PbCl,-35PbO-35B,03 357 3.406 0.377 24 4349 14.6
33PbCl,-33PbO-34B,03 356 3.414 0.453 4.6 4370 10.9
35PbCl,-32.5PbO-32.5B,03 356 3.423 0.434 4.4 4462 9.5
40PbCl,-30PbO-30B,03 355 3.440 0.427 3.8 4710 9.4

*—the determination errors for Eg and E, were £0.005 eV.

In our case, the increase in the optical energy gap (Eg) with PbCl, content growth
could be explained by a decrease in the content of non-bridging oxygen together with
BO3 groups. On the other hand, the expansion of the band gap can be explained in

terms of the E; values of the initial glass components: Eg b0 =28 eV; EEZOS =54eV;and

Eg' =49 — 5.0eV [61].

The absorption coefficient, #(v), in amorphous materials in the optical region near the
absorption edge at a certain temperature obeys an empirical relation known as the Urbach
rule [62]:

a(v) = agexp(w/c.), 6)

where hv is the photon energy, &g is a constant, and E, is the energy, which is interpreted as
the width of the localized state in the normal bandgap known as the Urbach energy. The
Urbach energy values were obtained by finding the reciprocal of the tangent of the slope of
the graph plotted in the In(a(v)) — hv coordinates and are presented in Table 4.

The origin of exponential absorption is still a matter of debate, but it is generally
believed that random potential fluctuations are associated with any lattice distortions,
which can affect the Urbach energy by the generation of energy states within the band
gap [13]. The nonlinear change in the Urbach energy depending on the PbCl, concentration
may have been due to the uneven distribution of defects in the studied glasses. Similar
results for the Urbach energy were presented in [5,9].

For the mid-IR spectrum range, we found that an increase in PbCl, concentration
shifted the long-wavelength absorption edge to the IR region (Figure 15, Table 4) due to
the replacement of atoms with a low atomic number (B, Zg = 5) by atoms with a high
atomic number (Pb, Zp,, = 82). The glass matrix became heavier when we increased the
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total concentration of lead compounds (PbCl, and PbO). This resulted in the shift of the
long-wavelength absorption edge in the IR region and the expansion of the transparency
range of the glasses [63]. The addition of a low-energy phonon component (PbCl, is
230 cm ™! compared to borate glass ~1500 cm 1) also increased the transparency range in
the IR region.
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Figure 15. Optical absorption spectra of synthesized glasses in the range from 1500 to 5000 nm.

We observed a decrease in the intensity of the absorption band of hydroxyl groups
with PbCl, content growth (Figure 15, Table 4). According to the FI-IR spectroscopy results
of the starting reagents, BoO3 had the largest content of OH™ groups (Figure S12). To
reduce the content of OH™ groups, it is possible to use dry boron oxide [64] and bubble the
melt with dry oxygen [65].

The theoretical refractive index of the studied glasses, (1), was calculated using
Equation (7) [38]:

n = x(PbCly)-n(PbCly) 4+ x(PbO)-n(PbO) + x(B203)-n(B203), (7)

where x(PbCly), x(PbO), and x(B,03) are the molar fractions of the corresponding glass
components; n(PbCly), n(PbO), and n(B,03) are the refractive indices of pure lead chloride,
lead oxide, and boron oxide, respectively.

The refractive index was determined experimentally at three wavelengths: 633, 969,
and 1539 nm (Table 5). The dispersions of the refractive index depending on the wavelength
are presented in Figure S13.

Table 5. The values of the calculated and experimental refractive indices (1) of glasses in the
xPbCly—(50-0.5x)PbO—(50-0.5x) system.

Refractive Indices ()

Glass Composition, mol% Estimated, Experimental, +0.001
+0.01 633 nm 969 nm 1539 nm

50PbO-50B,03 2.04 1.914 1.895 1.890
5PbCl,-47.5PbO-47.5B,03 2.05 1.969 1.930 1.903
10PbCl,—45PbO-45B,03 2.06 1.989 1.949 1.932
15PbCl,-42.5PbO—-42.5B,03 2.06 1.991 1.963 1.940
20PbCl,—40PbO-40B,03 2.07 2.009 1.969 1.954
25PbCl,-37.5PbO-37.5B,03 2,08 2.017 1.978 1.960
30PbCl,-35PbO-35B,03 2.09 2.040 2.000 1.981
33PbCl,-33PbO-34B,03 2.09 2.051 2.010 1.991
35PbCl,-32.5PbO-32.5B,03 2.10 2.058 2.016 1.997
40PbCl,-30PbO-30B,03 2.10 2.076 2.032 2.013
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The values of the calculated refractive index were slightly overestimated relative to the
experimental ones. We assumed that this was due to some difference in the nominal and ac-
tual compositions of the glasses, primarily due to the incorporation of Al,O3 (1 = 1.70-0.76)
into the glasses, as determined by XPS [66].

4. Conclusions

For the first time we investigated the properties of glasses in the xPbCl,—(50-0.5x)PbO-
(50-0.5x)B,O3 system with a wide range of PbCl, concentrations from 0 to 40 mol%. This
allowed us to fill gaps in the fundamental data for the system under study, which has
applications for the production of optical fibers with extended transmission ranges for use
in medical lasers and telecommunication systems.

The introduction of PbCl, modified the structural network and led to drastic changes
in the glassy network, resulting in a significant decrease in the numbers of BO3 groups
and PbOy tetrahedra, T reduction by 80 °C with a simultaneous increase in resistance to
crystallization by 52 °C, glass molar volume growth of 30%, Vickers hardness reduction by
2 times, and refractive index growth from 1.9 to 2.1.

The decrease in bridge oxygen content with PbCl, content growth resulted in the
expansion of transparency in the UV region by 10 nm. The increase in heavy metal content
in the glass matrix resulted in a decrease in the phonon energy, which resulted in the
expansion of the IR range to 4700 nm.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/ ceramics6030083/s1, Figure S1. Comparison of XRD patterns of glasses
in the xPbCly—(50-0.5x)PbO-(50-0.5x)B,O3 system with crystalline PbCl,; Table S1. The composition
of glasses according to the XFS data; Figure S2. Decomposition of the 50PbO-50B,03 glass Raman
spectrum into Gaussian; Figure S3. Decomposition of the 40PbCl,—30PbO-30B,03 glass Raman
spectrum into Gaussian; Figure S4. Raman spectra of xPbCl,—(50-0.5x)PbO—(50-0.5x)B,O3 glasses
(1750-3500 cm ! range); Figure S5. FT-IR spectra of synthesized glasses; Figure S6. DSC curve for
glass composition 50PbO-50B,03 and characteristic temperatures; Figure S7. DSC curve for glass
composition 10PbCl,-45PbO-45B,03 and characteristic temperatures; Figure S8. DSC curve for glass
composition 20PbCl,-40PbO-40B,0O3 and characteristic temperatures; Figure S9. DSC curve for glass
composition 30PbCl,—35PbO-35B,03 and characteristic temperatures; Figure S10. DSC curve for
glass composition 40PbCl,-30PbO-30B,03 and characteristic temperatures; Figure S11. Dependence
of Vickers hardness on the applied load in xPbCl,—(50-0.5x)PbO—(50-0.5x)B,O3 glasses; Figure S12.
FT-IR spectra of the initial reagents, with the indicated band of the OH™ group; Figure S13. The
dispersion of the refractive index of xPbCl,—(50-0.5x)PbO-(50-0.5x)B,O3 glasses.
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Abstract: The energy efficiency of buildings can be greatly improved by decreasing the energy
embodied in installed materials. In this contribution, we investigated the possibility of foaming waste
bottle glass in the air atmosphere with the addition of water glass, which would reduce the energy
used in the production of foamed glass boards. The results show that with the increased addition of
water glass, the crystallinity and the thermal conductivity decrease, however, the remaining crystal
content prevents the formation of closed-porous foams. The added water glass only partly protects
the carbon from premature oxidation, and the foaming mechanism in the air is different than in the
argon atmosphere. The lowest obtained foam density in the air atmosphere is 123 kg m~3, while
the lowest thermal conductivity is 53 mW m~! K~!, with an open porosity of 50% for the sample
obtained in the air, containing 12 wt% of water glass, 2 wt% of B,O3, 2 wt% AIPO,4 and 2 wt% K3POy,.

Keywords: foam glass; waste glass; thermal conductivity

1. Introduction

One of the main focuses of energy savings in the European Union (EU) is energy
use related to buildings, making it crucial to improve construction materials by lowering
the embodied energy and further improving buildings’ energy efficiency. These actions
include the development of greener thermal insulation materials, which are one of the
key materials used in energy-efficient buildings. Foamed glass is considered a sustainable
insulation material, as it can be made from waste glass and is stable on a long timescale.
However, producing high-quality foamed glass with superior insulation properties is an
energy-intensive process that could be improved by eliminating the step of remelting waste
glass (remelting represents approx. 20% of energy use) [1]. In comparison to conventional
thermal insulation materials used in the building sector, i.e., mineral wool and organic
foams (EPS, XPS), the best foamed glass reaches similar thermal conductivity values
(36 mW m~! K~ vs. 30-35 mW m~! K~1), while having much better mechanical properties
and long-term stability [2,3].

To avoid the remelting step, foamed glass is often produced through direct foaming of
a mixture of finely milled waste glass and foaming agents, such as carbon or carbonate [1-6].
Carbon-based foaming agents react with chemically bonded oxygen (present as polyvalent
ions in higher oxidation states) in the glass and release gases. To reduce the oxidation de-
pendency on the glass composition, foaming mixtures can be supplemented with oxidizing
agents, such as Fe,O3, manganese oxide in various oxidation states, and sulfates [7-9]. Dur-
ing the foaming process, the metal oxides incorporate, fully or partly, into the glass structure,

Copyright: © 2023 by the authors.

which can trigger undesired crystallization [9]. Since the foaming temperatures are low,
Licensee MDPI, Basel, Switzerland.

typically 750-850 °C, the glass is not completely homogenized, which results in local fluctua-
tions in glass composition and glass instabilities. Glasses with lower glass stability are more
susceptible to crystallization, which can hinder expansion and result in an open-porous
foamed glass. Moreover, the finely milled glass is itself prone to crystallization [10].

In our previous research [10], we have shown that container waste glass exhibits low
glass stability in a mixture with carbon and manganese oxide (Mn30O4) under foaming
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conditions. Glass with a common soda-lime-silica (SLS) composition manifested complex
crystallization with the formation of several crystalline phases. It was evidenced that when
re-melted, the glass stability against crystallization improved, and fewer crystalline phases
formed. However, the improvement was minor. Thereafter, we showed that crystallization
can be more effectively suppressed by the addition of selected additives (borax, B,Os3,
Al,O3). Furthermore, we introduced phosphates in the foamed glass mixture, which
improved the homogeneity of the foams and increased the content of closed pores [11]. The
addition of the phosphates also decreased the densities of the foams below 150 kg m~3,
and the thermal conductivity of these foams was in the range of 57-66 mW m~! K~!. These
samples were prepared under an oxygen-free atmosphere, which is used in the industry
but is related to a higher energy consumption due to under-stoichiometric gas burning [5].

This study aims to investigate the influence of water glass (WG) addition on the
foaming process and the possibility of transferring the foaming process from an oxygen-
free atmosphere to an air atmosphere. Water glass is a known additive used in industrial
processes. It was shown that WG could be used as a single foaming agent or in combination
with carbonaceous foaming agents [12-14]. The proposed mechanism of the foaming with
WG is due to the decomposition of carbonates, which are formed when wet water-glass-
coated glass powder is in contact with the air atmosphere [15]. This study focuses on
the foaming process of container glass waste using a foaming/oxidizing agent couple,
with the addition of various crystallization inhibitors and water glass, the latter possibly
enabling the foaming process in the air atmosphere. The effects of the different additives
and foaming atmosphere on the properties of the foamed samples, such as density, porosity,
crystallinity, and thermal conductivity, were investigated and compared. The underlying
reactions and their influence on the properties of the foams are discussed.

2. Experimental Section

Waste glass with a typical SLS composition [10] was mixed with foaming/oxidizing
agent couple 0.5 wt% carbon black (CB, acetylene black, Alfa Aesar, Kandel, Germany)
and 6.356 wt% Mn30Oy and with different amounts of water glass (12 and 24 wt%), Table 1.
Mn3;0O4 was prepared from MnO, (99%, Bie & Berntsen, Rodovre, Denmark) by thermal
treatment at 1250 °C for 4 h. The mixture was homogenized in yttria-stabilized zirconia
(YSZ) jar with 10 mm YSZ balls at 250 rpm in a planetary ball mill for 35 min. As crystalliza-
tion inhibitors, we used fluxing agents: BoO3, and phosphates: K3PO4 and AIPO4, which
were also previously used as supporting materials for foaming waste glass [9,16]. WG was
then mixed with the homogenized mixture in an agate mortar. The mixture with WG was
finally dried at 200 °C for 1 h.

Table 1. Composition of the mixtures of the glass, 0.5 wt% CB, 6.356 wt% Mn3Oy, 12 wt% WG or
24 wt% WG, foamed in air and Ar atmosphere.

Additives (wt%)

Sample
B,03 AlIPOy K3;PO4

12WG-2Al-2K / 2 2
12WG-2B-2A1 2 2 /
12WG-2B-2A-2K 2 2 2
24WG-2A1-2K / 2 2
24WG-2B-2Al 2 2 /
24WG-2B-2Al1-2K 2 2 2

Small samples were prepared from these mixtures by uniaxial pressing (¢ 12) of ~1 g
of the batch. The samples were heat-treated at 865 °C for 10 min with a heating rate of
10 Kmin~! in an Ar and air atmosphere in a laboratory electrical tube furnace (Protherm
ASP11/150/500, Ankara, Turkey).
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The thermal behavior of foaming mixtures during heat treatment was investigated
using a thermo-gravimetric analyzer (TGA) coupled with a mass spectrometer (MS). Specif-
ically, the instrument used was the NETZSCH STA 449 C/6/G Jupiter TGA coupled with
an Aéoloss QMS 403 mass spectrometer. In the study, approximately 10 mg of a powder
mixture was analyzed. The samples were subjected to heating at a rate of 10 K min~!
and reached a maximum temperature of 800 °C. The analysis was carried out under two
different gas atmospheres: synthetic air and Ar (flow 50 mL min~1).

Powder X-ray diffraction (XRD; Malvern PANalytical Empyrean diffractometer, Malvern,
United Kingdom) using a Cu-Ka radiation source was employed to identify the crystalline
phases present in the foamed samples. The XRD data were collected within the 20 range
of 10-70°, with a step size of 0.0263° and a time per step of 500 s. The obtained diffraction
patterns were compared with the patterns in the Joint Committee on Powder Diffraction
Standards (JCPDS) database using Highscore Plus software for phase identification.

The apparent density (0app) of the resulting foams was determined using the Archimedes
principle in water for small samples, with a measurement error of £1%. The pycnometric
volume of the small samples was determined by the Archimedes method in absolute ethanol,
with a measurement error of £2%. To eliminate air from the open pores, the small samples
were submerged in boiling ethanol under reduced pressure. The submerged samples’ volume
was then measured in absolute ethanol using the Archimedes principle (Vpyc).

The porosity of the foamed samples was determined based on the apparent density,
pycnometer density, and powder density (measured as 2.50 g cm~3). The following equa-
tions were used to calculate the total porosity ¢ (measurement error +1%), open porosity
(OP), and closed porosity (CP) (measurement error £2%):

p=1- Papp (1)
Ppow
cp = P _ Pap )
Ppy  Ppow
OP = ¢ —CP 3)

where the volume (V. ) of foam is:
Vioam = Vcp + Vop + Vglass~

For the large samples, the apparent density was calculated using the sample’s dimen-
sions (geometric volume from the sample’s dimensions) and weight. The total porosity of
the samples was calculated based on the apparent density using Equation (1). The closed
porosity was determined using an Ultrapyc 5000 Foam instrument (Anton Paar GmbH,
Graz, Austria).

The thermal conductivity of the large foam samples, which were cut into dimensions
of 8 cm x 8 cm x 2 cm, was measured using a heat-flow meter (HFM 446 Lambda Small,
Stirolab, Sezana, Slovenia) following the DIN EN 12667 standard. The instrument was
calibrated using a NIST Standard Reference Material® 1450 d. The typical accuracy of the
HFM is &+ 1%. The mean temperature of the sample during the measurement was 10 °C,
with the upper and lower plate temperatures set at 5 °C and 15 °C, respectively.

The pore size distribution was analyzed based on a magnified cross-section image of
the sample. A transparent foil was then placed over the image, and the pores were manually
outlined. The resulting image was scanned and processed using Image] 1.53t software.

3. Results

Thermal analysis coupled with evolved gas analysis of the sample 12WG-2B-2A1-2K
with 12 wt% WG in Ar and air atmosphere revealed important differences (Figure 1). A
mass loss (black curves, Figure 1) in both atmospheres occurs practically over the whole
temperature range and is related to the release of H;O and CO;. A major part of the mass
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loss is related to a gradual release of water bounded in the water glass [14]. Two peaks
in the release of water are located at 120 and 320 °C, while water vapor is present in the
evolved gases up to 600 °C.
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Figure 1. Thermal analysis coupled with evolved gas analysis of the sample.

The main mass loss related to CO, release is visible in the sample foamed in an air
atmosphere peaking at 500 °C. This is related to the premature oxidation of the added
carbon to oxygen present in the atmosphere, which is unwanted [17]. In the sample
processed in the Ar atmosphere, a small, i.e., negligible, mass loss is observed at 440 °C.
The samples analyzed were in powder form, so sharp peaks of gas release above the
sintering temperature are not present. Despite that, in both samples, the signal of CO,
is observed at temperatures above 600 °C. This is related to (i) the presence of carbon,
which is protected from the atmosphere by the added WG and reacts with oxygen from
the glass, and (ii) the decomposition of carbonates, which are formed when a wet mixture
with WG is exposed to the air atmosphere [15]. Both sources of CO, are present in the
sample foamed in the Ar atmosphere, while the second one is predominantly present in the
sample processed in the air atmosphere. From the mass loss occurring at 500 °C in the air
atmosphere, accompanied by the large CO, peak, we calculate that around 80% of carbon
is burned out. For the sample tested in the Ar atmosphere, the CO; signal increases from
600 to 800 °C, while in the sample tested in the air atmosphere, the CO; signal peaks at
720 °C and then decreases gradually, indicating that the source of COj is diminishing.

The XRD patterns of the samples foamed in Ar and air atmospheres are shown
in Figure 2. The samples processed in the Ar atmosphere contain a higher amount of
crystalline phase than the samples foamed in the air atmosphere. The exact mechanism
behind this is not known; however, it is most likely related to the presence of carbon, which
is higher in the sample foamed in the Ar atmosphere. The carbon binds the oxygen from the
glass, thereby changing the oxidation state of the glass, which influences the crystallization
processes. In comparison to the samples without added WG [11], the crystalline phase
content is lower. In general, the samples with 24 wt% of WG have a significantly lower
crystalline content and are very similar in both atmospheres (Figure 2; note: only the XRD
pattern of the sample with all additives and 24 wt% WG is shown). For the samples with
24 wt% of WG, the samples processed in both atmospheres exhibit practically identical
XRD patterns, and there are negligible differences, e.g., a peak at 36° 20 foamed in Ar.
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Figure 2. XRD patterns of the samples foamed in (a) Ar and (b) air atmosphere at 865 °C.

The densities of the samples with 12 wt% of WG foamed in Ar atmosphere are in the
range of 143-157 kg m 2, while the samples foamed in air exhibit higher densities in the
range of 224-290 kg m 3. In general, the samples with both phosphate additions have a
lower density. Closed porosity is the highest in the samples containing all additives. When
the amount of added WG is increased to 24 wt%, the densities of the samples foamed in
Ar remain at the same level, while for the samples foamed in air atmosphere, the densities
decrease significantly. This decrease can be related to a higher amount of carbon being
protected by the added WG. The open porosity, however, increases in almost all samples
with a higher addition of WG. In Ar, the lowest density obtained is 130 kg m~3, while in
the air atmosphere it is 156 kg m~3, in both cases with 24 wt% WG (Table 2).

Table 2. The density, closed porosity, and total porosity of the samples foamed for 10 min at 865 °C in
Ar and air atmosphere.

Ar Air
Sample fkagpm*3) Ig(l)(r)(s)zgty %) Total Porosity (%) flzgpm*f*) IC’(I)(r)(S)E?ty %) Total Porosity (%)
12WG-2Al1-2K 143 90 94 224 83 91
12WG-2B-2Al 157 90 94 290 85 88
12WG-2B-2A1-2K 143 90 94 211 91 93
24WG-2A1-2K 130 50 95 195 73 92
24WG-2B-2A1 160 88 93 161 58 93
24WG-2B-2A1-2K 142 79 95 156 87 94

4. Large Samples

Large samples from the compositions containing all additives and 12 or 24 wt% WG
were prepared to properly evaluate the achievable densities and thermal conductivities.
The pore structure of the large samples is shown in Figure 3. The samples foamed in the Ar
atmosphere exhibit a more homogeneous pore structure than the samples foamed in the air
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atmosphere, which also contain larger pores. These differences indicate that the foaming
mechanism changes when the atmosphere changes. In the Ar atmosphere, carbon is fully
protected and remains in the sintered sample. Oxidation of carbon, with the chemically
bounded oxygen in the glass and manganese oxide [17], as well as the decomposition of
carbonates formed on addition of WG [15], contribute to the foaming process. The color
of the samples is gray (to better understand the color references mentioned, readers are
directed to consult the online version of the article). In the air atmosphere, only a small part
of carbon remains in the sample, although it is expected for the amount to increase with an
increasing sample size and WG content. Thus, the foaming is in major part related to the
release of oxygen from the manganese oxide and the decomposition of carbonates formed
in the wet foaming mixture with WG. The color of the samples is more purple than gray,
indicating that the majority of manganese in the foamed sample is present as Mn3* [18].
The larger pore sizes of these samples foamed in the air indicate that the foaming time
could be shortened in order to obtain a sample with smaller pores.

Figure 3. Microstructure of the foamed large samples: (a) 12WG-2B-2AI1-2K at 865 °C in Ar,
(b) 24WG-2B-2A1-2K at 865 °C in Ar, (c) 12WG-2B-2A1-2K at 880 °C in Air and (d) 24WG-2B-2A1-2K
at 855 °C in air.

The densities of the large samples with 12 wt% of WG are similar to those of the
small samples; however, the densities of the large samples foamed with 24 wt% of WG are
significantly lower, Table 3. This is related to the larger size of the sample, where more
released water and carbon can stay in the sample, since the diffusion path of the gases in the
compacted powder becomes longer. Similarly, the higher content of remaining hydroxyl
groups and water in the large samples can contribute to pore coalescence through the
decrease of viscosity. The 12 wt% addition is not adequate for triggering such differences.
Additionally, the viscosity decreases with an increasing WG content due to the increase of
sodium content in the glass [14].
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Table 3. Density, porosity and thermal conductivity of the samples foamed for 20 min in Ar and
air atmosphere.

Ar Air
Sample 12WG-2B-2A1-2K 24WG-2B-2A1-2K 12WG-2B-2A1-2K 24WG-2B-2A1-2K
Temperature (°C) 865 880 865 880 855
Papp (kg m~3) 147 138 118 147 123
Closed Porosity (%) 80 38 20 52 36
Thermal conductivity 59 57 53 53 54

(mW m~1 K1)

The thermal conductivities are in the range of 53-66 mW m~! K~!, which is slightly
lower than in the samples without WG addition [11] and in the range of commercial foamed
glass produced in air atmosphere [19], Table 3. The samples prepared from the composition
with 12 wt% WG foamed in Ar and air atmospheres have the same density, but the thermal
conductivity of the sample foamed in air is much lower, despite the higher open porosity.
Although not measured on this set of samples, based on our previous reports [19,20], we
presume that COj is present in the closed pores (thermal conductivity 16 mW m~! K1),
while air with a higher thermal conductivity (25 mW m~! K™!) fills the open pores. From
these results, we can conclude that the difference in the thermal conductivity is in major
part related to the contribution of the solid (glassy) phase. The crystallinity of the samples
with 12 wt% WG foamed in Ar is higher than of those foamed in air, which means that the
contribution of the solid conductivity is higher. The sample with 24 wt% WG foamed in
Ar has a similar crystalline content to the sample with 12 wt% WG foamed in air, and its
thermal conductivity is lower, despite the higher open-porous content. This result again
shows that the prevention of crystallization is an important parameter in the production of
foamed glass with improved insulation properties [19,21].

Open porosity is another critical parameter. In this set of samples, only the sample
with 12 wt% of WG foamed in Ar at 865 °C has a closed porosity of 80%, while the other
samples have much lower values of closed porosity. Open porosity also contributes to a
higher thermal conductivity [19]. If the samples foamed in the air atmosphere would be
fully closed-porous and the pores were filled with CO,, the thermal conductivity would
decrease by 4-6 mW m~! K~1. The achieved values would then be below the commercial
reference of 52 mW m~! K~ [22]. In relation to open porosity, one could also expect that the
thermal conduction through the solid phase would decrease, since all the material would
be placed in the struts (no walls), which decreases the solid conduction [17]. However, the
distribution of the solid mass between struts and walls in foamed glass is not so extreme as
to trigger such an effect. Moreover, foamed glass with open porosity is not appropriate for
thermal insulation in conventional applications on the outer surface of a wall [23] due to
the danger of water penetration. Such foamed glass can only be used as acoustic or thermal
insulation in the interior of buildings.

The presented results show that bottle glass composition has a lower potential for
use in foamed glass boards production. The main issue is related to crystallization, which
occurs during foaming and triggers an increase of open porosity and thermal conductivity
of solid phase. A new approach is needed in order to be able to use waste bottle glass
in the production of foamed glass boards, preferably in the air atmosphere, for thermal
insulation applications. One possibility is to change the foaming agent(s), but also to
prepare a mixture with flat glass [9]. Until then, this source of waste glass can effectively
be used in the production of foamed glass gravel, which typically uses SiC as the foaming
agent [24].
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5. Conclusions

We investigated the use of water glass in the foaming of waste bottle glass with the
carbon-manganese-oxide foaming couple in Ar and air atmosphere. The results show that
with an increased addition of WG, the crystallinity and the thermal conductivity decrease
in comparison to the samples without WG addition. However, the remaining crystallization
greatly influences the properties of the prepared foams, resulting in open porosity and higher
thermal conductivities in comparison to amorphous foams in the literature. The DTA analysis
revealed that 12 wt% of added WG partly protects the carbon from premature oxidation by
the air from the atmosphere at around 500 °C. However, as indicated by the differences in the
large samples processed in Ar and air atmospheres, the foaming mechanism differs greatly,
and it was not possible to obtain a closed porous sample in air atmosphere. With the WG
addition, it was not possible to obtain a foam of proper quality from the waste bottle glass in
the air atmosphere. The lowest obtained foam density in the air atmosphere was 123 kg m 2,
while the lowest thermal conductivity was 53 mW m~! K~
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Abstract: The production of scintillating ceramics can require the utilization of the phosphorus
compounds at certain stages of 3D-printing, such as vat polymerization, applied for the formation
of green bodies before sintering. The effect of phosphorus additive on the microstructure, optical,
and scintillation parameters of Gd.494Y1.494 Ceg.012A1,GazO012 (GYAGG:Ce) ceramics obtained
by pressureless sintering at 1650 °C in an oxygen atmosphere was investigated for the first time.
Phosphorus was introduced in the form of NH4H; POy into the initial hydroxycarbonate precipitate
in a wide concentration range (from 0 to 0.6 wt.%). With increasing of phosphorus concentration,
the density and the optical transmittance of garnet ceramics show a decrease, which is caused by an
increase in the number of pores and inclusions. The light yield of fast scintillation, which is caused by
Ce3* ions, was found to be affected by the phosphorus additive as well. Moreover, an increase in
phosphorescence intensity was recognized.

Keywords: ceramics; garnet; phosphorus; luminescence; phosphorescence; stereolithography

1. Introduction

Garnet structure oxides doped with lanthanides are a group of widely used lumines-
cence, laser, and scintillation materials [1-15]. Y3Al5015:Ce (YAG:Ce) and LuzAl504,:Ce
(LuAG:Ce) are well-established scintillators, which are widely used in radiation detection
applications in science and industry. Nevertheless, recently, along with binary compositions,
such as YAG:Ce and LuAG:Ce, multicationic garnets have been actively studied [1-3,5-9].
The garnet matrix has been developed to become more complex; yttrium is partially or
completely replaced by gadolinium or a Gd/Lu mixture in different ratios; and aluminum
is partially replaced by gallium [8-11]. In addition, garnets doped with other lanthanides,
or their combination are being actively studied [1,5-7,12]. Compositionally disordered
garnet structure compounds with a general formula (Gd,Y,Lu)3(Al,Ga)50;1,, doped with
rare earth activator(s) and, facultatively co-doped with other element(s) became in the
focus of the research due to a unique set of features: high chemical stability, high density,
high effective atomic number, high light yield, fast scintillation kinetics, etc. [6,8-10,15-17].
It can be produced in the form of both single crystals [9,10,16-18] and translucent [15] or
transparent ceramics [8,10,13,19].

Luminescent ceramics have some advantages in comparison to single crystals of the
same structure and composition. Ceramics can be produced more cheaply, potentially any
shape, almost any size and/or composition. Also, new structures are accessible due to the
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versatility of ceramics, e.g., composites [20-23]. At the same time, the major functional
properties of highly transparent ceramics could be due to single crystals.

Various additive manufacturing techniques were applied to produce transparent [22,23]
or translucent [24,25] garnet ceramics. Material jetting [22] and direct ink write [23] methods
were used for the formation of green body further used for the sintering. YAG:Yb/YAG:Nd
and YAG:Er/YAG:Lu transparent all-ceramic composites of disk-like [22] or rod-like [23]
shapes were obtained by vacuum/air sintering with subsequent hot isostatic pressing.
Also new methods for sintering garnet ceramics under electron-beam [26] and laser [27]
irradiation seem promising. Nevertheless, one of the most frequently developed methods
of 3D-printing suitable for mass applications, is stereolithography. It provides one of the
best spatial resolutions, a smooth surface of printed objects with an acceptable building
speed and a possibility to use the pressureless sintering [24,25].

Obviously, the key properties of garnet ceramics depend on the chemical composition
and the perfection of the oxide matrix [12,14,15], the chosen activators [28-31], technological
factors [19,30-33], synthesis conditions [8] and post-processing treatment [31]. Another im-
portant factor is the nature and a concentration of impurities which come in the ceramics at
different stages of the technology. There are a plenty of publications describing the influence
of cations of various metals, such as alkali [32] and alkaline earth elements [9,16,17,31,33,34],
elements of the third [18,20] and fourth [34] groups. The effect of silicon [22,23,33-35] and
boron [33,36] additives has been also well clarified. Silicon is a widely used sintering addi-
tive [[33] and refs therein], which is utilized to prepare transparent or translucent garnet
ceramics. The disadvantage of using such sintering additives is their potential negative
effects on the luminescent and scintillation properties of the resulting ceramics [32,33,36].

Research on the influence of other non-metals, such as nitrogen, is much less de-
scribed [35]. Phosphorus is a typical non-metal element, a neighbor of nitrogen and silicon
in the periodic table. However, to the best of our knowledge, the effect of phosphorus addi-
tives on garnet ceramics has not been practically studied before. Only single article has been
recently published, where YPO,/YAG:Ce nanocomposites were purposefully synthesized
and studied in details [37]. At the same time, it is well known that phosphorus-containing
dispersants can be used in the preparation of slurries in ceramic technology [38,39], in-
cluding slurries for 3D-printing. Phosphoric acid ester derivatives have high wetting
characteristics for surface oxide powders. It allows to reach a high loading of slurries
with acceptable rheological properties [38,39]. The typical value of specific surface area
(SSA) is from 45 to 60 m?/g and from 3 to 12 m?/g, for garnet oxide powders annealed
at 850 and 1300 °C [24,25], respectively. The content of the dispersant in slurry is usually
proportional to the SSA of the ceramic powder and can be reached up to 3 mg for each
m? [24,25]. According to our preliminary study, the phosphorus content in commercially
available dispersants is about 4 wt.%.

Moreover, UV photocurable slurries with ceramic particles for stereolithography 3D
printing may contain other phosphorus compounds, like UV photoinitiators of radical
polymerization of the class of phosphine oxides (BAPO, TPO, TPO-L, etc.). The typical con-
tent of such photoinitiators is ~1.0 wt.% based on the weight of acrylate monomers [24,25].
Thus, the potential content of phosphorus in the slurry can be quite high value (1-7 mg
for each g of powder or 1000-7000 ppm). The high sintering temperature could induce the
partial volatilization of phosphorus, which may result in loose microstructure of garnet
ceramics. The formation of impurity phases is also very possible.

Here, we report for the first time an effect of phosphorus impurity on the major
functional properties of doped GYAGG:Ce garnet scintillation ceramics. The key properties
of the sintered ceramics were correlated with the amount of phosphorus.

2. Materials and Methods
2.1. Synthesis of Initial Powders

Starting powder was fabricated by co-precipitation method [5-7,11-13,33]. High pu-
rity commercially available chemical reagents such as GdyO3 (99.995%), Y203 (99.995%),
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AIOOH (99.998%), Ga (99.999%) and Ce(NO3)3 (99.95%) were used as raw materials to pre-
pare nitrate solutions. The solutions were mixed in the required proportions to obtain com-
position Gd.494Y1.494Ce.012AlpGazO1 and diluted to obtain the total Me3* jon concentra-
tion of 0.5 mol/L. Next, the mixed solution was slowly added to the precipitant—a solution
of ammonium bicarbonate NH;HCO3 (99.95%) with a concentration of 1.5 mol/L—under
constant stirring with an overhead stirrer. The hydroxocarbonate precipitate was filtered,
washed with high-purity isopropyl alcohol (IPA)-distillated water mixture a few times,
and dried at 80 °C in an air-ventilated oven for 8 h. Further, the precipitate was divided
into four equal parts. One part was used as a reference (untreated) sample, the other three
parts were utilized to enhance the phosphorus content.

The NH4H,POy4 (99.5%) was used as a source of phosphorus, the details of introducing
are described elsewhere [33]. Three IPA-water solutions with different concentration of
phosphorus were prepared. Weighed portion of the precipitate was added in each solution.
These suspensions were stirred for a day, then dried at 80 °C, and samples were taken for
elemental analysis. The motivation of choosing this substance as a source of phosphorus is
presented in the Supplementary.

Finally, all four precursors with different phosphorus content were placed in corundum
crucibles with caps and calcined together in a muffle furnace at 850 °C for 2 h to form
the garnet phase. During annealing, the precipitate showed a weight loss of about 29%.
Afterward, the oxide powders were milled in a planetary ball mill with alumina jars
and beads to get a median particle size (dsp) of 1.5-1.8 um according to laser diffraction
measurements. The grinding conditions were identical for all compositions. Milling
media was IPA, rotation speed was 300 rpm; grinding time was 30 min, weight ratio of
IPA:powder:beads was 2:1:2. After milling the slurries were dried at 80 °C and sieved
through a 100-pm meshes. Samples were taken for elemental analysis. As the result, four
samples: nominally pure (#0) and, loaded with phosphorus (#1-3) were produced. The
stages of their production and characterization methods are described below.

2.2. Characterization of Initial Powders

Particle size distributions were measured using laser diffraction on a MasterSizer 2000
(Malvern, PA, USA) with a water-filled dispersing unit Hydro G. The specific surface area
(SSA) and pore volume of the powders were determined according to the capillary nitrogen
condensation method using BET and BJH models on NOVAtouch NT LX (Quantachrome
Instruments, New York, NY, USA). The phase compositions of the oxide powders were
examined using X-ray powder diffraction on a D2 Phaser (Bruker, Billerica, MA, USA) with
CuKq; » radiation.

Elemental analysis of precipitates and calcined powders was carried out via iCAP
6300 duo (Thermo Scientific, Waltham, MA, USA) spectrometer by the ICP AES method.
Before the measurement, the powders are dissolved in a mixture of ultra-pure nitric and
hydrochloric acids at temperature of 100 °C using a HotBlock (Environmental express,
Ocala, FL, USA) equipment.

2.3. Ceramics Fabrication

Green bodies were prepared by uniaxial pressing at 64 MPa into 1.5 mm-thick pellets
of 20 mm in diameter. The typical green density was about 35% of the theoretical density
of a single-crystal GYAGG:Ce (6.0 g/cm?). Then pellets were sintered at 1650 °C 2 h in an
oxygen atmosphere by using tube furnace.

Finally, surface of the ceramic samples was grinded with silicon carbide abrasive
papers and then polished with 0.5 pm and 0.1 pm diamond polishing pastes. The thickness
of the ceramic samples was ~1 mm. The polished samples intended for scanning electron
microscopy were additionally thermally etched for 10 min at 1200 °C to reveal grain
boundaries.
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2.4. Characterization of Ceramic Samples

The apparent density of the ceramic samples was measured using Archimedes’ method
in Lotoxane at room temperature. The uncertainty in this measurement was about 0.5%.

Ceramic microstructure was studied using a Jeol JSM-7100F (JEOL, Tokyo, Japan)
scanning electron microscope (SEM). SEM images were obtained in secondary electrons
and backscattered electrons modes. Platinum sputter-coating was used to ensure electrical
conductivity of surface ceramic sample. Local chemical compositions were estimated using
energy-dispersive X-ray spectroscopy (EDX) via X-Max 50 (Oxford Instruments, London,
UK) attachment. Processing of the SEM images to determine the average grain sizes and
estimate of the number of inclusions of ceramics was carried out using Image] software.

The full transmittance of the ceramic samples in the visible region of the spectrum
(400-700 nm) was determined on an Specord Plus spectrophotometer (Analytik Jena, Jena,
Germany) equipped with an integrating sphere. The photoluminescence (PL) spectra of
the ceramic samples were measured on a Fluorat-02 Panorama spectrofluorimeter (Lumex,
Moscow, Russia) with a xenon lamp excitation at room temperature.

The photoluminescence kinetics were studied on a FluoTime 250 luminescence spec-
trometer (PicoQuant, Berlin, Germany) using a pulsed LED excitation source with a wave-
length of 340 nm and a pulse width of 200 ps, corresponding to excitation of the 4f—5d;
interconfigurational transition of Ce®* ions.

The light output (LO) of the samples was measured with a '¥’Cs (662 keV) source
by collecting the pulse height spectra with the XP2020 photomultiplier readout. Incident
Y-quanta interact with a whole volume of the sample, so the position of the y-quanta
photo-absorption peak in the spectra is affected by the scattering of the scintillation light.
Therefore, the light output is smaller than the light yield (LY) due to the reduced light
collection factor in the translucent sample.

A thin layer of the sample, not more than 10 um, absorbs x-particles in the material.
Due to this reason, measurement with x-particles in a 45° geometry [40] provides a light
yield of scintillation practically from the surface of the sample, which is not affected by
scattering. An a-particle source (~5.5 MeV, 24! Am) was used to collect the pulse height
spectra with the XP2020 photomultiplier readout. A YAG:Ce single-crystal with ground
surfaces to mimic ceramics with a light yield of 4100 ph/MeV under « -particles excitation
and 25,000 ph/MeV under y-quanta excitation was used in these measurements as a
reference.

3. Results

The results of quantitative elemental analysis of the phosphorus content in the initial
powders are presented in Table 1. Sample # 1 contains approximately Ce 1:1 P (mole ratio).

Table 1. The measurement contents of phosphorus in initial powders (wt.%) 1.

Sample # Hydroxocarbonate Oxide Powders Calcined at
Precipitates 850 °C
0 - -
1 0.027 0.040
2 0.114 0.156
3 0.456 0.623

1 According to elemental analysis, the content of cerium in the hydroxocarbonate precipitates and powders
calcined at 850 °C is 0.139(1) and 0.191(1) wt.%, respectively, in good agreement with to the expected chemical
composition.

It is known [41,42] that ammonium dihydrogen phosphate completely decomposes
into gaseous products already at temperatures of about 550 °C. In the same time, based
on the results of elemental analysis, we do not observe significant loss (volatilization)
of phosphorus. One can assume that as-synthesized ReE (Y, Gd, Ce) oxides may easy
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react with NH4H;POy [37,43,44] at relatively low temperature and form the refractory and
extremely stable phosphates [37,45,46].

The BET specific surface area and the BJH porosity for garnet powder calcined at
850 °C were 55 m? /g and 0.3 cm3/g, respectively. According to X-ray diffraction analysis
all initial powders had a garnet crystal structure of Ia-3d with lattice parameter a = 12.232(5)
A, in good agreement with the literature [7].

Diffractograms of ceramics obtained from sample # 2 and # 3 contain a few additional
weak lines, which can be attributed to (Y,Gd)POy4 with a tetragonal (I4;/amd) xenotime
structure (Figure S1). Lines of monazite-type phosphates (typical for pure GAPOy) are not
observed. The resulting ceramic samples had a high density from 100 to 97.5% (Table 2).

Table 2. The average relative density of GYAGG:Ce ceramic samples (%).

Sample # 0 1 2 3
Relative density 100 99.7 98.8 97.5

Thus, the sinterability and densification of garnet powders with phosphorus are
apparently decreased. This behavior can be explained by two factors. Firstly, the presence
of an impurity of refractory orthophosphate possibly reduces the sinterability due to high
melting point of YPO4~2150 °C [46], which is higher than the melting point of YAG or
GAGG compounds [24]. Secondly, the density of yttrium orthophosphate is significantly
lower than the density of GYAGG:Ce ceramics (4.27 vs. 6.0 g/ cm?).

The assumptions above are supported by the electron microscopy data (Figure 1).
According to SEM analysis, the grains sizes for GYAGG:Ce ceramics without phosphorus
(sample # 0) are up to 7 um; generally the sample # 0 has a homogeneous microstructure,
which is typical for dense garnet ceramics [7,8,13,14,33]. According to the EDX analysis, the
element content (Gd 28 wt.%; Y 16 wt.%; Al 6 wt.%; Ga 25 wt.%; O~24 wt.%; Ce 0.2 wt.%)
was in good agreement with the synthesized composition. Just few pores and inclusions
have been observed. Total amount of inclusions and pores is 0.1(1)% (Table 3).

Table 3. The average grain size of garnet phase, total fraction of inclusions and pores in the GYAGG:Ce
ceramic samples.

Sample # 0 1 2 3
Average grain size (um) 1.90 (1) 3.2(2) 6.9 (2) 2.8 (2)
Fraction of inclusions + pores (%) 0.1(1) 0.9 (5) 3.5(5) 16.3 (9)

All the samples contain a number of pores with different shapes and sizes up to
3-5 um, which progressively increases in number from 1 to 3 series. The number of impure
grains increases with the increase of phosphorus in the samples (Figure 1, Table 3) as well.
The chemical composition of these grains is slightly variable, in any case they are enriched
in phosphorus (up to 12 wt%) and gadolinium (up to 43 wt.%), and depleted in aluminum
(down to 1 wt.%) and gallium (down to 3 wt.%), and the same time the yttrium content
reaches the 12 wt.%. So, from the comparison of Figure 1d—f, we can conclude that the the
main inclusions in sample #3 are phosphates, in good agreement with our X-ray diffraction
data and results from [37].

In samples # 2 and # 3 there are also grains of aluminum-gallium oxide. Earlier,
appearance of the (Al,Ga),O3 oxide phase was observed when Gd content was below the
stoichiometric garnet composition [14]. But in this work, their appearance is explained by
the fact that some of the yttrium and gadolinium atoms bind to inert phosphates.

The average grain size of GYAGG:Ce ceramics without phosphorus (sample # 0)
is 1.9 um. An increase in the average grain size with an increase in the phosphorus
concentration in the garnet ceramics was found for sample 0, 1 and 2 (Table 3). The larger
grains were observed in sample # 2 (Figure 1c). The average grain size for sample # 3 is
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2.8 pm. It is possible that relatively small amounts of phosphorus lead to more active grain
growth due to increase in the defectiveness of the garnet structure. And in the case of an
excess of phosphorus (sample # 3), impurity phases come out in the form of individual
crystallites and have less effect on grain growth.

(b)

@ v IS

()

Figure 1. Representative SEM images of mirror polished and thermally etched surfaces of GYAGG:Ce
ceramics. (a) sample # 0; (b) sample # 1; (c) sample # 2; (d—f) sample # 3 (maximum phosphorus
content). Sample # 0 is a reference ceramic without phosphorus additives; in other samples, the
phosphorus content increases with increasing number. SEM images (a—d) recorded in backscattered
electrons mode and (e) recorded in secondary electrons mode; (f) element mapping for sample # 3.
Scale bar 10 pm.

Optical photographs and additional SEM images (secondary electrons mode) of the
ceramic samples are presented in Supplementary as Figure 52 and Figure S3, respectively.

The photoluminescent properties of ceramics are shown in Figure 2. Photolumines-
cence (PL) and photoexcitation spectra (PLE) of GYAGG:Ce ceramics with phosphorus
additives have the characteristic luminescence bands of Ce* in garnet matrices.

The peak position of the luminescence spectra does not depend on the concentration
of phosphorus, while for the excitation spectra, a shift of the excitation band maximum
corresponding to the f!d’-f%5d! transition is observed: from 430 nm for sample # 0 to 450 nm
for sample # 3. Worth noting, the luminescence intensity increases with the increasing
of phosphorus concentration, passing through a maximum for sample # 2, after which it
decreases when passing to sample # 3.

The LO of the ceramic samples correlates with their translucence. Changes in the LO
and optical transmission at 520 nm, which correspond to the maximum of the scintillation
spectrum, are shown in Figure 3. It is worth stating that there is a clear deterioration of the
LO with the transmittance reducing.

Figure 4 shows the pulse height spectra of samples measured upon excitation by alpha
particles. The position of the total absorption peak correlates with the scintillation yield of
the sample. The positions of the total absorption peaks are as follows: YAG:Ce reference
(208 ch.); #0 (331 ch); #1 (306 ch); #2 (261 ch); and #3—mno resolved peak at all. Thus,
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there is a progressive decrease in the LY caused by the fast scintillation of Ce®* ions as the
phosphorus concentration increases in the sample. Moreover, scintillation was practically
suppressed at the highest phosphorus concentration.
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Figure 2. Room temperature measured luminescence (Aex = 350 nm) and its excitation spectra
(Areg = 520 nm) of GYAGG:Ce ceramics. Number of the series is indicated. Solid lines are PLE spectra;
Dashed lines are PL spectra.
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Figure 3. Change of the light output and optical transmittance at 520 nm in the GYAGG:Ce ceramics
samples having different concentration of phosphorus. Samples indexes are indicated in Table 1.
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Figure 4. Pulse-height spectra of garnet ceramics and reference YAG:Ce samples measured under
a-particles.
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The photoluminescence kinetics of the samples from different series are compared in
Figure 5. There is a progressive shortening of the initial stage of the kinetics curve with
increasing phosphorus concentration, which indicates quenching of the photoluminescence
of Ce®" ions. This process contributes to the decrease in scintillation light yield. But this
is not the only process of deterioration; most likely, phosphorus creates a deep electron
trapping center, which competes with Ce3* ions to catch non-equilibrium carriers and, at its
thermal ionization, provides phosphorescence. This suggestion is supported by an increase
in the intensity of the plateau in Figure 5b after the fast photoluminescence stage, which
indicates a significant increase in the phosphorescence of the emitting light.

10,000 { & 10,000
= Sample # 0 = Sample # 0
+ Sample # 1 + Sample # 1
Sample # 2 4 Sample#2
Sample # 3 Sample # 3
< e
@ 1000 @ 1000
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Figure 5. Room temperature PL kinetics of the of GYAGG:Ce ceramic samples at Areg = 550 nm
and excitation Aex = 340 nm: (a)—in a typical time scale applied for Ce3* luminescence kinetics
measurements; (b)—in a millisecond’s scale, which is suitable to observe phosphorescence.

Figure 6 demonstrates the intensity of the persistent luminescence, which intensity is
progressively increased in the samples as the phosphorus concentration increases. Persis-
tent luminescence on the second time scale or longer is clearly observed.

Samples index 0 Samples index 1 Samples index 2 Samples index 3

| Samples index 0 Samples index 1 I Samples index 2 | Samples index 3

Figure 6. Images of ceramic samples of different series under UV illumination of mercury lamp

(A =254nm) (a) and 10 s after switch-off the lamp (b). Intensity of the persistent luminescence
correlates with an increase of the phosphorus in the sample.

4. Discussion

The effect of phosphorus additives on the optical and physical properties of garnet
ceramics was found to be quite strong. Apparently, it is due to the relatively high chemical
activity of the as-synthesized oxide powders from the hydroxocarbonate precipitate. Phos-
phorus chemically binds the rare earth elements (Y, Gd, Ce) into inert orthophosphate. As
a result, during the process of creating garnet ceramics, a depletion in the concentration of
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rare earth elements relative to their stoichiometric composition occurs, viz., the phosphates
should form second phases (inclusions) in the garnet-type oxides. Recently, the localization
of phosphate with respect to cerium luminescence centers in the YAG host has been eval-
uated by high-resolution scanning transmission electron microscopy and shows distinct
YPO, and YAG phases in nanocomposite [37]. Based on crystal chemistry, the incorpora-
tion of phosphorus into the garnet structure is practically impossible. Indeed, phosphorus
contents do not exceed 1 wt% P,Os in garnet minerals [47,48], and are present mostly as
inclusions. To the best of our knowledge, in literature there is just one example, when
phosphate forms the garnet crystal structure. To achieve this, a very extreme synthesis
conditions were required. The NazAly(PO4)3 compound with garnet-like crystal structure
and its solid solutions were synthesized at high-pressure (>15 GPa) and high-temperature
(>1200 °C) conditions [49]. So, under ambient pressure phosphates will form a separate
phase(s).

Thus, governing the amount of phosphorus in the initial reagents and throughout
the whole process of making ceramics is an important issue. Even a trace concentration of
phosphorus in the ceramics results in an increase in phosphorescence. As a result, such
parameters of the scintillation material as the afterglow will suffer.

5. Conclusions

For the first time we systematically studied of phase compositions, microstructure,
and optical properties of GYAGG:Ce scintillation ceramics with different amounts of
phosphorus additives. This is considered to be important, in view of the utilization of the
phosphorus chemicals in 3D printing, for precursor densification. Major characteristics
of GYAGG:Ce ceramics were found to depend on the amount of phosphorus additives.
With increasing phosphorus, the number of defects in the ceramics (pores, secondary
phases) increases drastically. Optical transmittance, density, and scintillation yield under
alpha- and gamma-excitation are systematically decreased. Phosphorescence intensity
shows significant growth as well. All these circumstances require governing the amount of
phosphorus in the initial reagents and throughout the whole process of making ceramics.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ ceramics6030091 /s1, Figure S1: X-ray diffraction pattern of GYAGG:Ce
ceramics sample # 3; Figure S2: Optical images of GYAGG:Ce ceramics; Figure S3: Representative
SEM images (5000 x ) recorded in secondary electrons mode of mirror polished and thermally etched
surfaces of GYAGG:Ce ceramics.
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