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a b s t r a c t

Advanced expertise and technologies have been devoted to producing high functional

materials with a polycrystalline nature, which is transparent to visible light for various

manufacturing applications. Materials with a good lattice structure can also be adopted in

the manufacturing of transparent ceramics. Observations from the literature showed that

oxide-based transparent ceramics had been successfully utilized, owing to their remark-

able mechanical properties, chemical stability, and a wide range of flexible synthesis

routes. Translucent zirconia (ZrO2) ceramics have drawn enormous attention from re-

searchers in different fields due to their outstanding properties such as oxygen (O2) con-

ductivity, mechanical behavior, functional properties, high level of toughness, and thermal

conductivity. The Cubic and tetragonal crystal structure of zirconia can be applied for

stabilizing Yttria (Y2O3) to enhance its optical performance and mechanical strength. Due

to high chemical stability and high refractive index within the range of 2.2, transparent

yttria-stabilized zirconia ceramic has been found useable in varying applications, including

electromagnetic radiation, and camera lenses. The purity of starting materials and sin-

tering techniques has been considered the proper production process for obtaining fully

dense ceramics with less than 0.01% residual porosity for optical transparency. Scientists

compared both conventional and modern processing techniques for transparent ceramic

materials, the findings shows that modern processing techniques were better in

morphological/mechanical properties. Consequently, the major drawbacks experienced

during the consolidation processes can be attributed to the chemical impurity of sintering

methods, the ceramic or the processing flexibility of the ceramic, sintering aids employed,

and microstructural characteristics (e.g., porosity). In this review, an effort was made to
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summarize the advancement of transparent YSZ ceramics, focusing on applications and

various consolidation technologies.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The demand for innovative materials with required economic

viability, cost-efficiency, and higher tolerances has paved the

way for new optical elements for fabrication. This is achieved

by applying advanced manufacturing materials and technol-

ogies. Nowadays, transparent ceramics are promising as

optimistic single-crystal in-housematerials and single-crystal

technologies due to their photonic quality, particularly for

optical applications according to Xiao et al. and Saghir et al.

[1,2]. They also fill the gap for intelligent applications such as

highly durable visual materials employed in harsh and

extreme conditions where glass cannot resist. Furthermore,

transparent ceramics are more versatile and economically

viable than conventional transparentmaterials with unsteady

chemical stability and mechanical properties [1]. Owing to

processing flexibility during large-scale manufacturing, this

class of ceramic which is also known for its high refractive

index has drawn a lot of attention in optical applications. It

has contributed significantly to the reduction in the price of

the final product [3]. Due to their crystal and electronic

structure, there is a high potential to develop transparent

materials using the oxides based technique. According to

Kotaro Kawajiri et al. [4], recently, many investigations on

indium tin oxide and aluminum zinc oxide have been tailored

toward actualizing the fabrication techniques and techno-

logical properties of transparent ceramic oxides. Among these

oxides, zirconia (ZrO2) has been extensively employed in

innumerable fields of science and engineering technologies

due to its outstanding performance and increased life expec-

tancy. High microhardness, impact resistance, low thermal

conductivity, and chemical stability which could rise to

2000 �C are among the mechanical and functional qualities of

this ceramic.

Research by Kong et al. [5] has proven that optical glasses

and other ceramic oxides do not possess a refractive index of

2.2 compared to Cubic ZrO2 [6]. However, zirconia exists in

three distinguished crystal structures: cubic, tetragonal, and

monoclinic forms, making it challenging to fabricate pure/

undoped ZrO2 ceramic parts at high temperatures. For cubic

and tetragonal zirconia, stabilizers are employed. The sinter-

ing temperature of zirconia is estimated to be at ~1500 �C,
where zirconia exists in the monoclinic phase. Some previous

works [7e9] have also confirmed that some ceramic oxides,

such as MgO, CaO, and Y2O3, can reduce the crystallographic

structures of soluble ZrO2. This transformation spans from

tetragonal tomonoclinic, including a cubic structure following

the transformation temperatures. As reported in literature,

the most widely used stabilizer for cubic and tetragonal pha-

ses of zirconia ceramics is yttrium oxide (Y2O3). This is owing

to its mechanical strength and good optical characteristics

[8,10]. ZrO2 stabilized by Y2O3 in the cubic variations (YSZ) is

regarded at the promising material for a wide range of fuel

cells electrolytes. They are also used as oxygen sensors in

many industrial uses.

Cubic YSZ ceramic shows a high refraction coefficient

(~2.2), permitting chromatic deviations. Furthermore, the

material possesses an immeasurable potential for

instrument-building applications, primarily due to the trans-

parency of electromagnetic radiation in large areas of wave-

lengths from millimeters to the near-infrared spectral region

[11]. The transparency featuresmust achieve total density and

exceptionally low porosity. It is achieved with less than 0.01%

residual porosity [11]. The most common method is sintering,

an advanced technique used to fabricate transparent YSZ

ceramics due to their elevated melting temperatures. For

high-density consolidation of YSZ, sintering technologies

such as hot pressure (HP), hot isostatic pressure (HIP), vacuum

sintering, microwave sintering and spark plasma sintering

(SPS) have been employed [11e14]. Sintering aids and a com-

bination of sintering techniques have also been used to

improve the optical properties of this material [15]. However,

visual defects such as grain growth [14] and residual pores [16]

imposed by various sintering technologies have been re-

ported. Transparent ceramics can be shaped using a wide

range of powder metallurgy processes; however, previous re-

sults have been obtained. This paper presents a comprehen-

sive review of the current state-of-the-art spark plasma

sintering of advanced transparent ceramics and analyses of

opportunities, issues, advantages, and limitations that often

arise during advanced transparent YSZ Opto-ceramics

processing.

2. Transparent ceramic materials

The capacity of a substance to allow the passage of light

through it without scattering is known as the transparency or

light transmission [17]. When a medium facilitates the pro-

duction of an undistorted image, it is said to be transparent

[18]. The light wavelength can either reflect [17], absorb,

scatter, or refract light rays. Goldstein and Krell explained the

dispersion and absorption as the two important factors that

involve the most challenging processes to understand and

avoid/reduce during the fabrication of transparent ceramics

materials [17]. Translucent polycrystalline ceramics provide

expense and manufacturing convenience benefits over single

crystal ceramics. Nonetheless, the grain boundary involve-

ment and pores in polycrystalline ceramics lower trans-

parency andmake sintering densification difficult [19]. Several

techniques have been used for the fabrication of transparent

and translucent ceramic materials, however, high-pressure

(HP), high isostatic pressure (HIP), vacuum sintering (VS),
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and spark plasma sintering (SPS) are only a few of the sin-

tering techniques that have been adopted for the fabrication

of transparent ceramics from powdered precursor material

[3,5,20]. Pressure-operated procedures, out of all of them,

require the most control over experimental factors, such as

high temperature, pressure, and sintering time, and these

processes are frequently aided by undesirable rapid grain

development that reduces transparency. The first experi-

mental demonstration of CW laser-induced crystallization on

tellurite glass with the formula 10RO-10Sm2O3e80TeO2

(R ¼ Mg, or Ba) was carried out by Komatsu et al. [21,22]. Only

30 s of exposure to a continuous wave YAG:Nd laser at

1064 nm produced Sm2Te6O15 crystal dot patterns with di-

ameters of about 50e150 nm. The authors linked the crystal-

lization behaviours to the presence of Sm3þ ions since they

have considerable absorption near the irradiation source

(1000 nm), and no crystallization was seen when Sm2O3 was

substituted for Er2O3. When annealing tellurite and

germanate-based glasses, Goutaland et al. [23] employed CW

UV-laser irradiation and discovered that the incorporation of

the active ion (Er3þ) into the crystalline phase is increased

compared to standard thermal annealing.

Transparent glass-ceramics were lately being prepared

using the spark plasma sintering (SPS) process.With the use of

an extremely sophisticated technique called the SPS, highly

homogeneous transparent glass-ceramics with extremely

intricate nanostructures may be created quickly for optical

applications. Other techniques used include auto-ignited

modified combustion technique: The modified combustion

technique is a remarkably easy way for producing phase-pure

nanoparticles of transparent ceramic materials with good

sinterability without subjecting them to extended high-

temperature calcination. The combustion method differs

from other fabrication procedures due to its quick processing

time, ability to produce products with a high degree of purity,

low production costs, etc. [24,25]. Research has proven that

MgAl2O4 with a nanostructured size is prepared using an auto-

igniting combustion synthesis in a single step by Thomas et al.

[26]. The XPERT-PRO X-ray diffractometer which uses X-ray

diffraction (XRD) was used to characterize as-prepared sam-

ples and determine the crystalline structure and phase of the

nanomaterials. Using a Shimadzu spectrophotometer, the

spinel nanoparticle samples are measured as-prepared (UV-

1700). By employing a PerkineElmer spectrum two Fourier

Transform Infrared spectrometer (FTIR) in the 400e4000 cm�1

range and the KBr pellet method, the phase purity of the

material is confirmed. Utilizing transmission electron micro-

scopy, the combustion product's particulate characteristics

are analyzed by (TEM, Model-Hitachi H600 Japan).

Doping and fast sintering methods: Transparent ceramic

materials are further improved in efficiency by doping and

rapid sintering techniques. The effectiveness of infrared

transparent window material is decreased by the presence of

pores. The ceramic must have optically flawless crystal bor-

ders and crystals in order to be transparent. Because the

surface of a pore represents a transition point between phases

with radically differing optical characteristics, it strongly re-

flects and refracts light. Ceramics are opaque because they

have a lot of pores. Intercrystalline or intracrystalline holes

are also possible [25]. The huge grain size is a result of high-

temperature sintering that occurs above 1600 �C. This is due

to the fact that the material needs to enlarge its grain size

during recrystallization and recovery in order to produce in-

ternal energy. Consequently, producing exceptionally dense

transparent ceramic material with low pore content is quite

difficult [27].

Microwave sintering method: High-density, transparent

ceramic materials are manufactured using the microwave

sintering process, which compacts the powder to an ideal

density at a lower temperature without significantly reducing

the material characteristics of the sample. The microwave

sintering method significantly reduces the porosity. Despite

the fact that there are numerous methods for manufacturing

highly dense infrared transparent ceramic materials, all of

them require hot isostatic pressing [28e30] or sintering addi-

tives [31,32], which also help prevent material loss [33,34]. To

eliminate the intercrystalline and intracrystalline pores in

every other procedure, an additive is required [25], but in the

current work, utilizing amicrowave sintering technique, They

are able to significantly reduce the pores without additives.

A schematic indicating the light interaction sites for a

microstructure of polycrystalline ceramic is shown in Fig. 1

below; the diagram has an incident intensity (I0), as well as

a diffuse reflection (RD) and diffuse transmission component

to the light (IDT) is formed based on the surface roughness.

Additionally, specular reflection (RT 13%) reflects a portion of

the light on each material surface. Pores with residual scat-

tering over the grain boundaries could light polycrystalline

transfer materials, particularly when considering the sec-

ondary phase. Unwanted materials could also serve as an in-

clusion absorption or as anacattering birefringence (non-cubic

crystallographic phases of refracted rays). Because it is simple

and scalable, the solid-state reaction approach is more cost-

effective than other methods for measuring transparent

ceramic materials. Solidestate processes involve solid pre-

cursors, sample homogeneity can be a severe problem.

2.1. Metal oxides

The application of metal oxides is similar to inorganic mate-

rials in sensor and biosensor applications [36,37]. Literature has

proved this existence in different applications such as volatile

organic compounds and toxic gases [36]. In the ceramic glazes,

natural raw materials, metal oxides, or specifically created

pigments of inorganic materials are also applied. Metal-oxides

possessing different raw materials can be heat treated at high

temperatures 2050± 53 �C to produce inorganic pigments. Dyes

that are not soluble can easily be dispersed as tiny particles in

their crystal structures in the glaze composition without

degrading [36]. Iron oxide is one of the most often used metal

oxide due to its excellent thermal stability, brightness in terms

of intensity and stability in chemical properties [38e40]. It has a

vital melting feature in addition to the iron oxide produce

distinct forms on the glaze surface depending on the degree of

aggregation. Crystal nuclei appear in bundles on glaze surfaces

due to the extended cooling period in metal oxide glazes,

increased temperature, speed up crystal formation in the glaze,

and big crystals develop after cooling. Crystal formations may

be visible on the product surfaces, and crystals that cover the

surface can be created, [41,42].
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Phosphorescent glass-ceramics have lately been recog-

nized due to their unusual optical data processing and pro-

tracted (OPP) capabilities and have sparked a lot of attention

[43e46]. Trap centers, where emission and radiance intensity,

are primarily responsible for OPP. The development of the

traps centres has been attributed to the doping of glass

structures and various metal-containing transition ions. The

defect experienced in the crystallographic structure has been

traced to some dopants. [47e49], which is the primary cause of

optical data processing and protracted OPP [49e51]. Impurity

defects form trap centres, which leads to the phenomena of

optical data processing and protracted OPP. Various research

had concentrated upon the substrate material with various

rare earth and transition metal ions, notably RE ions, which

have a broad spectrum range from ultraviolet to visible, as a

source for centre imperfections, making them useful in

lighting and displayer equipment [52].

2.2. Aluminum oxide

The lightweight properties of aluminium oxide is one of the

contributing factor,making it one of thewidely usedmaterials

for different engineering applications. Corundum (Al2O3),

diaspore (Al2O3 H2O), gibbsite (Al2O3 3H2O), and bauxite are

some of the minerals derived from alumina. One other natu-

rally occurring formation of alumina is corundum, which is

made up of small quantities of impurities and gives valuable

stones like ruby and sapphire their kinds. The three most

prominent drives for alumina are 1. As an active oxide for

chemical process, 2. As-received materials for most experi-

mental work and 3. For metal production. Aluminum for in-

dustrial ceramics, and chemical processing all employ

bauxite-derived aluminum oxides in various forms.

Corundum, ruby, and sapphire are mineral gemstones., on

the other hand, are described as alumina [53].

2.2.1. Different combination of alumina (Al2O3) as oxide
ceramics
The application of Alumina in the production of transparent

ceramic materials has attracted much interest because of

improved properties such as the thermal and the mechanical

over their parent glasses, transparent glass-ceramics (TGCs)

have gotten a lot of attention. Transparent glass-ceramics

possess the unique features of glasses and transparent ce-

ramics such as high impact resistance, high strength, low

thermal expansion coefficients, occasionally even negative

thermal expansion coefficients. They are even better than

glasses and transparent ceramics due to the reduced scat-

tering loss. TGCs have been made from alumina silicate glass

systems, including Li2OeAl2O3eSiO2 [54], ZnOeAl2O3eSiO2

[55], MgOeAl2O3eSiO2 [56], CaOeAl2O3eSiO2 [57], and others.

At the same time, only a little study has been done on the

optical characteristics of Na2Oe Al2O3eSiO2 glass-ceramics

[58] and dental uses [59]. Na2OeAl2O3eSiO2 glass-ceramics

containing nepheline (NaAlSiO4) as crystalline phase has

produced for the manufacturing of microwave ovens [60] also

in medical applications such as dentistry [61].

Inorganic compositions comprising metallic or metalloid

substances containing oxygen are known as oxide ceramics.

They are suitable for an extended application because of their

superior mechanical performance, corrosion resistance, and

wear properties. Oxides can resist even the most demanding

industrial processes and applications since they have the

highest oxidation state of all metals. The use of transparent

ceramic for bone implant prosthesis has been proposed, and

oxide ceramics have been found to be biocompatible. Alumina

(Al2O3) has aroused the interest of ceramic biomaterials due to

their stiffness and compatibility with the human body system

[62].

This type of ceramic is generally not visible due to crystal

dispersion in the matrix. When manufacturing transparent

glass-ceramics, aminimumof light is needed for transmission

[63,64]. To induce crystallization, several nucleating agents,

such as TiO2, ZrO2, Cr2O3, or LiF, are added to Na2OeAl2O3-

eSiO2 glass to produce nepheline glass-ceramics [58]. High

mechanical strength glass-ceramics may be obtained by the

controlled precipitation of nepheline crystals in glass, and

applications in dental porcelain [59,60], and dinnerware [59]

have been developed. There is a strong reduction in chemical

composition when considering high-level waste glass-

ceramic for long-term durability, and this reduction is driven

by the uncontrolled precipitation of nepheline crystals, since

each mole of Na2O removes three moles of glass formers

(1mol Al2O3 and 2mol SiO2) from the amorphous network. As

a result, understanding the crystallization process of Na2-
OeAl2O3eSiO2 glasses is critical. [65], and [66], respectively.

2.3. Zinc oxide

ZnO is a multifunctional material with several intriguing

features, such as UV absorbance and other importance as the

case may be are all features of this material [67]. In addition,

ZnO comes in a range of particle shapes that impact its ca-

pabilities and define its possible uses in various technologies,

it can be manufactured in the laboratory by electrolyzing a

sodium bicarbonate solution with a zinc anode. Hydrogen gas

and zinc hydroxide are generatedwhen heated zinc hydroxide

decomposes to zinc oxide [Zn þ 2H2O Zn(OH)2 þ H]. Owing to

its disinfecting, antibacterial, and drying qualities, ZnO has

found usage in the design of different variety of medications

[68,69]. Part of its application include its usage as drug for

epilepsy and diarrhoea disease, and it is currently found in

ointments and creams and in liquid powders [70]. The powder

form of liquid ZnO is also utilized in dermatological treat-

ments to relieve itching and irritationwhile expediting wound

healing [70]. It is also used in dentistry as a component of

dental pastes and for temporary fillings. ZnO is employed in a

range of nutritional items and diet supplements because it

may provide vital dietary Zn [71,72]. The adhesive nature of

ZnO is very low compared to other transparent ceramic ma-

terials, making the complete removal of all the disadvantages.

These NPs' distinctive properties, such as UV radiation ab-

sorption, skin non-irritation, and the ability to penetrate fast

into the skin, make them stand out for these characteristics.

2.4. Magnesia (MgO)

With the advancement of civilization and technology, the

need for novel materials with different physical and chemical

qualities has increased. This has promoted the use of
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magnesia which is also a translucent material. It has FCC

crystalline structure, and a low density (3.50e3.58 g cm3) at

ambient pressure and is elevated around 3123 K, with poor

thermal conductivity 30 W m�1 K�1 down to 8 W m�1 K�1 and

good mechanical properties. The energy band-gap of MgO is

relatively wide (7.8 eV) and is an excellent insulator [73,74].

Pressureless sintering, hot isostatic pressing (HIP), hot press-

ing additives, and spark plasma sintering have been report-

edly utilized for the fabrication of fully transparent MgO

ceramic [73,75,76]. Sintering procedures are equally signifi-

cant for lowering sintering temperatures and improving

ceramic transparency. Reduction in the sintering temperature

can be attributed to densification aids. However, researchers

have shown that this negatively impacts the optical proper-

ties. Work by Itatani [77] demonstrated that using post-HIP,

translucent Magnesium oxide ceramics can be produced at a

relatively high temperature of about 1600 �C without needing

a sintering aid such as post hot isostatic pressing).

In the IR region, the spectra of the in-line transmission of

MgO specimens with 0.5 h of hot isostatic pressing at 1600 �C
after considering pressureless sintering at 1600 �C intended

for 5 h rose by 55%. MgO crystals were found to have higher

transparency. By hot-pressing transparentMgO ceramicswith

LiF additive, Fang et al. [78] created translucent MgO ceramics.

Varying parameters such as time and pressure have been

considered in the hot-pressing of transparent ceramic mate-

rials in argon and vacuum environments, as the specimens in

the environment appeared to be thick and translucent.

Another study by G Ling et al. [79] was carried out by using

pressureless sintering at a temperature of 1400 �C for 2 h. SPS

has grown in popularity as a novel way to sinter magnesium

oxide. After SPS, Kato got a translucent bulk sample. The MgO

ceramic has a VIS transmittance of 20e50% and an increase in

transmittance in the IR spectrum [80].

2.4.1. Zirconium dioxide
Zirconia bioceramic is used as a structural ceramic in place of

Al2O3 due to its significantly better fracture toughness and

optical application as reinforcement in ceramic based com-

posites. Any monolithic ceramic with the maximum fracture

toughness value is ZrO2. Polymorphism is a feature of zirconia

ceramics that allows them to undergo several changes after

different stages of cooling to ambient temperature. ZrO2 con-

tains three unique polymorphs, including crystallographic face

frommono, tri and tetragonal. The transitions to the tetragonal

phase above 1170 �C (Tss-tetragonal solid-solution phase). If is

stable up to this temperature, the cubic phase solid-solution

phase) appears above 2370 �C and lasts until 2680 �C, when it

melts. When it cools from the tetragonal to the monoclinic

phase, it displays a considerable volume change of 3e5% [81].

In comparison to other ceramics, ZrO2 metal oxide ce-

ramics have reduced hardness and modulus of elasticity due

to their high density and stiffness [81]. Research has shown

that the most significant application of zirconia in the health

sector is bone or hip replacement. In terms of osteointegration

and biocompatibility, the results of ZrO2 implant applications

were comparable to Ti implants. Furthermore, ZrO2 possesses

exfacesional qualities such as a great attraction for bone tis-

sue noncarcinogenic properties. It also has no carcinogenic

impact, making it a great choice for various implant

applications. ZrO2 grains might also serve to produce mate-

rials that contain carbon as nucleation sites, especially crucial

to keep in mind when developing hydroxyapatite as implant

materials. In Contrast to ZrO2, Al2O3 has does not attract Ca or

H from ions derived from phosphate. Cauliflower-like calcium

phosphate mineral growth was seen to spread across the gap

and throughout the whole ZrO2 surface [82].

2.4.2. Manganese oxide
Due to their unusual physical and chemical features, man-

ganese oxide nanoparticles (MONs) such as MnO, MnO2,

Mn2O3, and Mn3O4 have received much attention from sci-

entist of rand recent [83]. Due to their adaptable architectures

and morphologies, they seem to have a lot of potential for

medicinal applications Rockenberger et al. scientists a ther-

mal breakdown approach to make monodisperse colloidal

Mn3O4 NPs. For MRI of live beings, as induced magnetic reso-

nance contrast agents [84]. MONs were increasingly exploited

as optimal response to some microenvironment [85]. Other

less frequent synthetic techniques have been reported,

including the laser ablation approach, polyol-type procedure,

and one-pot microwave synthesis [84].

2.5. Processing of transparent MgO

Recently, Kruk et al., 2018 researched on arc plasma synthesis

of high-transparent Magnesium oxide ceramics [86]. From his

experimentation, he obtained an MgO powder at the initial

stage of the material. Ball milling technique was adopted as

the first preparation method with thorough mixing within

0.5 hwith a zirconiummortar before being dried for 4.5 h in an

enclosed oven furnace at the temperature of 85 �C. The As-

received, the powder sample was then biaxially pressed into

green bodies at an 80 MPa pressure. The melting process does

not need nanopowders, which is another merit of this tech-

nique. Lastly, in the first few seconds, the samples were

cooled at a 20 �C/s. The bulk MgO sample fabricated exhibited

irregular forms and a thickness that is approximately 1 mm. A

photograph of arc plasma burned MgO pellets is displayed in

Fig. 2. Screens, aircraft windows, ballistic shields, transparent

weapons and armour, and strong laser composites are just a

few of the applications magnesium oxides. As a result, it's a

good choice for optical materials.

2.6. Transparent yttria stabilized zirconia for optical
neuroimaging and other applications

Transparent cranial implants might be a game-changer for

laser-based with a large spectrum of diagnosis and deep

treatment under good nervous conditions. Nevertheless,

catastrophic fracture failures were noticed, causing severe

limitations to transparent ceramic glasses due to the inherent

brittleness of transparent implants, leading to a reduction in

clinical translation opportunities. The utilization of ceramic

materials known as zirconia were observed as a strong

ceramic with well-proven biocompatibility in chronic im-

plantation applications; this is widely used in the develop-

ment of novel nanocrystalline transparent implants [87]. The

typical crystallographically feature of Yttria-stabilized zirco-

nia (YSZ) is shown below in Fig. 3;
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Optics ceramic materials have been used in the fabrication

of infrared windows, domes, inspection ports, and other

structures [88]. A heat-seeking missile uses a specially crafted

infrared window that can follow its trajectory to detect the

infrared radiation released by a target jet or spaceship

exhaust. A multitude of military and commercial applications

havemade optical ceramic their choicematerial because of its

superior optical transparency, strength, and hardness.

Among these applications are:

1. Windows and domes (UV, Visible, IR, and millimeter

Wavelengths)

2. Transparent armor

3. Point of Sale (POS) Scanner Windows

4. Ceramic for semiconductor processing equipment

5. Low cost alternative to sapphire

6. Transparent alternative to alumina

7. Etch resistant alternative to quartz are some of the areas of

applications [88].

2.7. Significance of transparent zirconia ceramic glass

Research has proven zirconia to be the most globally used

ceramicmaterial for optical and biomedical applications. This

is owing to its unique properties both in the physical and

chemical processes. For example, one of the main reasons for

zirconia suitability as ball milling materials, cutleries, and

mechanical bearing is its excellent mechanical and tribolog-

ical properties [89]. For over a decade, zirconia has found good

use in medical applications such as prosthetic dentistry for

producing partial dentures and crowns [90]. The oxides of

zirconia-based ceramic are also useful in the health sector,

mainly in the prosthetic dentistry section for the development

of fixed partial dentures and crowns [91,92]. Researchers have

discovered the biocompatibility and aesthetic appeal as sig-

nificant properties attributed to ZrO2. The recent discovery of

smartphones with 5G compliance has opened the floor for

diverse applications of ZrO2 in different areas such as finger-

print due to their sensitivity to touch, insignificant signal

shield, and durability in the area of tribology [93,94].

Not until around 1975 recently, ZrO2 was mostly employed

as a refractory material, with little interest. This is owing to

the phase transition from one noticeable to another i. e t em

of ZrO2 phases. The disorderly segment change is com-

plemented by 0.16 shear strain and a 4% volume increase that

Fig. 1 e A schematic indication of the light transmission in a polycrystalline ceramic [19,35].

Fig. 2 e An image taken after polishing, transparent MgO

was seen at room temperature a) and 405 nm UV b) light

[86].
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might result in disastrous ZrO2 rupture. The revelation that

rigorous structural control can adequately manage the t-ZrO2

to meZrO2 transition [95] has resulted in the most significant

rise in its industrial usefulness. When the ceramic is loaded at

ambient temperature, metastable t- ZrO2 may be stabilized,

and it converts to m-ZrO2. The following volume expansion

might effectively inhibit the formation of fractures, resulting

in improved stiffness. It can also be described as “phase

transformation toughening” [95,96]. The dopant distribution

in glass-ceramic is fascinating because dopant(s) may be

found in four distinct places: inside ZrO2 nanocrystallites, in

the SiO2 matrix, at the ZrO2 grain boundary, and at the ZrO2/

SiO2 heterophase interface.

Recent research by Fu, L. et al., 2020 [97] shows that add-

ing 3% mole of Y2O3 dopant, part of the Y2O3, which is Y

fractional part was soluble in ZrO2 and later found distrib-

uted around the grain boundaries. Segregation of the

component Y fractionwere also found segregated around the

interfacial boundaries of ZrO2/SiO2 in Y2O3 heterophase. The

result shows no significant traces of Y dopant in thematrix of

SiO2. Preceding results showed some Y2O3 dopant when 3%

mole was applied, some fraction was also found dissolving in

the zirconia nanocrystalline materials and separated as a

bulk sample. In the SiO2 matrix, there were hardly any Y el-

ements. Table 1 show some specific information on proper-

ties and fundamental features of transparent ceramic

oxides.

2.8. Specific functions and features of transparent
ceramic oxides

Table 2 provides illustrative examples of the production of

transparent ceramics. In particular, Mizuta et al. generated

fine-grained transparent ceramics with in-line

Fig. 3 e Yttria-stabilized zirconia (YSZ) crystal structure [87].

Table 1 e Physical properties and fundamental features of transparent ceramic oxide.

Chemical
formula

Crystal structure Lattice constant Thermal
conductivity

(Wm)

Density
(g/cm3)

Tm
(�C)

Tb
(�C)

Ref.

ZrO2 Cubic a ¼ 5.143 �A, b ¼ 5.194 �A 123.22 5.68 2715 4300 [98]

c ¼ 5.298 �A b ¼ 99.218�

a ¼ 5.094 �A, b ¼ 5.174 �A

a ¼ 5.105 �A

Y2O3 Cubic (bixbyite), cI80 a ¼ 10.6 �A 225.81 5.01 2425 4300 [99]

Sc2O3 Bixbyite a ¼ 9.84 �A 138.20 3.86 2485 e [90]

Lu2O3 cubic a ¼ 10.393 �A 397.93 9.50 2510 e [100]

Y3Al5O12 Cubic a ¼ 12.02 �A 593.70 4.55 1950 e [101]
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Table 2 e Optical transmittance and characteristics of transparent ceramic oxides.

Serial number Powder processing techniques Transmittance together with processing parameters Ref.

1. Precipitation-derived Y2O3 CIP: 200 MPa Calcination: 1100 �C/4 h

1700 �C/1 h vacuum sintering

[93,102]

2. Co-precipitation and combustion

produce Er:Y2O3

CIP: 200 MPa Calcination: 900e1100 �C/4 h

1700 �C/4 h vacuum sintering Vacuum: 105 Pa

[103]

3. Carbonate precipitation yields Y2O3 1100 �C/4 h calcination Vacuum sintering: 1700 �C/4 h Heating rate: 200 �C/h 103.3 Pa vacuum,

transmittance of 79% at 600 nm

[104]

4. Coprecipitation produces 10% La2O3-doped Y2O3 CIP: 200 MPa Calcination: 900 �C/4 h Sintering in three stages: T1 ¼ 1450 �C/0 h; T2 ¼ 900 �C/20 h;

T3 ¼ 1700 �C 5103 Pa (vacuum), transmittance of 80% at 600 nm

[105]

5. Slip casting with 5.0 mol%

ZrO2eY2O3

900 �C/2 h calcination 1860 �C/8h Vacuum: 2103

Pa Vacuum sintering: transmitted 80% at 600 nm

[106]

6. Solid-state reaction of ZrO2e Y2O3 at 5.0 mol% HP: 16001700 �C/3 h Pressure: 2040 MPa Calcination: 800 �C/8 h 9103 Pa (vacuum) 1200 �C/2 h post-

annealing, transmittance of 76% at 600 nm

[107]

7. Commercial Y2O3 nanopowder 1650 �C/6 h, 203 MPa HIP transmittance of 50% at 450e1100 nm [108]

8. Precipitation-derived Y2O3 Thermal decomposition: 1300 �C for 3 h CIP: 200MPa for 5min 1500-1400 �C/4 h pre- sintering 1600 �C/3 h,

200 MPa HIP of 73% at 600 nm transmittance.

[109]

9. Tenth percent Commercial ZrO2eY2O3 powder 200 MPa CIP Vacuum sintering: 1600e1800 �C/5 h Vacuum: 11003 Pa HIP: 1600 �C/3 h, 200 MPa

transmittance of 75 percent at 700 nm Vacuum sintering: 1600e1800 �C/5 h Vacuum: 11003 Pa

[109]

10. Commercial Y2O3 powder 950e1050 �C/08 h Spark plasma sintered Heating rate: 2 �C/min at 1000 nm, 55 percent [27]

11. Precipitation produces Sc2O3. 1700 �C/4 h vacuum sintering Vacuum: 1103 Pa 60 percent at 600 nm. [110]

12. Coprecipitation of Eu:Lu2O3 CIP: 200 MPa Calcination: 1000 �C/2 h Sintering time: 6 h at 1850 �C At 600 nm, H2 makes up 80% of the

atmosphere.

[111]

13. Commercial Nd:Lu2O3 powder 1400 �C/15 min Spark plasma sintered Pressure: 130 MPa 75 percent at 650 nm Heating rate: 100 �C/h [112,113]

14. Zirconium dioxide ZrO2 The film layers of ZrO 2 were synthesized by magnetron sputtering at various argon partial pressure

values, with a maximum transmission of 80% from 300 to 800 nm.

[114]
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transmittance up to 46% and mechanical strength of

600e800 MPa utilizing hot isostatic pressing (HIP) in

conjunction with a vacuumepressure slipecasting process.

The green bodies were presintered in air at 1240 �C for 2 h at

rates of 40 �C/min and 5 �C/min for heating and cooling,

respectively. The sintered samples underwent additional HIP

treatment at 1050e1400 �C for 1 h at 150 MPa. Heating rates

for HIP were 30 �C per minute up to 500 �C, 20 �C per minute

up to 1050 �C, and 10 �C per minute up to the final sintering

temperature. Above 500 �C, pressure was increased at a rate

of 3.4 MPa per minute. After sintering at 1350 �C and reaching

46% transparency, samples typically showed their highest

transparency.

3. Basic optical transmittance and specific
functions of transparent ceramic oxides

.

4. Various consolidation techniques for
transparent ceramics materials

The process of transparent ceramics includes post-

treatment operation, precursor powder synthesis, compact-

ing and calcination/sintering, which is similar to that of or-

dinary ceramics (annealing, machining and polishing). On

the other hand, transparent ceramics have unique needs,

particularly in terms of powder synthesis and sintering. The

transparent ceramic powder has the same synthesis method

as high-quality powders when applying sintering tech-

niques, such as hot pressing (HP), which is a powder metal-

lurgical procedure that combines high pressure and low

strain rates to generate powder compact at a high tempera-

ture able to fully initiate sintering and creep processes., hot

iso-pressing (HIP) which is the sintering technique adopted

wherein the powder is subjected to an isotropic compressed

gas and during the heating process, resulting in good

densification caused by the accumulation of high pressure

and high temperature, vacuum sintering embraces the

production of oxygen vacancies in the material, the

material darkens and its effect on the optical properties are

known, spark plasma sintering (SPS), and microwave

sintering [3].

1. Sintering at hot pressing (HP)

HP known as the hot pressure sintering is a sintering

technique in powder metallurgy that works with low strain

rate at high pressure to synthesize powder at high tempera-

ture capable of inducing sintering and creep process in Fig. 4.

The technique work with heat and pressure simultaneously.

There is particle interface and plastic flow reordering, which

make high-pressure densification works. This route is mostly

used to generate brittle as well as hard materials. Due to this,

HP route has emerged as a major method for producing

transparent ceramics.

2. Sintering at high isobaric pressing (HIP)

The industrial method of HIP has been channelled towards

minimizing metal porosity and improving the density of

different ceramic materials. High pressure and isostatic pres-

sure in Fig. 5 has been the means of exposing components in a

high-pressure containment vessel. A sudden increase in the

value of pressure in the vessel chamber was attributed to the

heat generated from the chamber. A similar gas pumping

could only be attained if sufficient pressure level and the sys-

tem are achieved and the materials depend on the incoming

pressure from all corners. The higher the materials is com-

pressed or heated isostatically (HIPed) the more the densifi-

cation possibilities, which is essential for good light

transmission. Hot isostatic pressing is typically used as the

final step to reduce fabrication costs, despite the fact that it has

been proven to be a critical step in the preparation of ceramic

with the good transparent ceramic duo to the high cost of

production experienced while working with hot isostatic

pressing sintering which prompts the importance of adopting

dedicated equipment and experimental surroundings.

Considering the low-temperature high-pressure (LTHP)

sintering studies, a diagram representation of the sample

assemblage portion is shown in Fig. 5.

Alumina, Spinel as typical ceramic armour with trans-

parent properties Transparent armour ceramics such as

alumina have been synthesized using the HIP technique.

3. Vacuum sintering

The term “vacuum sintering” in Fig. 6 is mainly regarded as

sintering techniques operating in a vacuum to produce

improved outcomes than those carried out at normal pres-

sure. Garnet made of transparent and rare-earth sesquioxide

ceramics, such as Y2O3 and Sc2O3 [131,132], are often made by

vacuum sintering. When fabricating YAG ceramics using

vacuum sintering, the technique commonly involves using air

annealing [115].

4. Spark plasma sintering

SPS is a recently discovered process utilized for the pro-

duction of complete transparent ceramic materials with fine

grains and dense compaction at low temperatures, within a

short period of time. This is also known as pulsed electric

current or field-assisted sintering. Fig. 7 shows a schematic

design of SPS. Normal hot pressing involves heating a coil from

the outside, whereas SPS involves flux with high-density cur-

rent running between the die as well as the sample to generate

Joule heating within the sample. SPS has a substantial advan-

tage over HIP and HP in that it can accomplish powder

consolidation in a short amount of time [117]. As a result, it

increases the density of powders without causing grain coars-

ening, which is unavoidable in other densification methods.

The densification process is categorized into three steps [29].

The first step is defined by particle packing followed by the

associated process of diffusion with grain sliding and neck

development. The third stage is characterized by the pores

elimination process mostly along the grain boundary. The

process of densification and packing initiation at the second

and third phases are substantially influenced by the applied

pressure.
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Fig. 4 e Shows the schematic sketch of high pressure sintering using high temperature [3].

Fig. 5 e Shows a typical representation of the hot isostatic pressing HIP with the following labelling for each parts; 1.

pyrophyllite, 2. dolomite, 3. Ceramic tube, 4. Thermocouples, 5. Graphite heater, 6 NaCl capsules, 7. hBN, 8. WC substrate, 9.

NaCl sheet, 10. Sample, 11. Mo sheet, and 12 steel heater [3].
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In a typical SPS process, a high pressure is applied

continuously. Another essential sintering characteristic for

densification in the second and third phases is heating rate. .

5. Microstructures, TEM images and EDS
analysis of transparent ceramics materials

Using the wet shaping approach and hot isostatic pressing,

research has shown that scientists were able to successfully

manufacture Er3þ doped transparent alumina (0.1e0.17%)

with visible light photoluminescence. On the final micro-

structure, definite in-line transmittance, and photo-

luminescence properties, the impacts of dopant quantity,

kind of doping powder, and powder pre-treatment were

investigated in the research. Depending on the processing

conditions, true in-line transmittance ranged from 28 to 56

percent. As the quantity of dopant was increased, the trans-

parency dropped. The amount of reduction is determined on

the type of doping powder used and its pre-treatment. Due to

the presence of Er3þ ions, photoluminescence spectra in the

visible and near-infrared regions displayed characteristic

emission bands according to Drdlkov�a et al. [118]. The Er2O3

powders were blended into the Al2O3 suspensions before

drying for 5 h at room temperature and then another 5 h at

80 �C. All green bodies were pre-sintered using one of two

techniques to produce 95e96% r. d with enclosed pores [118].

The single step pre-sintering SSP process consists of sample

heated to a temperature of 1480 �C for 20 �C/min besides

cooling them. The same sintered compacts were heated to

1430e1440 �C (T1) and later cooled near 1280 �C (T2) at 20 �C/
min for 10 h. Hot isostatic pressure in argon environment was

carried out at 1280 �C in addition to 200 MPa for 3 h. The TSP

technique was shown to be more successful than the SSP

process in producing high transparency Al2O3 ceramics.

The clear efficiency of Al2O3 was determined at high rated

optical properties as demonstrated in Figs. 2 and 3. The

illustration shown in Fig. 8 confirmed the morphological

structure of SEM and TEM. The fabrication of transparent

Al2O3 ceramics has always being done using spark plasma

sintering (SPS) [119e122]. To change the grain size of trans-

parent Al2O3 ceramics, Suarez et al., 2012 [123] employed SPS

and a self-doping technique [75]. Furthermore, Schehl et al.

[124] employed a colloidal approach to dope aluminum eth-

oxide into high-purity commercial Al2O3 nanopowder. To

make slurries, there is a need for proper removal of ethanol

Fig. 6 e Vacuum sintering plant [116].

Fig. 7 e Diagrammatic representation of the spark plasma sintering process [3,113].
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which prompted the precursor solution of aluminumethoxide

to dissolve anhydrous ethanol following the suspension of

alumina in ethanol, the sample was allowed to dry at the

temperature within the range of 60e70 �C, mixing was done

thoroughly with the aid of magnetic agitation and dried at

120 �C in theair before the removal of ethanol. The powders

were later forced into pellets at a uniaxial pressure of 30 kPa

sintered at 1100e1400 �C for 0.5 h. For 100 �C/min, 80 MPa, and

0.1 mbar, altogether. The mechanism of Spark plasma sin-

tering process was hindered by doping of atomic diffusion,

which prompt the inducement of a transition from grain

boundary to volume diffusion process and vice versa,

permitting control of grain size refinement, particularly in the

microstructure of the final ceramic materials. SPS Al2O3 also

had a lower activation energy than conventional sintering,

which was about 50% lower. Because the applied pressure

forced the Al2O3 granules to rearrange themselves.

The pure and doped samples in Figs. 8 and 9 had identical

microstructures before sintering; however, following sintering

at 1100 �C for 30 min, considerable variations were found, as

the pure samples exhibited strong level of densification with

evident grain development, but the self-doped samples had

essentially no grain growth. The Al2O3 nanoparticles adhered

to huge particles surface in the doped samples and separated,

altering the sintering behaviour. Not until the temperature

reached 1340 �C, the expected density of the doped powders

was not fully attained completion due to the energy barrier

expected to rise by self-doping, which was observed to be

roughly 50 �C above the as-received powder samples. The

grain orientation was hampered in the starting phase of the

sintering because of the nucleated particles existing in the

doped samples. There is evidence of bigger grains observed in

the undoped samples at sintering temperature 1300 �C even

prior to diffusion of ions in the grain boundaries, which show

the existence of full inhibition of Al2O3 grain growth, which is

visible in form of grain size enlargement. The phases of sin-

tering, since grain rearrangement governs sintering. During

the first stages of development [125,126]. As a result, dopants

are quite beneficial. .

5.1. XRD studies on transparent ceramics

Fig. 10 shows the patterns of X-ray diffractometer of the

nanopowder particles called Pr:BaF2 precursor as a trans-

parent ceramics with variable content of Pr3þ, presence of a

corresponding shift in the curves of the lattice parameter and

cell volume for transparent ceramics were observed even

along with different Pr3þ content. There is full evidence of

cubic fluoride fundamental structures in all sample patterns,

as shown in Fig. 10a, which are synonymous to the typical

BaF2 phase (JCPDS: 04e0452). The peak of the impurity content

remained undiscovered [126]. We also observed the effect of

Pr-doping on the BaF2 crystal cell in Fig. 10b, with the sudden

increase in the lattice constant and cell volume at first and

thereafter progressively decreasing with an evident rise in the

Fig. 8 e SEM image after HIP, of Er3þ- doped Al2O3 ceramics

[1].

Fig. 9 e TEM picture and EDS profiles (Al, Er, O) of the 0.1 at percent Er3þ-doped Al2O3 grain boundary [1].
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doping concentration. From the illustration, we observed that

the lattice constant attained a peak of 6.205 nm at 0.5% Pr3þ.
In light of this, Zhou et al. [127] proposed a competitive

connection that is common between lattice shrinkage, which

mainly triggered by rare-earth ion additional performance

(here, Pr3þ: 1.013) and substrate ion replacement behaviour

(here, Ba2þ: 1.35) and because of non-equivalent effect

observed, the filling of interstitial F- on barium fluoride lattice

was seen as a non-equivalent replacement of the two ions,

This is done with the mind of balancing the charges present.

There is an need for an enlargement in the overall width of

principal diffraction peaks even at half-maximum size, which

is clearly shown from the XRD data from the rare earth doping

concentration, suggesting some decrease in the level of crys-

tallinity of the powder sample. The injection of ions causes

lattice deformation, which causes this phenomenon.

5.2. TEM and SEM images of transparent ceramics
nanopowders

Fig. 11 shows SEM images of various Pr3þ contents doped as-

synthesized BaF2 nanopowders. Increase in the doping

Fig. 10 e (a) The pattern of X-ray diffraction showing the ratio of xPr: BaF2 nanopowders, x ¼ 0.001e0.05; (b) Lattice constant

and space volume variations [113].

Fig. 11 e Shows the scanning electron microscopy images with secondary electron mode of xPr:BaF2 nanopowders; (a)

x ¼ 0.1 at 5%, (b) x ¼ 0.5 at 5% (c) x ¼ 1 per cent, (d) x ¼ 2.0 per cent, (e) x ¼ 3.0 per cent, and (f) x ¼ 5.0 per cent [128].
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concentration brings some agglomeration of powders in-

creases, and the average particle size decreases considerably,

as seen in Fig. 11aef. Square geometric shapes of various sizes

produced at less than 2% low doping doses. In Fig. 11def, the

uniform square structure transforms into an irregular sheet

shape, and small nano powder particles instigate to sprouting

and growing observed. As hitherto stated, the discovery of a

new interstitial site for F- usually emerge. The amount of this

increases as the number of doping ions increases, which is

permissible to maintain the solid solution structure's elec-

trical neutrality. The following are two different defect

equations:

PrF3/
BaF2

PrBa þ 2Ff þ F!
I (1)

2PrF3 /V!!
Baþ4Ff þ 2PrBa (2)

The impact of BaF2 on the microstructure and mechanical

properties of the transparent ceramic glasses with Er3þ/Yb3þ
co-doped fluoro-tellurite glasses generated mostly by melt

application of pressure is explored in depth. Using scanning

electron microscopy bomb calorimeter and Spectroscopy

machine, this transparent ceramic materials was discovered

to have high thermal stability and minimal phonon energy.

The two defect response processes outlined Fig. 12 above

are theoretically possible. However, if VBa is present, one-

quarter negative ions charge of Ba2þ in each of the lattice,

consisting 8F�, disrupting the crystal structure due to negative

charge repulsion. Finally, the Ba1xPrxFxþ2 solid solution

forms the F- type. As the amount of Pr doped rises, there is an

appreciable change in the corresponding size and shapes

which eventually leads to a rise in the repulsive nature of the

surface of the powder generated by the fluorine ions to pro-

mote additional dispersed nanopowders, and we also

observed that the normal interstitial F- ion site scaled up as

the amount of Pr doped increased. To fully comprehend the

influence level of the doping nature of Pr3þ on the scope and

structure of aimed BaF2 powders, TEM findings between the

two ranges of (0.1e5.0)% Pr-doped BaF2 powders were clearly

displayed in Fig. 12. There is a consistent mean size of over

100 nm, transforming into uneven sheets with a mean size of

around 20 nm, as seen in Fig. 12a and b. The various powders'
lattice fringes in Fig. 12a and b are reproduced in Fig. 12c and d,

with an inset displaying the corresponding SAED pattern. The

HRTEM micro magnification in Fig. 8c and d shows some

spacing called culminated from the lattice structure of

0.355 nm and 0.293 nm, respectively, which correspond to the

(111) and (200) facets of BaF2 crystals [127].

5.3. Crystallization behaviour

XRD analysis of glasses such as SG, SE, and SNheat-treated for

5 h at varying temperatures (650e780 �C) for 20 �C intervals are

shown in Fig. 13. With increasing heating temperatures, the

crystalline phases of ZrO2 (JCPDS No. 50e1089), low-

carnegieite (JCPDS No. 52e1324), and nepheline (JCPDS No.

34e0424) precipitated sequentially gotten from the three

selected glasses. The glass SG remained amorphous at 650 �C,
with no diffraction peaks, there is a tendency for both SE and

SN glasses to display peaks of diffraction gotten from the

crystal of zirconia. The only recognized glasses showing zir-

conia crystals are SG, SE, and SN even at heating temperatures

ranging from 650 to 710 �C. The glasses SG and SE showed a

diffraction peak at 2 ¼ 21.2 at 730 C, this could be traced to

plane orientation (111) of low-carnegieite. The Two additional

peaks obtained from diffractometer angles on nepheline

(NaAlSiO4, hexagonal) developed at 2q¼ 23.2� and 27.3�, which

were ascribed to the planes orientation (201) and (210),

respectively, increased the heating temperature from 750 to

780 C. Increasing in the temperature of glasses to 750 �C the

glass SN, begin transformation at low-carnegieite crystalline

phase, even the same temperature was observed on the weak

diffraction peaks from nepheline [129]. We also observed ev-

idence of low intensity and a broadening shape from the X-ray

diffractometer angle of glass SN. The low crystallinity was

noticed in the entirematric. Fig. 8, shownbelowalso displayed

clearly the transmittance curves of the glass SG, SE, and SN

heat treated at 650e780 �C for 5 h. At high temperature of over

730 �C, both glasses lost a substantial amount of transparency

in Fig. 1. Even at a heating temperature of 780 �C, the trans-

parent ceramic SN glassesmaintained a reasonable amount of

60% limpidity at noticeable wavelengths [129] (see Fig. 15) (see

Fig. 14).

At 750 �C we observed that the X-ray diffractometer pat-

terns of crystallized glasses for 1 h, 3 h, 5 h, and 7 h are pre-

sented in Fig. 13. In all the three glasses, we noticed the

presence of phases in zirconia, low-carnegieite, and nepheline

crystalline glass and discovered that they all fall in order as

the exposure time increases from 1 to 7 h. There is also evi-

dence of varying diffraction peaks from nepheline crystals

shown in the x-ray diffractometer patterns in glasses with SG

after 3 h of heating, but not in glass SN and SE after more than

5 h.

5.4. Transparent ferroelectric ceramics materials

Transparent ferroelectric ceramics (TFC) are potential mate-

rial for optoelectronic devices because of the coefficient of

electro-optic device, infrared ray within the range of 0.37e6.5

bmand extremely high optical transmittance in a visible form.

This is unlike monolithic crystals that is clearly administered

by symmetry, polarization is the major determinant of the

optical axis in TFC, and its orientation and optical features are

susceptible to changes by a specific action caused by tension.

This is clearly known illumination, thermal field, and irradi-

ation) [3]. It is feasible to flip tiny local regions without

changing polarization in nearby areas due to phases purity

and the morphological structures. The diffusion of the phase

transition (PT) in TFC is easily detected, and the coefficient of

electrooptic coefficients gives room for a wider temperature

range for ease operation. In terms of promising uses, TFC are

seen as the major link that distinguishes the liquid crystals,

laser diodes, electroluminescent layers from others, the

reason for this performance could be attributed to the TFC

operational speed, many colors are advantageous in opera-

tional speed, a wider viewing angle andmulti-color capability,

in higher environmental and irradiation resistance; one of the

drawbacks is that it is very expensive in terms of operating

voltage, uneasy to insert in an integrated method and elec-

trooptic single crystals compared to TFC in which the there
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are varying compositions that gives room for variable

compositional changes, this permit a widespread viewing

angle and multi-color capability Ferroelectric thin films are

promising in based on functional integrated optoelectronic

structures [130]. Integrating enriched Polycrystalline crystal-

line with the main chemical composition of the ferroelectric

materials, the Pb0.97Bi0.02(Zr0.51Ti0.49)0.98(Nb2/3Mn1/3)

0.02O3 (P) and ferrite powder with the chemical formula

Ni0.5Zn0.5Fe2O4 resulted in ferroelectriceferromagnetic

ceramic composites.

6. Mullite

A lot of interest has recently been channeled towards an

effective utilization of lightweight thermal insulating mate-

rials as a noteworthy energy materials for their uses in so

many metallurgical industries including the energy storage

and oil (gas) transport system [131,132]. Lightweight thermal

insulatingmaterials such asmullite, particularly in the energy

storage industry, can easily reduce energy usage. As a result,

Fig. 12 e TEM images of Pr3þ- doped as-synthesized BaF2 nanopowders at 0.1 at percent (a) and 5.0 at percent (b); (c) and (d)

are HRTEM images of comparable particles in (a) and (b), correspondingly. The appropriately chosen region electron

diffraction pattern is shown in the insert [127,128].

Fig. 13 e XRD patterns of the glasses heat treated at 650e780 �C for 5h [129].
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it's critical to develop improved techniques and even some

materials needed to produce this ceramic with high-

performance thermal insulating properties. One of the

researched areas to figure out a solution is by considering

lightweight porousmullite ceramics that have properties such

as (low thermal conductivity, acid-alkali corrosion resistance,

and compressive strength) [133e135]. Since the 1990s, signif-

icant work has been invested into creating novel pore con-

figurations to enhance the performance of porous mullite

ceramics, including the application of materials that tends to

create pore-forming properties [136,137], such as solegel

vacuum impregnation [138], and foam-gel-casting [139,140].

Regrettably, all the processes have varying drawbacks, such as

gradual reduction in the purity level of mullite materials with

high porosity as chemicals were added to synthesis byprod-

ucts that impair the environment, the processing techniques

of achieving this thermal insulating materials is quite chal-

lenging and manufacturing cost is expensive. Mullite ce-

ramics' optical transparency, along with their superior

thermal-shock resistance and high-temperature strength,

makes them ideal for use as an optical window material at

high temperatures.’ New study conducted concentrating on

absorption spectrum performance inside the mid-infrared

portion of the electromagnetic spectrum has revealed that

mullite's photon energy capabilities positively relate with

those of other promising materials including mica schist and

diamond.

6.1. Morphological and spectroscopic analysis of mullite
ceramic materials

Fig. 17 reveals the energy dispersive spectroscopy analysis on

the distribution of elemental compositions of the sintered

sample. Aluminum, Silicon, and Oxygenwere dispersed in the

sintered samples, as shown in EDS analysis of Fig. 13a and b.

The sintered samples only included mullite phase, as a result,

the technology might be able to guarantee the purity of

mullite fibrous ceramics.

7. Lighting applications of transparent yttria
stabilized zirconia (YSZ) ceramics

Transparent ceramics has some significant functions and

combination of properties due to their high thermomechan-

ical properties, they penetrate deeper into the ultraviolet and

infrared light more than the ceramic glasses and polymers on

displaying qualities which include lasing, electronic conduc-

tion, magnetooptic together with electrooptic and ferroelec-

tricity activity. The production patterns are into near-net

forms at a cheaper rate than single crystals, and their char-

acteristics can be modified by altering their microstructures

by the introduction of dopants and secondary phases [142].

Following a thorough discussion, it will be clear that trans-

parent ceramics are excellent for a variety of applications,

Fig. 15 e XRD patterns of the glasses heat treated at 750 �C for 1e7 h [129].

Fig. 14 e Transmittance curves of the glasses heat treated at 650e780 �C for 5 h [129].
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including lasers, armors, and lightning, thanks to their unique

optical transparency and the general properties of ceramics.

Some of the application areas are further discussed below:

(i) Transparent ceramic for Laser application

Due to the numerous benefits of ceramics over single

crystals, it has gained a widespread attention in ceramic laser

technology. Ceramics are suitable for high power laser pro-

duction because they can be fabricated in large quantities.

Also, they can be used to create composite laser media with

intricate structures that would be challenging to create with

single crystals, as well as a gain medium for fiber lasers with

good beam quality. Furthermore, in comparison with single

crystals, transparent ceramics can be uniformly and strongly

doped with laser-active ions. All these has tremendously

increased the use of transparent ceramics in the production of

lasers with tailored specific functions at low cost for com-

mercial usage [3].

(ii) Transparent ceramic for Armor application

Transparent armor is frequently used as ballistic helmets

and visors for personnel protection, as windows for armored

cars and ground vehicles, and as windshields and lookdown

windows for aircraft. For the requisite multi-hit ballistic pro-

tection, the commonly employed glass-based transparent

armor windows are often more than five inches thick. The

comparatively delicate glass front can be damaged by rocks

and blowing sand in the field, increasing replacement costs in

addition to increasing wear costs for tactical vehicles that are

already pushing their weight limits. As a result, it is impera-

tive to decrease the weight of transparent armor systems

while enhancing their ballistic protective qualities. For

multimode weapon systems exposed to adverse weather

conditions, there is also a requirement for wide windows and

domes. Choices are frequently constrained to a small number

of materials when both strength and hardness are important

performance parameters. These are the single crystals of

Fig. 16 e Shows some evidence of some transmittance curves for glasses heat-treated at 750 �C for 1e7 h [129] For

transparent ceramics materials, the difference between “in-line” and “real in-line” transmittance measurements for

transparent ceramics materials are shown below.

Fig. 17 e Morphological structure (a) and Energy dispersive spectroscopy (b) analysis of ceramic fibrous mullite [141].
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spinel (magnesium aluminate), sapphire (aluminum oxy-

nitride), and oxynitride (sapphire) [143,144]. These three ma-

terials have long been thought of as potential substitutes for

ballistic glasses in transparent armor applications due to their

exceptional strength and hardness.

(iii) Transparent ceramic for lighting application

For focused-beam, short-arc lamps with a variety of fillers

working at temperatures higher than the melting point of

quartz, transparent ceramic materials with suitable thermal

and mechanical qualities are particularly helpful. For many

years, discharge lamps' envelopes have been made of coarse-

grained transparent polycrystalline alumina ceramics (PAC).

The lighting sector has benefited from the transparent poly-

crystalline alumina (PCA) doped with additives derived from

magnesia, which was first identified in the 1960s. High-

pressure sodium lights were made and widely used thanks

to it [145]. Due to the regular transparent alumina's inherent

translucency, metal halide lamps with round [146] or cylin-

drical [146,147] translucent alumina tubes were first produced

for general illumination applications in the 1990s. The 1994

introduction of metal halide lamps by Philips resulted in a

better “white” light. Al2O3 is practically unreplaceable as an

envelope of exceptional chemical resistance in these lamps

because they operate at temperatures about 1200 �C [148,149].

7.1. Transmission, transmittance, transparency and
translucency properties of transparent ceramic materials

It is essential for the transmission of radiation from electro-

magnetic properties of a specific rate or rate range a solid plate

(slab) to be transparent. This is commonly referred to as

transmission. Although transparency can include different

waves from radio, microwaves, thermal radiation, X-rays, and

gamma rays, we will focus on visible light and its immediate

neighbours in this work (UV and near-IR). The term “trans-

mittance” should be used to describe the quantitative measure

of transmission (even though researchers from different

countries prefer to apply the two terms simultaneously). Ab-

sorption can reduce the level of transmittance of a signal.

Where l is the wavelength and n (1) is the number of occur-

rence of the cubic crystallite materials in Fig. 18, Tmax show

the maximum number of transmittance in Fig. 19. When there

is no absorption, the transmittance is at its highest. Because

some incident light can be diverted or “dissipated” into other

directions even if it is not absorbed, the transmittance at high

frequency is required, not necessarily a prerequisite for

transparency.

Rather than being transparent in nature, the output of the

experiment may end up opaque, as a result, whole onward

transmittance (quantifying light transmitted in all directions

up to 90� from the incoming light direction), forward trans-

mittance (encompassing directions up to a defined angle of

90�), and in-line transmittance (encompassing directions up to

a defined angle of 90�) can be distinguished in Figs. 18 and 19.

Meanwhile the flawless in-line transmittance can sometimes

remain accurately measured (due to the spectrometer's
restricted aperture width required to achieve non-zero light

intensity on the detector), low-angle forward transmittances

must be used to extrapolate it to 0. An applied approach

simply measures transmittance with a tiny aperture, such as

one traditionally configured to be the one with the smallest

aperture 0.5 half-angle. All of that is referred to as “real” in-

line transmittance, or RIT [152]. The concept of “genuine” in-

line transmittance, on the other hand, is clearly a practical

custom with no physical basis. The optimum in-line trans-

mittance (not for 0.5) is the one projected for 0 regardless, and

the 0.5 transmittance is not any more or no worse “authentic”

than almost any low-angle advance transmittance. Even

though it is essential to estimate angles of transmittance for

angles spanning as of 0e0.5 using angular dependence of

scattering, this is rarely performed so many materials con-

taining ceramics research. As a result, rather than deter-

mining the theoretical (0) in-line transmittance, the study

compares that to the actual (0.5) in-line transmittance

(whether they have a spectrophotometer set up for such

measurements) or another estimated number [152].

Spectrophotometer light detectors typically collect light at

angles of up to 3e5� [153], as shown in Fig. 20. A sharp notice-

able mixture was observed when scattering in the system, was

detected and capture alongsidewith the “unscattered” light (or,

simply put the diversion of lightwas found tending towards the

incident light ways), resulting in ostensibly generating trans-

mittance at elevated levels, the same scenario was observed in

the translucent glass rather than transparent. As a result, for

these types of studies (where experimental findings are

compared to theoretical expectations), it's critical to maintain

the spectrophotometer aperture as tiny as feasible (due to the

required amount of intensity needed for a dependable sensor

reaction which is otherwise known as a detector). Based on

this, themain distinguishing factors for “in-line transmittance”

and “true in-line transmittance” have been made. Manufac-

turers of ceramic discharge lamps coined the term “real in-line

transmittance” (RIT) to provide a legitimate conditions required

for transparency come to be [153], this can as well be described

in the form of overall transmittance taken at an aperture half-

angle of 0.5, as shown in Fig. 16. Attempt wasmade to select 0.5

as the permissible angle needed for concession between being

narrow enough to limit the influence of scattered light while

yet being big adequate for useful quantity [153]. According to

Wang et al. [154], he newly proved in his research that a

translucent sample's normal (3e5) in-line transmittance can be

equivalent to that of a plainly transparent one, although the

RIT reveals a distinct difference between the two (with the RIT

being lower). Furthermore, the difference between the “in-line”

and “actual in-line” transmittance for the translucent sample

was striking, but the difference between the “in-line” and “real

in-line” transmittance for the obviously transparent samples

was small. This demonstrates that, in the case of transparent

materials, not only light scattering but also measurement cir-

cumstances have a significant impact on the observed trans-

parency [154].

8. Transparent ceramic materials in
biomedical applications

Because standard bioceramic materials are opaque, it is

impossible to observe cells directly in transmission mode
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using a light microscope. Because the optical transparency of

transparent hydroxyapatite (tHA) ceramics allowed them to

detect cellular activities under transmitted light, John et al.

investigationwas used them to straightlymonitor some cell in

the body and conduct time-lapse investigations [155]. Trans-

mission light microscopy was employed to develop rat

calvaria osteoblasts (RCO) on the transparent tHA ceramics,

demonstrating the bioceramic materials' high cytocompati-

bility. Improved aqueous phosphate (ALP) activation sug-

gested osteoinductive hBMSC transformation into the

osteoblastic lineage, confirming favourable proliferation.

Furthermore, on the tHA samples, human monocytes were

distinguished from osteoclast-like cells, which was validated

by fluorescence transparent ceramics materials containing

multi-nucleated cells. Multinucleated cells on transparent

ceramics were imaged using microscopy Bodhak et al. [156].

Considering the biological presentations of profitable MgAl2O4

also AlON® transparent ceramic materials, the transparent

ceramics exhibit no toxicity. According to the MgAl2O4 and

AlON, transparent ceramics were better than commercially

obtained titanium products. In terms of cell interaction and

mechanical properties behaviour, MgAl2O4 ceramics out-

performed AlON ceramics. Cosmetic orthodontic brackets

made of transparent MgAl2O4 ceramics have recently been

tested [157]. The biomaterial-oral mucosa interaction is a

typical way to assess the candidature biocompatibility for

dental claims. This is a clear indication of the good biocom-

patibility nature of transparent MgAl2O4 materials in the

health sector.

Furthermore, the MgAl2O4 ceramic possesses a very active

mechanical/optical and physico-chemical performance

needed for orthodontic brackets subjected to thermal stress,

resistance to corrosion, and biological attack vivo [158].

However, the use of transparent ceramics in the biological

sector is still in its early stages, necessitating additional

research.

From the image in Fig. 21, the labelled (A) is representing

the craniectomy over right back of the brain with unprotected

Subarachnoid Space (B) mean the WttB implant stability in-

side craniectomy and fixation to skull with dental cement, (C)

WttB implant placement within craniectomy and fixation to

skull with dental cement (D) WttB implant placement within

craniectomy and fixation to skull with dental cement, (E) WttB

implant placement within cr Illustrations of a laser speckle

image acquisition. Surgical and imaging procedures for the

n¼ 5mice over time. sld stands for super-luminescent diodes;

pc stands for polarization controller; c stands for collimator;

pbs stands for polarization beam splitter; pm stands for po-

larization modulator; bs stands for beam splitter; ndf stands

for neutral density filter; lsc stands for line scanning camera.

Fig. 18 e Wavelength dependency of the refractive index

for vacuum [70], amorphous silica (silica glass) [71], and

cubic crystallites of chosen transparent ceramics [72,150].

Fig. 19 e Wavelength of 589 nm, based on several cubic crystal structures for transmittance on refractive index in Vacuum,

water, amorphous silica, and diamond [151].
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Many neurological illnesses, such as cerebral oedema,

stroke, and cancer, have shown potential in using laser-based

approaches to improve diagnosis and therapy [89]. Neverthe-

less, invasive craniotomies are frequently required to enable

optical access to the brain because the cranial bone's limited

transparency to therapeutically important laser wavelengths

(i.e. 550-1300 nm). It limits the approaches' eventual value,

especially in applications that require chronically repeating

access over broad areas. Some new studies [83,91] have shown

that flattening the skull can increase cranial transparency.

However, because this reduces brain protection, accompa-

nying safety issues may prevent such procedures from being

translated to the clinic. In other experiments, clear the cra-

nium six has been replaced with glass-based implants, and

thinned-skull preparations have been strengthened with

glass-based implants. On the other hand, ordinary glasses

have a very low fracture toughness (KIC ¼ 0.7e0.9 MPa m1/2),

raising the risk of catastrophic fracture limiting the usage of

such implants outside of the laboratory. As a result, the search

for alternativematerials that aremore suitable for therapeutic

purposes is fuelled.

Fig. 22(bed) illustrates the right-sided craniectomies car-

ried out on sedated mice followed by dental cement attach-

ment on the animal with nc-YSZ implants. The early viability

of the nc-YSZ implant was assessed using optical coherence

tomography OCT, a common optical imaging technique. Im-

aging was done across a 22 mm2 region on the position that

suits the implant, preferably in coronal direction for both the

nc-YSZ implant and the normal skull.

9. Summary of findings and
recommendations for future prospects

1. From literature, we discovered that solid-state lasers were

used for the production of most transparent ceramics

materials. Among the numerous application areas, studies

have shown that transparent ceramic materials can used

in scintillation, illumination, military armors known as

Fig. 20 e Illustration of dissimilarity amid “in-line” in

addition to “real in-line” transmittance measurements

[151].

Fig. 21 e Transparent nanocrystalline Yttria-stabilized ezirconia used for chronic brain imaging primarily for Cranial

Implant (reproduced with permission from [89].
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transparent ceramic armors, scanning electron micro-

scope lenses, materials for biomedical purposes, and

electro-optical devices. Furthermore, LEDs and LDs with

high performance levels are expected to become the

primary lighting sources in both household and industrial

settings. The fundamental requirement for this application

is from doped transparent ceramics materials with

bright features. In addition, the replacement of screens

for smartphone glasses could be easily achieved through

the applications of low-cost, transparent ceramics with

high mechanical properties, which is significant consid-

ering how important smartphones are in our everyday

lives.

2. From various investigations on transparent ceramics, we

discovered that transparent ceramic materials have better

performance than ordinary glass ceramic and polymers in

all applications in terms of optical, mechanical and

thermal stability properties, permitting their application in

high temperature areas and in more demanding areas

environments. Transparent ceramics are also useful

scintillators. It has been discovered that the transparent

armors manufactured with ceramic materials stand to

provide better and suited performance because they are

substantially thinner and lighter than the ones produced

with other materials. Nonetheless, transparent ceramics

applications outside of solid-state lasers are in their

developmental stage, suggesting there are numerous

prospects trending in these domains and that have further

potential claims will be studied in the future. As a result,

transparent ceramic research in materials science and

engineering is projected to have a promising future.

3. This study can confidently ascertain that transparent ce-

ramics are a novel class of resources met to be exploited in

high-temperature technology applications. To meet the

demands of many prospective applications, several pro-

cessing procedures have been devised to generate trans-

lucent ceramics with an extensive variety of structures and

qualities. To begin with, not all materials are suitable for

making transparent ceramics. A highly symmetric crys-

tallographic features such as hexagonal closed pack,

tetragonal crystal structures and cubic, meet the funda-

mental criteria of transparency.

Fig. 22 e Nc-YSZ transparent cranial transplants showing: (A) transplant on a coloured image scale to establish limpidity; (B)

craniotomy position on a mouse skull; (C) a photo of a craniectomy and the duramater undamaged; besides (D) a photo after

implantation location [89].

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c h no l o g y 2 0 2 2 ; 2 1 : 7 1 2e7 3 8732

https://doi.org/10.1016/j.jmrt.2022.09.027
https://doi.org/10.1016/j.jmrt.2022.09.027


4. Finally, a good description of the production process for

transparent ceramic materials must be described and

scrutinized. The concentration of Y2O3 powder in slurry

during preparation, for example, might have a significant

impact on the overall ceramic and its optical properties;

however, variations seen in characteristics of as-received

materials and their slurries form with varied compacted

compositions are yet to be determined. It is an indication

that the optical qualities of ceramics are more affected by

theirmicrostructure than other engineering properties. As a

result, more research into the link between morphological

structures, control constraints, and optical transparency is

needed. In addition to that purpose, innovative methodol-

ogies plus approaches for characterizing transparent ce-

ramics with comparable morphological structures but

varying optical transparencies should be developed.

5. Previous research has revealed the application of vacuum

sintering to synthesise transparent ceramic materials at

high temperatures. Transparent ceramics may also be

produced using some other powder metallurgical tech-

niques, on the other hand, necessitates a costly production

process. In contrast, hot pressing as one of the powder

metallurgy techniques has contamination problem due to

direct contact of the graphite die with sintered compacts.

As a result, the diffusion of carbon into the sintered com-

pacts is unavoidable irrespective of the sintering temper-

ature used. A novel spark plasma sintering process will be

of great benefit in the production of ceramic, which

necessitate the concept of this review article.
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