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Abstract: In the era of biomaterials evolution, ceramic materials are playing a notable role in 
dental practices. Ceramics have been used in dental applications for several decades because 
of its important properties such as suitable biological incorporation into human body, surface 
colouration, enhanced surface morphology, mechanical characteristics, physiochemical 
integration, durability and lifespan. There are numerous complications in the fabrication and 
production of ceramics by manufacturers. Therefore, many research and development has been 
performed to further improve and understand the manufacturing mechanism that occurs on the 
ceramic materials. These efforts are not only able to improve the fundamental understanding 
of the material but also help to meet the customer satisfaction and quality of production. This 
review article mainly provides an insight of various ceramic materials with a focus on their 
properties including stability, strength, and heat resistance. It is corroborated with a detailed 
account of various ceramic fabrication processing techniques with their applications that 
include sol-gel casting, hot pressing and phase inversion methods. In summary, some critical 
suggestions as well as detailed scope of future aspects and frontiers have been outlined to 
provide robust improvements for research and development platforms. 

 

 

Page 1 of 68

https://mc04.manuscriptcentral.com/jss-ecs

ECS Journal of Solid State Science and Technology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 Acc

ep
ted

 M
an

us
cri

pt

mailto:c.pruncu@imperial.ac.uk
mailto:catalin.pruncu@strath.ac.uk
mailto:princeratna2017@gmail.com


For Review Only

2 
 

 

1. Introduction 

The use of ceramics in dental practice has been implemented since the beginning of the 18th 
century [1]. There are various types of ceramics such as glass ceramics, ceramic composites 
and bioactive glasses. Ceramics become the best approach in dental practice, due to its reliable 
precision and cost-effective benefits. All ceramic materials demonstrate a significant potential 
in engineering applications and high industrial manufacturing capacity due to their excellent 
biomechanical properties, reliability, antibacterial activity in ceramic glasses, ability to help in 
healing, restoration, and easy tissue integration. Tissue incorporation continues to be the most 
important process in surgical techniques and post-treatment effects. Ceramics are desirable for 
dental clinics and new therapeutic improvements as they possess advantageous properties 
including excellent esthetic appeal, coloration, low thermal resistance, adequate durability, 
corrosion resistance, high strength, and high stability. In comparison with the behavior of the 
inorganic materials, which appear to have structural strength and patterns of antibacterial 
interaction in medical practice, organic materials show satisfactory compositional 
enhancement, high microstructure strength, mechanical responsiveness, structural integrity and 
patterns of antibacterial interaction in tissue engineering [2]–[4]. The ceramic materials are 
made of precursor powders including metal oxides, hydroxides, carbonates, which are more 
suitable for large scale production. Ceramics are mechanically solid and brittle, and have the 
elasticity behavior within the internal bone/implanted area. Ceramic glasses are non-
crystalline substances or solid materials that neglect the precision strike alignment, structures 
and interact perfectly with the surface morphology of the component [5]–[7]. They have 
symmetrical crystalline structure, including a crystalline cubic structure [8]. Glass-ceramics 
are preferred for medical implants and restorative dentistry because of their natural 
appearance and their advantageous properties. Multi-phase dental ceramics also comprise a 
glass network and a crystalline phase up to 45%, all such dental materials are notably classified 
as feldspathic, lithium di-silicates, and mica. In these glass-ceramics, feldspathic porcelains are 
extensively used due to its availability and strength which can be manufactured by laboratory 
sintered and industrially prefabricated blocks. The structural and physical effects of dental 
feldspathic porcelain tend to be the worst of ceramics used in dental practice, because Feldspar 
porcelain is completely leucite-dependent, and porcelain fused to metal crowns, full ceramic 
crowns, may suffer from progressively decreasing occlusal height reduction as well as 
unexpected porcelain crack formations in oral cavity after occlusal interactions [9],[10]. There 
are two types of classifications of glass ceramics in restorative dentistry, including non-metallic 
and metal-supported [11],[12]. Implantable ceramic materials such as alumina and zirconium 
dioxide are mostly used because of their mechanical properties, viability, feasibility as well as 
the ease of production for industrial manufacturers. This explains the frequent use of these 
materials in Artificial Femoral Head Replacement and Acetabular cups [13],[14]. Replacing 
various replacements of dental metals with ceramic materials is currently a major challenge for 
the dental practice, as cosmetic considerations are of particular concerns [15]–[18]. Zirconia is 
used primarily in dental practices, and also it can be used in industrial productions, which allow 
massive  benefit for manufacturers due to its increased strength, durability, and porosity as well 
as being non-toxic. [19],[20]. In the case of restorative dentistry, by martensitic development, 
Yttria-stabilized tetragonal zirconia polycrystalline continues to produce maximum tensile 
strength and durability than most ceramic materials [21],[22]. The mechanical characteristics 
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of Zirconia are well known among all other metals, as their texture appears to be remarkably 
similar to the texture of the teeth [23]. Zirconia has a fracturing propensity rate similar to 
titanium components and also a low Phlogistic reaction same as titanium as well as other 
restorative materials [24],[25]. The microstructures of Zirconia are much finer, which does not 
affect the flexural yield strength, and the final color is often limited to a white color. 
Technological innovation appears to be the coloring method that allows for a wide range of 
esthetic consequences [26]–[28]. In experimental findings, researchers found that Zirconia 
shows a reduction in strength after grinding [29]. In restorative dental practices, Zirconia 
polished or roughened surfaces by polishing or glazing have demonstrated reduced wear of 
enamel in oral environment [30]–[32]. Glass ceramics and bioactive glasses are found to be 
interesting research fields due to their cost efficient for industrial manufacturing. Bioactive 
implants are always preferred and used for main tissue medical practice due to their mechanical 
and physical properties, while the characteristics of interfacial interactions and connective 
tissue interactions are positive approach within the implanted area [33]–[39]. Bioactive glasses 
are being used in biomedical studies from very past 19th century [40]. It may respond to the 
physical interface layer while embedding into the body part, which creates a close chemical 
reaction to bone tissue. After long-term implantation, biological apatite is transformed into 
bone, as this apatite enhances cell adherence and osteogenic cell proliferation [41]–[44]. The 
antimicrobial activity is compatible with the development of a glass surface layer and it has 
high biocompatibility similar to bone strength. Bioactive glasses can be placed directly in the 
area of defect, followed by surface ion-exchange interactions, as well as biochemical fluids 
throughout the area, which contribute to the formation of a bone-like apatite surface layer. 
Bioactive glasses and some crystal-structured ceramics, including HA and   TCP, appear to be 
highly biocompatible and bone-bound, but no interaction between fibrous tissues  [45]–[47].  
Bioactive glasses with enhanced heat treatment showed a crystallized phase with enhanced 
physical and mechanical properties compared to normal ceramic glasses, while glass-ceramics 
have showed crystalline phases in the amorphous matrix. [50]–[53]. The requirement of the 
engineered product is assessed based on crack formation or deformation, but also based on its 
integration/incorporation techniques [54],[55]. The data for bio glasses and different ceramic 
materials is presented in Materials (section 2). Ceramic materials/glasses can act as 
nanoparticle reinforcements that can be used in dental practice, bone tissue engineering for 
porosity, and heavy scaffolding in clinical dentistry [56]–[59]. In the year 1953, Li–alumina 
silicates and Mg–Alumina silicates have been developed for dental practices. Sintered ceramics 
for tough dental implants using computer-aided design (CAD) or computer-aided 
manufacturing (CAM) processing operations that require feldspar, leucite and lithium-di 
silicate ceramics, which are the strongest and toughest ceramic materials [60]–[63]. Lastly, the 
manufacturing techniques are discussed with their detailed parameters. As in most similar 
sectors, the theoretical foundations for restorative dentistry are gradually increasing. In 
addition to the fact that the cost of producing dental research projects becomes a major 
determinant in clinical practice as well as in medical treatments, computerization production 
may allow for more efficient outputs. The various fabrication techniques include Tape Casting, 
Gel Casting (direct foaming), Slip Casting, Sol-gel Casting, Hot Pressing, Extrusion Process, 
Phase Inversion Method. Conventional methods such as gel-casting techniques were used in 
past decades. Other significant techniques have been introduced in the recent years such as 3D 
printing techniques like 3D Binder based printing technique, Selective Laser Melting 
technique, Stereo-lithography technique, Powder bed fusion, Vat photo-polymerization, 
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Material jetting, Material extrusion, Sheet lamination, Binder jetting, Electro-phoretic 
deposition, Electro-photographic printing, Fused Deposition Modelling technique, direct 
inkjet printing, and Additive manufacturing technologies have been used to construct dental 
implant structures employing various innovative techniques [63]–[65]. These techniques  have 
attracted researchers to do more research and industrialists to invest more in its production due 
to its various characteristics such as reliability, viability, less-time more production, 
mechanical properties, ecological  efficient andbeing  cost-effective for industrial processes. 
They allow the enhancement of the design potential with solutions that are feasible and 
sustainable through these approaches. Crystallization plays a critical role during the production 
process of multi-functional ceramic materials, synchronizing their surface interface, restore 
ability, antimicrobial properties, and also cytotoxicity. Facilitated design and enhancement of 
the crystalline structure of ceramics proves to be an essential component of the adaptability of 
medical treatment. Also some investigations have been conducted to achieve accurate bio 
ceramic glass coatings using a variety of methods, including enamel coating, magnetron 
sputtering, laser adhesive, and heat treatment[70]–[72].  

This review focuses on dental ceramic materials and manufacturing processes; hence the 
work provides a comprehensive review of the past, the current state of the art of ceramic glasses 
for dental applications, materials used during manufacturing processes, mechanical properties, 
biocompatibility and also outlines important research focuses that can be used in the years to 
come. This review also presents an in-depth sight of parameters with various experimental 
findings of these techniques. Furthermore, this review paper gives an overview of the most 
common challenges and current status in the use of lasers for surface texturing of zirconia-
based ceramics for dental applications, such as texturing of zirconia implants to improve 
osseointegration, texturing of zirconia abutments to reduce peri-implant inflammation, and 
texturing of zirconia restorations to improve bonding retention[389]. 

2. Classification of ceramic materials and their history 
The term ceramic material was originated from the greek word called "Keramicos," first 
ceramics has been produced from China in the year 1700BC-1027 BC of Shang dynasty period, 
which are called high-fired glazed ceramics, but later on it came into existence which can be 
utilized by common man in the 13th -17th BC. In detail Ceramics are classified into 3 types they 
are earthenware, stoneware and porcelain, which can be made from a type of form of clay [73]–
[97]. Due to its compositional bond formation, integration and incorporation, etc., that 
demonstrated significant characteristics of its thermal conductivity, feasibility, viability, light-
in-weight, durability because of all these attractive listings, it found researcher interest. Figure 
1 provides classification of the Materials and Ceramics, specifically in dental practices in which 
the ceramics have demonstrated good mechanical properties. It was noted that the ceramic 
materials have been used as an alternative for implant materials in restorative dentistry. 
Oxidative stress is the primary reason for this. Mostly, porcelain will be preferred, high-tech-
engineered-quantitative ceramics can even be called high-quality ceramic materials. They are 
essentially crystalline structured components for real practice development and produced from 
specially formulated and categorized materials that generate precisely predefined significant 
characteristics [73], [74], [76], [85]. Current generation ceramics may include borides, oxides, 
nitrates, silicates, carbides, which are used because of its implementing behaviour of the 
removal of metal ions and allergic reactions which are feasible. Formulation of ceramic 
materials usually involves in the heat treatment of ceramic powder particles, which require 
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considerable processing for to stabilize the variability of the ceramics, material composition, 
hardness, particle size, particle distribution, surface morphology, and specific crystalline 
structure. Certain features have a crucial role to play in the characteristics of the final ceramics. 
In practice, it is quite simple to distinguish between final ceramics derived from typical 
materials and perfectly synthesized materials. Various ceramics materials like Magnesium 
(Mg), Silicon (Si), Calcium (Ca), Iron (Fe), Cobalt (Co), Copper (Cu), Zinc (Zn), Gallium (Ga), 
Strontium (Sr), Niobium (Nb), Silver (Ag) are being used as dental materials [73]–[97]. 
Enhanced ceramic glasses are also preferred as high-performance ceramics, competent 
ceramics, attenuated ceramics that provide crystal structure, with absolute manufacturing 
regulations for well-characterized ceramic materials. Most-recent ceramics are carbides, 
borides, oxides, nitrides, silicates which includes and other various types of ceramics also 
available in the market [73], [74], [85]. Figure 2 provides a list of ceramics availability in the 
market. Modern ceramics which includes chemical proportions, particles arrangement, 
homogeneity, heterogeneity, and particle size distribution, The deep and  depth insight about 
bio glasses also various types of bio glass systems including the SiO2-CaO-P2O5-Ag2O [98],   
P2O5-CaO-Na2O-Ag2O [99], B2O3-Na2O-P2O5-Ag2O [100], SiO2-Ag [101], Ag2O-B2O3-SiO2-
CaO [102], SiO2-CaO-P2O5-Al2O3-Na2O-K2O-Ag2O [103], CaO-SiO2-Ag2O [104], CaO-
Na2O-P2O5-Ga2O-Ag2O + Ag-Zn [105], Ceramic doped with Ag-Zn [106], SiO2-CaO-P2O5-
Ce [107], Na2O-CaO-P2O5-Cu [108], bioactive glass S53P4 [109], 45S5 Bio-glass [110], MgB2 
ceramics [111], SiO2-Zn NPs [112], SiO-SrO-CaF2-MgO [113], SiO2-B2O3-Na2O-
MgO/SrO[114], Na2O-MgO-CaO-B2O3-P2O3-SiO2/K2O/Al2O3[115], Na2O-K2O-MgO-CaO-
P2O3-SiO2[115], Na2O-K2O-MgO-CaO-B2O3-P2O3-SiO2[116], P2O5-CaO-Na2O [99], SiO2-
P2O5-CaO-Na2O-SrO [117], SiO2-B2O3-Na2O-CaO-K2O-Al2O3[118], SiO2-CaO-Na2O-K2O-
P2O5/MgO[119], SiO2-Na2O-CaO-P2O5-Al2O3 Fe2O/B2O3/K2O/MgO[120], SiO2-Na2O-CaO-
B2O3/K2O-Al2O3[121] is provided. When the real ceramic materials which are commonly used 
in dental implants like, Aluminum tri-Oxide or Aluminum has been discussed; Alumina is the 
first ceramic material to be used in ceramic industry production. The entire material shown is 
substantial Osseo integration, but does not have sufficient mechanical characteristics 
[122],[123]. The particle arrangement, uniformity, homogeneity, distribution of particles, etc., 
play a vital role in the properties of ceramic glasses, most likely Aluminum / Silicon dioxide, 
which can be produced by non-oxidative ceramics as well as various synthetic techniques. In 
most cases, the reactive solid-state reaction is ultimately used because of its lower cost in the 
industrial production of low molecular and organic or inorganic precursors. The liquid state 
can be used in the manufacture of analogous fine powders by means of a co-precipitation 
technique that also includes hydrothermal synthesis, and the gas state can also be used to 
synthesize ultra-fine powder. Various binary ceramic oxides, such as Silicon dioxide or 
Alumina, are produced using non-oxidative ceramics, even when natural materials and more 
sophisticated oxides are extracted using complex manufacturing techniques. Ceramics 
including calcium phosphate, tri-calcium phosphate, tetra-calcium phosphate, alumina, silica, 
and zirconia have been investigated for clinical applications such as dental implants. Nano-
materials such as calcium phosphate have been used in a wide range of dental ceramics and 
can be used in various biomedical applications, including concrete and adhesives in dental 
implants. One of the critical limitations of Titanium is plaque improvement which could results 
in the development of bacterial concerns [124], [125]. An experimental study with one-decade 
life span of a ceramic study has found that Yttria partially stabilized tetragonal zirconia 
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polycrystal and is a material with the highest quality of mechanical and physical properties as 
well as fracture stress in comparison with other ceramic materials [126]. 

 

Figure 1. Classification of the Materials and Ceramics 

 

 

 

 

TCP -Tri-calcium phosphate TiN -Titanium nitride 
BN -Boron nitride Ti3SiC2 -Titanium Silicon Carbide Powder 
B4C -Boron carbide TiB2 -Titanium di-boride 
SnO2 -Tin(IV) oxide; stannic oxide TiO2 -Titanium dioxide 
GaN -gallium nitride AlN -Aluminum nitride 
CdS -cadmium sulfide Al2O3 -Aluminum oxide; Alumina 
MoS2 -Molybdenum disulfide Al2TiO5 -Aluxminum titanium oxide 
WO3 -Tungsten(VI) oxide; tungsten trioxide; tungstic 
anhydride 

MgAl2O4 -Spinel Powder; Magnesium aluminum 
oxide 

V2O5 -Vanadium pentoxide Mg2Al4Si5O18 – Cordierite 
ITO -Indium Tin Oxide MgTiO3 -Magnesium titanium trioxide 
Cu2O -copper (I) oxide; cuprous oxide MgTi2O5 -Magnesium di-titanate 
CuO -copper(II) oxide; cupric oxide ZnTiO3 -Zinc titanate; zinc titanium oxide 
Cu2S -Copper(I) sulfide CaTiO3 -Calcium titanium oxide 
YBa2Cu3O7-δ -Yttrium barium copper oxide SrTiO3 -Strontium titanate 
TiC -Titanium carbide SIALON -Silicon aluminiumoxynitride 
TiCN -Titanium Carbo-Nitride; Carbo-Nitride BaTiO3 -Barium Titanate 
PbTiO3 -Lead titanate ZrO2 -Zirconium dioxide 
BiFeO3 -Bismuth ferrite ZrB2 -Zirconium diboride 
LiNbO3 -Lithium niobium trioxide ZrC -Zirconium carbide 
ZrSiO4 -Zirconium silicate Ca3ZrSi2O9 -Calcium zirconium silicate; Baghdadite 
ZrW2O8 -Zirconium tungstate SiO2 -Silicon dioxide 
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SiC -Silicon carbide SiOC -Silicon Oxycarbide 
Si3N4 -Silicon nitride BaO -Barium oxide 
MgALON -Magnesium aluminium oxynitride MgO - Magnesium oxide 
BeO -Beryllium oxide NiO -Nickel oxide 
MnO -Manganese(II) oxide ZnO- Zinc oxide 
CoO -Cobalt(II) oxide LaCrO3 -Lanthanum Chromite 
LaB6 - Lanthanum Hexaboride LiCoO3 -Lithium cobalt(III) oxide 
LiTaO3 -Lithium tantalite Y2O3 -Yttrium oxide 
Co2O3 -Cobalt oxide Er2O3-Erbium oxide 
Nd2O3 -Neodymium(III) oxide Ca7Si2P2O16 - (Nagelschmidtite) 
HAP - (Hydroxyapatite) BaAl2Si2O8 - (Barium aluminosilicate) 

3Y-TZP - (tetragonal zirconia polycrystal) 
[(Si3N4)–hBN] – (Silicon nitride-hexagonal boron 
nitride) 

GDC-NiO - (Gadolinium doped ceria- Nickel(II) oxide) Y-TZP - (yttrium tetragonal zirconia polycrystal) 
CCTO - (Calcium copper titanate) Li2O5Si2 - (Lithium di-silicate) 
BN-SiO2 - (Boron nitride- Silicon dioxide) CaSiO3 - (Wollastonite) 
Ca2SiO4 - (Di-calcium silicate) CaMgSiO4 - (Monticellite) 
Mg2SiO4 - (Di-magnesium silicate) Ca2MgSi2O7 - (Akermanite) 
Ca3MgSi2O8 - (Merwinite) (Sr,Ca)SiO3- (Hardystonite) 
Ca7MgSi4O16 - (Bredigite) Zn2SiO4 - (Zinc silicate) 
Ca5P2SiO12 - (Silicocarnotite) Mg-PSZ - (Magnesia partially –stabilized) 
K[AlSi2O6] - (Leucite) Mg2Al4Si5O18 - (Magnesium –Aluminosilicate) 
ZTA/ZrO-Al2O3 - (Zirconia Toughened Alumina) BaAl2Si2O8 - (Barium aluminosilicate) 
Sc2W3O12 - (Tungsten acid scandium) α-Al2O3 - (alpha - Alumina) 
3YTZP - (yttria-stabilized tetragonal zirconia 
polycrystalline) Al2TiO5 - (Aluminiumtitanate) 

Al2O3*TiO2 - (Aluminum titanate) PFM - (Porcelain-fused-to-metal) 
γ- Al2O3 - (Gamma-alumina) CNT - (carbon nanotube) 
HCA - (hydroxyl carbonated apatite) YSZ - (Yttria-stabilized zirconia) 

 
Figure 2. The list of ceramics availability in the market 

 

 

3. Fabrication of dental-ceramics 

The preparation of ceramics will play a significant role in dental applications. Fabrication of 
engineered ceramic materials will cover common phases, including the heating phase of 
powder particles, which can be treated precisely to regulate consistency, chemical 
characteristics, durability, and industrial production quality. Because of massive interest in the 
research community and frequently the use of material properties in bioengineering processes 
is growing rapidly. Dental practices are being facilitated in the development and 
implementation of new ceramic materials. Ceramic materials used in dentistry have a variety 
of beneficial physical characteristics such as biocompatibility, buildability, poor thermal 
conductivity, wear resistance, or color sustainability. Ceramic material processing is carried 
out using a number of methods and techniques. Fabrication techniques of bio-ceramics has 
attracted research interests and various techniques are used to reduce the porosity of the 
ceramic and increase the durability and surface coatings property. Ceramic products can 
traditionally be designed in a variety of geometric shapes, such as porous fibers, pipes, disks, 
various frame works. The preparation, refining, sintering, and finishing of different ceramics 
can be made in various phases/routes. Nanomaterials, which are widely used for the restoration 
or replacement of lost parts, are classified as three categories: metals, ceramics and polymers. 
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Nanomaterials which demonstrates certain characteristics, including stiffness-strength, 
durability, toughness and microbial effect to its implementations. Dental ceramics have always 
been categorized by the temperature range, the various types of dental ceramics are fusing, 
medium fusing, low fusing, and extremely low fusing approach. The thermal treatment 
methods utilized, including the solid-state process, appear to be easy to manufacture with cost-
effective ceramic materials. Consequently, glass-nanomaterials are being manufactured by a 
conventional molten metal-quench or sol-gel methods, in which a range of compounds can also 
be combined to solidified like glass [127], [128]. These were alternative approaches to the 
manufacture of ceramic materials and structures, including Tape Casting, Gel Casting (direct 
foaming), Slip Casting, Sol-gel Casting, Hot Pressing, Extrusion Process.The flowchart of 
Figure 3 lists the major techniques which are discussed in the paper. Phase Inversion Method 
and 3D printing technology has become fully configurable innovation technologies and 
transformative approaches to porous ceramic production [129], [130]. In order to enhance the 
production of high-purity ceramic structures with significant properties, certain technological 
advances, such as polymer pyrolysis, sol-gel methodology and chemical vapor deposition, are 
injected into a heated reaction chamber in a relatively low molecular and volatile state where a 
solid reaction product is produced but also extracted as a clear amorphous product. The two 
significant advantages of the use of massively processed ceramics produced by Sol-Gel are the 
lower grain size, including lower sintering costs. The production of ceramic material could be 
configured into a number of geometric shapes, such as fibers, canals and flat surfaces. 
Pressurization and depressurization processes can be considered for the purpose of intercepting 
stress reduction damage which can be manufactured in four distinct phases, they are 
preparation of materials, refining, sintering and finishing. For fabrication of the dental ceramic 
materials, various techniques will be employed such as Wet-foaming, gel-casting, freeze 
casting, thixotropic-casting and phase inversion methods. Wet foaming technique has shown 
significant shape complexity, pessimistic drying / binder removal effects due to cracking phase, 
drying time and also drying cost, fine particles in order to improve sintering techniques. Gel 
casting (Dry-foaming) technique is also one of the best promising techniques in the production 
of ceramic-glasses, consisting of uniaxial die pressing and cold isostatic pressing, as well as no 
requirement for dry precursors. Tape casting technique is one of the new trends and has proved 
versatile nature in manufacturing the thin and thick film components. It has been introduced in 
1940s and classified in two types i.e., aqueous and non-aqueous casting [131],[132]. Slip 
casting technique is most frequently used advanced technology for ceramics that allows 
consistent microstructure in casted part (porous space) porosity and  enhanced dispersion of 
ceramics [133]–[135]. Powder injection molding becomes the premier technique, which 
integrates polymer-binders, waxes with amorphous ceramics. Extrusion is also an effective 
selection in which the ceramic mixture is extruded through a die and produces semi-infinite 
objects with such a specified cross-section, rather than injection molding, which also includes 
various techniques such as blending, mixing, sintering, and drying. The Diamond Anvil Cell 
(DAC) technique can also be used to fabricate high-pressure ceramics [136],[137]. Lower 
liquid originates less precision of the mold filling, which needs high forming pressure, and 
drying also helps to reduce cracking failure, while increasing the size of the substance also 
increases the risk of cracking failure. The sintering operation is performed by combining the 
inter-connective bonding of all ceramic particles when heat treatment with the primary 
objective is actually to achieve a dimensionally accurate dense product. The interactive 
compositional bonding that develops a pre-existing bond within the component with its sintered 
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particles will be the same. Sintering techniques including solid-state sintering, pressure-less 
technique and also liquid-phase sintering technique are employed in the ceramic industry. 
Various non-conventional techniques used in manufacturing processes like Field Assisted 
Sintering, Microwave sintering and Spark plasma sintering. Manufacturing of nanoparticles 
will result in enhanced mechanical properties, including the ultimate tensile strength and the 
ultimate porous aspects. However, several improvements in engineering and science have been 
made. Traditional production techniques still have problems, developing interconnected 
porosity, inadequate elimination of excess particles within these polymers, uneven pore size, 
inadequate porous integration and poor configuration, including issues of reduced 
reproducibility, and also more time in manufacturing and human workload. 3D printing 
technology has been successively used for some clinical applications, driven by improvements 
in background information, accuracy, and surface integrity. Specific porous scaffolds that 
incorporate the formation of healthy bones, peculiar in size and thickness, have been developed 
in recent years. Sol-gel technique, gel-casting technique, solid-state sintering, polymer foam 
impregnation are the various porous ceramic methods used in manufacturing, and 3D printing 
technology provides increased speed, flexibility, economic viability, commercial feasibility 
and reduces equipment limitations [138], [139].  Temperature and pressure appear to be the 
principal reaction influencing ceramic synthesis variables. More prior techniques are being 
developed to supplement high purity ceramics with excellent properties, including the polymer 
pyrolysis process, the Sol-Gel method, and chemical vapor deposition. During the gas process 
in which the product is manufactured as a powder a relatively low molecular and volatile solid 
material was put in a hot environment. The overall rate of deposition is determined according 
to the rate of diffusion, nucleation rate, and reaction. Diffusion and reaction are aspects 
that significantly improve rates at low and high temperatures. Applications usually involve 
specialized medical devices, patient-implants, scaffolds, porcelain, including porous ceramics 
in all these recent years, various techniques such as 3D Binder based printing technique, 
Selective Laser Melting technique, Stereo-lithography technique [66], [140], [141]. Fused 
Deposition Modeling technique, Selective Laser Sintering technique may be used for the 
manufacture of dental ceramics due to its particle distribution, homogenization. Additive 
manufacturing has become an evolving technology that exhibits tremendous potential control 
over full design details, such as porosity, which significantly influences coating, providing a 
precise and complex design accuracy [142]–[145]. Stereo-lithography (SLA) has become one 
of the best modern techniques available for making dental products.  
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Figure 3. List of Fabrication Techniques addressed in the paper 

 

Figure 4. Stereo lithography manufacturing process [146]. 

Figure 4 demonstrates the overview of the SLA process from the incipient stage of 
manufacturing to the end part of product.  

Figure 5 clearly revels the microanalysis of SEM with magnification about 90× of a 
rectangular SLA-manufactured alumina sample. During the SLA-manufacturing process, the 
high viscosity of the S75 slurry causes macroscopic and microscopic deformations of the 
printed layers. (Fig. 5C,D) which generally do not occur with the S70, L70, L75, and L80 
slurries (Fig. 5A,B).  
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Figure 6 shows the external and internal views of SLA-manufactured alumina dental crown 
framework [146] inserted on an all-ceramic crown preparation (L80 slurry) (Fig. 6C). The 
crown framework could be placed on the all-ceramic crown preparation, but excessive 
oversizing resulted in a large marginal gap. The residual pillars and marginal gaps can still be 
seen (Fig. 6A). Based on this, the hypothesis that dental crown frameworks can be produced 
using SLA manufacturing is confirmed.   

 

Figure 5. Representative photograph (A) and scanning electron micrograph (B) 
(magnification: 90×) of a rectangular SLA-manufactured alumina sample made from the S70 
slurry. The photograph and micrograph are also representative of the L70, L75, and L80 
slurries. Representative photograph (C) and scanning electron micrograph (D) of a rectangular 
S75 sample (arrows = macroscopic deformations) [146].  

A detailed indication of transposition of orientations of printed layers from specimens 
are shown in Figure 7, where it specifically explains that ZY and ZX-oriented frameworks 
which help to create a perpendicular orientation to the occlusal surface of the printed layers 
and thus parallel to the direction of the principal masticatory stresses applied to the occlusal 
surface[147]. However, the complexity of a crown shape that represents both the ZY- and ZX-
oriented from experimental conditions and clinical extrapolation are revealed. These findings 
need to confirmed in future studies replicating a highly more complex masticatory stresses that 
ceramics and other materials like zirconia are subjected to. This method may allow to determine 
the maximum layer surface of a complex crown framework, and other layer orientations. 
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Figure 6. Photographs of an SLA-manufactured alumina dental crown framework: external 
(A) and internal (B) views. Crown framework in place on an all-ceramic crown preparation (C) 
[146]. 

 

 

Figure 7. Transposition of orientations of printed layers from specimens studied to complex 
crown framework shapes: ZX, XY, and ZY. A, C, and E are in buccal view. B, D, and F are in 
mesial view [147]. 
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Figure 8. A) Recommended SLA orientations to manufacture complex frameworks (white 
bars: orientation of successive layers). B) Preparation of first right maxillary premolar for 
ceramic crown. C) SLA-manufactured alumina dental crown framework on first right maxillary 
premolar. SLA, stereo lithography [147].  

There are different types of techniques used in the manufacture of additives, including 
powder bed melting technique, material jetting technique, sheet metal lamination technique, 
material extrusion technique, vat photo-polymerization technique, direct energy deposition 
technique, and binder jetting technique. High-purity amorphous (ultra-fine) powders have been 
produced using various ceramic processing techniques. Formulation of the liquid phase, which 
helps to produce relatively homogeneous fine particles, includes hydrothermal synthesis as 
well as co-precipitation techniques. With the use of CAD software, each layer is formed has 
been determined by mixing materials and printing objects and the direct-digital output is 
popularly referred. However, in the recent years three dimensional printing technology has 
become a commonly applied method, including enhanced medical equipment, prosthesis 
implant, design processes for scaffolding, porcelain and porous filters also a manufacturing 
technology layer-by-layer to develop unique geometrical structure by means of material 
deposition [148]. Concerns about incorporating the use of 3D printing technology for 
nanostructures may facilitate the effective use of each porosity of ceramic glass, in particular 
for biomedical applications by incorporative various ceramic materials. The most complex 
research in medical practice prefers adequate production techniques to obtain the right 
implants. Scaffolds production techniques involving electro-spinning, solvent-casting and 
particulate leaching, chemical oxidation and molten-metal integration [36], [37], [39], [51], 
[53]–[55], [149], [150]. In this section, the summarized key outlines about manufacturing 
parameters and approaches, is detailed in Table 1. 
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Type of 
Ceramic-
material 

Type of 
manufacturing 
approach 

Time  Temperature  Heating 
rate: 

Cooling 
rate: 

Ref 

 Gel casting / Direct 
foaming technique. 

120 min  1400°C ---- ---- [151] 

 Phase inversion 
technique. 

120 min 1400°C ---- ---- [152] 

 Slip-casting 
technique. 

240 min 1400°C ---- ---- [153] 

 Phase inversion 
technique. 

---- ---- ---- ---- [154] 

 ---- ---- 1000°C ---- ---- [155] 

Aluminum 
oxide 
(Al2O3) 

Phase inversion 
technique. 

---- ---- ---- ---- [156] 

 Uniaxial die-
pressing technique.   

---- 650°C ---- ---- [157] 

 Slip casting 
technique.  
Uniaxial die-
pressing technique. 

---- 1400°C ---- ---- [158] 

 Direct foaming 
technique. 

120 min 1400°C ---- ---- [159] 

 ---- ---- ---- ---- ---- [160] 

 Gel casting / Direct 
foaming technique. 

120 min 

 

1400°C ---- ---- [161] 

 Gel casting / Direct 
foaming technique. 

120 min 

 

1550°C ---- ---- [162] 

 Gel casting / Direct 
foaming technique. 

120 min 1400°C ---- ---- [163] 

 Uniaxial die-
pressing technique 

120 min 1400°C – 1550 °C 30C/mm ---- [164] 

 Slip casting 
technique. 

180 min 800°C - 1500°C ---- ---- [165] 

 Phase inversion 
technique. 

120 min 1200°C 
 -1600°C 

1 °C/min ---- [166] 

Alpha-
Alumina 

 (α-Al2O3) 

Phase Inversion 
technique. 

120 min 1200°C 
 -1600°C 

2 °C/min ---- [167] 
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 Phase inversion 
technique. 

---- ---- ---- ---- [168] 

 Phase inversion 
technique. 

---- 1350°C 5 °C/min 

 

---- [169] 

 Phase inversion 
technique. 

---- ---- ---- ---- [170] 

 Phase inversion 
technique. 

120 min 

 

1200°C 
 -1600°C 

1°C/min ---- [171] 

 Phase inversion 
technique. 

60 - 120 min 800°C 
 -1250°C 

2 °C/min ---- [172] 

Gamma-
alumina (γ- 
Al2O3) 

Phase inversion 
technique. 

---- ---- ---- ---- [173] 

Gamma-
alumina (γ- 
Al2O3)  

Uniaxial die-
pressing technique. 

120 min 1000°C ---- ---- [174] 

Silica 
((fused)  
(SiO2)) 

Freeze casting 
Technique. 

240 min 1100°C ---- ---- [175] 

Silica 
((fused)  
(SiO2)) 

Freeze casting 
Technique. 

---- 1150°C 1 °C/min ---- [176] 

Zirconium 
dioxide 
(ZrO2) 

Non-aqueous tape 
casting Technique. 

 60 min 1480°C N/A ---- [177] 

Zirconium 
dioxide 
(ZrO2) 

Cold isostatic 
pressing 
Technique. 

---- ---- ---- ---- [178] 

Mesoporous 
Alumina (α- 
Al2O3 + γ- 
Al2O3 ) 

Sol-gel technique. 180 min 400°C 0.5 °C/min 0.5 °C/min 

 

[179] 

Silicon 
nitride 
(Si3N4) 

Hot pressing  
Technique. 

---- ---- ---- ---- [180] 

Silicon 
nitride 
(Si3N4) 

Freeze casting 
Technique. 

---- 1350°C ---- ---- [181] 

tetragonal 
zirconia 
polycrystal 
(3Y-TZP) 

Freeze casting 
Technique. 

180 min 1400°C 5 °C/min 

 

5 °C/min 

 

[182] 
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 Uniaxial die-
pressing 
Technique. 

120 min 900°C ---- ---- [183] 

Barium 
aluminosilic
ate 
(BaAl2Si2O8

) 

Uniaxial pressing 
Technique. 

180 min 850 °C – 1425 °C 3 °C/min ---- [184] 

Alumina+ 
Silicon 
dioxide 
(Al2O3 + Si 
O2) 

Non-directional 
freeze casting 
technique. 

180 min 1350 °C  5 °C/min 

 

---- [185] 

Aluminiumt
itanate 
(Al2O3*TiO
2)  

Uniaxial pressing 
technique 

---- ---- ---- ---- [186] 

Alumina/ 
tetragonal 
zirconia 
polycrystalli
ne 
(Al2O3/3Y-
TZP) 

Uniaxial die-
pressing 

Technique.  

120 min 

 

1400 °C -1600°C 3 °C/min ---- [187] 

silicon 
nitride-
hexagonal 
boron 
nitride 
((Si3N4)–
hBN) 

Hot pressing 
Technique. 

---- ---- ---- ---- [188] 

Gadolinium 
doped ceria- 
Nickel(II) 
oxide 
(GDC-NiO) 

Uniaxial die-
pressing 
Technique. 

480 min 900°C ---- ---- [189] 

yttrium 
tetragonal 
zirconia 
polycrystal 
(Y-TZP) 

Extrusion 
Technique. 

120 min 1050°C ---- ---- [190] 

Boron 
nitride- 
Silicon 
dioxide 
(BN-SiO2) 

Cold isostatic 
pressing 
Technique. 

60 min 

 

1400°C-1700°C ---- ---- [191] 

beta- Silicon 
nitride (β-
Si3N) 

Uniaxial die-
pressing 
Technique.  

 10 min 750°C-880°C 10-20 
°C/min 

5 °C/min [192] 
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Table 1. Various types of Ceramics and their Fabrication Techniques 

 

3.1 Tape casting 

Tape casting is a well-known approach in the production of ceramics which has been 
introduced in the year 1952, that also patented by scientist named Howatt. Ceramic materials 
are a rigid, brittle in nature and dense solid, where pores are usually considered to be defective/ 
defect in ceramic industry [144], [214]. However, Advances in ceramic particle technology 
production coupled with technological and research competition for porous thermal 
conductivity, integration of chemical-mixes, and highly engineered materials have increased 
interest in porosity ceramics. Figure 9 provides details of the preparation procedure of ceramic 
by tape-casting method [196]. The CRN method was used to create highly crystallised AlON 
powder as the starting material. Plasticizers included butyl benzyl phthalate and polyethylene 
glycol. For the preparation of slurry, green tape, and ceramics, polyvinyl butyral was used as a 
binder, and menhaden fish oil was used as a dispersant agent. Dental ceramic materials 
processing has contributed greatly to the introduction of modern approaches to ceramic 
material processing. The microstructure may be changed by adjusting the particle size, the 
porous structure, and the parameters of the sintered material. In the case of tape casting, 
thickness change is essentially a significant parameter for the physical activation of membranes 
and substances with a complex framework to sustain them. In comparison with conventional 
dental ceramic materials fabrication, the process of forming an alumina structure by tape-
casting has demonstrated outstanding mechanical properties. This methodology is more 
difficult and time-consuming to achieve accurate thickness, and a specialist is needed, and 
some dental laboratories will face difficulties during the process. When implemented, the use 
of thermo-compressed alumina tapes with a dental ceramic frame to improve adaptive response 
has demonstrated a forming technique [197]. Tape casting technique has become an effective 
method mainly used during the high-temperature manufacturing capacity of straight ceramic 
products. Ceramic products/components are formed by pouring the slurry consisting of 
powdered ceramics dissolved in solvents on a moving surface beneath the knife-side of a blade 
known as a Doctor blade, with the addition of dispersants, binders, and plasticizers. 
Interestingly, tape casting is performed by utilizing non-aquatic organic substances to 
synthesize the organic materials such as dislocation, additives and surfactants. Potential 
medical risks are the main issues related to the use of a non-aqueous substance, thus minimizing 
these challenges by using methods such as slow drying of tape casting techniques, powder 
agglomeration due to hydrogen bonding and low water-binding pressure necessitating elevated 
slurry levels. In that study the effect of the dispersant and binders in alumina aqueous tape 
casting slurries were characterized with electrophoretic mobility and rheological 
measurements. In aqueous medium, a 4, 5-dihydroxy-1, 3_benzenedisulfonic acid, was found 
to be a very effective dispersant for alumina. The best conditions to obtain a homogeneous 
stable slurry with a high powder loading suitable for tape casting were determined in terms of 
order of component addition, rheological behaviour and ageing of the suspensions. Acrylic 
binders should act through a cohesive mechanism and lead to green tapes with good mechanical 
strength. [198], [199].  In addition to therapeutic benefits, medical implementations and 
ceramic repairs prerequisites are realistic manufacturing of different geometry with a precise 
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fit to adjacent teeth and enhanced corrosion and resistance. All-ceramic technique is used for 
accurate and consistent, limited-shrinkage. Growing demands in dental practice for 
regenerative treatment and metallic bacterial infections have recently greatly contributed to the 
growth of various ceramics. PFM systems consisting of a metallic load-bearing system and a 
ceramic adhesive for architectural aspects but account for about 80 percentage of all long-
lasting tissue regeneration compared with PFM reconstruction in general and specifically 
[200]–[202]. Tape-casting leads to the development of dense ceramic materials by means of 
powdered ceramic slurry, typically non-aqueous particles containing different 
superplasticizers, additives and coatings to produce a dry tape that is very durable in processing 
of all ceramic types, analysis and thermal compression for greater responsiveness of dental 
implants [203],[204]. The mixture of tape casting can be modified to yield bands that meet 
certain quality criteria, such as (I)no drying deformities, (ii) cohesion to allow drying of sheets, 
(iii) microstructural stability, (iv) effective thermo-pressing (lamination) capability, (iv) 
efficient pyrolysis (de-binding) and also (v) superior mechanical hardness to heat treatment 
[205]. In general, the method of preparation takes place in various stages. The formulation of 
its slurry for tape casting is heavily dependent on the solids concentration, the order of the 
additives being added, and the binder quantity. All of these parameters can affect the final 
properties of ceramic tape, including density, thickness, porosity, surface quality, and 
mechanical behavior. The dispersants are used to produce a slurry with a well-dispersed 
powder. The binders retain the particles after molding until the tape is sintered, and the particles 
are eliminated by thermal treatment. Plasticizers add versatility to green tape. The formulated 
mixture begins to pour into a container as well as the band is positioned on such a mobile 
polymer band, the green band is monitored and laminated to include denser components to 
enhance mechanical stability and density [206]. The pseudo-plastic properties of slurry mixture 
are preferred to stabilize homogeneity, and during the casting process and also viscosity has 
been reduced but improved after casting [207]. The slurry would be reduced to a semi-rigid, 
versatile tape that will eliminate the drying phase of the solvent. Artificial drying or drying at 
low temperatures and thermal conductance can be achieved by including the boiling point of 
the lowered solvent that enhances the drying process [208]. It prevents the formation of cracks 
in green tape due to stress and heterogeneous-shrinkages [209]. The dry tape is used for 
lamination which enhances surface roughness and architectural cohesion. The multi-layer 
green surface is formulated by pressing the 10Mpa – 30 MPa layered tape at the heating rate 
above the nominal temperature of the binder mixture as well as the plasticizer frame. Thermo-
pressure makes ensure that the surrounding particulate matter is interpenetrated and therefore 
also improves its green density. In addition, lamination can be done with lower pressure about 
2.5 MPa – 5.0 MPa at room temperature [210]–[212]. Furthermore, organic solvents need to 
be phased out of tapes to stop disintegrating, such as laminate de-lamination. Slow drying, low 
tape green power, improved crack sensitivity, increased hydrogen bonding agglomeration and 
possible material reactions with H2O are the disadvantages of the aqueous medium. It also 
significantly restricts their applications in the real world, while simultaneously reducing health 
problems and possible risks, with a much more controllable procedure and lower prices. 
Superfine waterproofing tape casting provides an increased variety of choices, a unified green 
structure, reduced surface tension, and limited boiling points. Hence, the tape casting technique 
is one of the conventional techniques in manufacturing the ceramics or bio-glass ceramics.  
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Figure 9. Preparation procedure of ceramic by tape-casting method[196]. 

3.2 Gel casting (direct foaming) 

Gel-casting appears to be a fascinating technique in ceramic industry for producing high-
quality ceramic components with a complex/complicated shape. Gel casting is a relatively new 
methodology for ceramic powder molding constructed based on conventional ceramics and 
polymer chemistry definitions. Gel-casting is a novel colloidal formation of ceramics, initially 
introduced by the Oak Ridge Laboratory, Tennessee, USA.  This method is simple to 
implement, which significantly improves performance, and budget-friendly engineering and 
manufacturing technologies for the ceramic industry and the finest quality complex porous 
components have been included in the development. But to produce high-quality, complex 
ceramic components through the in-situ production of a macromolecular matrix to retain 
ceramic aspects. Figure 10 shows the detailed description about the gel casting technique 
[213]. TBA (Tert-butyl alcohol) is frozen from top to bottom, forming complete unidirectional 
crystalline prisms that penetrate the entire body and serve as the template for pore channels. 
(Fig. 10c). The frozen bulks may be easily removed from the molds at 3 C (Fig. 10d), and then 
heat-treated at 85 C. (Fig. 10e). These freeze and gelation phases produces green ceramic 
bodies with excellent strength, and the final ceramic pieces that are made using the drying, de-
binding, and sintering processes. (Fig. 10f). Figure 11 demonstrates the microstructures of 
porous ceramics via gel-casting process. The freeze-gel casting technology is used to create 
porous ceramics with unidirectional pore channels. Unidirectional pore channels structure 
depicted in Figure 12. By combining the gel casting and freeze drying technologies, porous 
ceramics with unidirectional pore channels is fabricated, as well as porous ceramics with very 
good unidirectional pore channel structure, as shown in Fig. 12. Gradient porous ceramics is 
also fabricated using the freeze gel casting of an alumina/TBA/AM slurry. Molds containing 
slurry and packed by heat barrier layers are placed under conditions with a temperature 
gradient. One end is set below the freezing point of TBA and the other end is exposed to air at 
the temperature in its melting range. As a result, the slurry froze from the cold bottom, forms 
the TBA crystals. Solidification and volatilization, on the other hand, occurs near the hot 
surface. These two procedures acts  in opposite directions at the same time, resulting in a novel 
pore gradient structure. Figure 13 reveals the formation of full densification without defects in 
the porous region near the bottom (Gradient pore alumina)[213]. Sintered parts showed nearly 
complete densification with no visible defects, either in the dense region near the top surface 
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or in the porous region near the bottom, where alumina walls were present (Fig. 13d). Unlike 
the circular cross-sections in aqueous or camphene-based freeze casting, a green body with 
pore channels is fabricated using TBA as a template in its frozen state. Gel-casting has been 
used since its invention in the production of thick, porous, and complicated ceramic 
components. And Near Net Shape is a very interesting technology for Gel-casting. The 
macromolecular gel membrane is the result of the in-situ polymerization of synthetic 
monomers applied to hard ceramic compact formulations. This gel particle size is capable of 
generating sufficient strength to maintain its weight so that it can be treated without structural 
modification [214]–[216]. Similar to a relatively homogeneous microstructure, the gel-casting 
process has the potential to reduce costs and durability employing a standard dry pressing 
technique. There are two categories of solvent used for gel-casting which are aqueous and non-
aqueous. The aqueous method is favorable despite being ecologically responsible [213], [217]–
[220]. The traditional approach of the gel-casting technique which is used to prepare 
suspensions of higher loading and lower viscosity, thereby increasing the suspension of the 
non-porous mold. Replication of insights into conventional ceramics and polymers is based on 
which the gel-casting approach focuses, and its theory is that monomers responds to the 
polymers and also as required to build a 3D structure that freezes suspended solids. Green 
structures that are processed using a gel-casting technique demonstrated similar homogeneous 
surface morphology including the suspension of the substrate, thus enhancing the consistency 
of its formation as well as the strength of ceramic products. It is also very important and 
essential to prefer the gel casting procedure. Every gel-casting component tends to be 
chemically resistant in most polymeric products, including oxidizing, highly radioactive, 
explosive, harmful, and environmental activation of organic substances, while some 
monomeric units are capable of sensitizing exposed workers and, ultimately, are all unpleasant 
[221], [222]. Ceramic particles are dispersed in an aqueous mixture consisting of a monomer, 
a cross-linking agent, free-radicals and solvent to produce a mixture that is then poured into 
the sufficiently configured in-situ molding and polymerized to form a polymer-water gel that 
helps to move its dispersed ceramic particles into the molding cavity. The gel casted component 
of equal thickness, when the chemical is extracted from the molding even it will be warm/hot 
condition, but then the wet-gel component is separated into a dried green body under 
experimental conditions, and the dried-up green plate is ready for the machining process. The 
processing and sintering of binders begin with a number of ceramic formation techniques [223]. 
Ecological emission techniques for gel casting are made from low-and non-toxic gel castings. 
Certain methods for controlling and eliminating internal stress and thermal decomposition in 
ceramic gel-cast green bodies are purely for ceramic colloidal-molding processes. In 
comparison with gel casting, wet foaming processing route appears to be the most viable 
method of ceramics production. Due to its dry phase, wet processing can effectively balance 
interactions between particles and improve their consistency, while at the same time reduces 
defects across ceramic microstructures. Colloidal production has been one of the most 
successful approaches to improve the durability of ceramics. In recent years, several studies 
have focused on work with an opinion to modify the processes to improve ceramic reliability 
[224]–[226]. Normally, solvents consist of Ca2+ ions are reacted with sodium-alginate to 
produce gels. The rate of gel formulation between calcium salts and alginate is difficult to 
control, making it impossible to complete well-casting processes in a timely manner by 
changing the temperature of the outlet [227]. Colloidal forming involves a gel-casting 
technique, a tape-casting technique, a direct coagulation technique, and an injection molding 
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technique. A colloidal formation can strengthen particles in green glass ceramics, greatly 
enhance its crystalline structure as well as the homogeneity of green ceramics and reduce the 
cost of manufacturing ceramic materials [228], [229]. A few investigations had all of its slow 
release of the aluminum coagulation factor hydroxyl-aluminum diacetate particles in a liquid 
state in which the ceramic particles were coagulated by compacting the electrical dual-layer by 
inducing the gel formation of alginate compounds introduced in aqueous phases [230]. Gel 
formation continues to evolve through rapid casting gelatinization, resulting in a variety of 
cross-linked volumes and a heterogeneous nature within the casting. A controllable reaction of 
calcium salts with sodium alginate must be used to complete the casting technique. However, 
with its lower liquid solubility, Hydroxyaluminum(2+) diacetate is likely to be used to 
gradually remove acetate ions as well as aluminium in aqueous phases, reducing its pH while 
increasing ion strength. For most manufacturing industries, gas filtration, liquid metal 
filtration, and medical devices have high thermal conductivity. In the manufacturing process 
of ceramic products, short-chain amphiphilic acids typically used carboxylic acids to create 
globules that were distinct due to chain lengths for particle stabilization. Additionally, because 
of high electrostatic forces, short-chain carboxylic acids are added to the ceramic composite 
coating. These surface treatments will allow both the particles lyophobic and binding liquid-
gas interaction to control the globules. Over a long time, particle stabilization of the foam 
produced with surfactants is relatively stable. Ceramic porosity is still made from particle-
stabilized foams that can also minimize the effect of foam source and foam formation. For most 
of the gel-casting processes, engineered Optimized suspension deformation due to various 
factors including changes in temperature or particle distribution has always been stable. 
Simultaneous solidification causes the suspension to decrease in non-homogenized size in 
internal stress and crack formation during the Green Ceramic body manufacturing process. 
Ceramic foams are transformative materials with characteristics including high aspect ratio, 
relatively high longevity, low density, conductivity, as well as high resistance to corrosion and 
stress. The porosity of all ceramics emerged in the natural binder burned out of the micro-space 
of polymers within the green body during the gel-casting process. When the added natural 
polymers are distributed and spread in the liquid phase, the suspension phase, then the micro-
pores form uniformly in ceramics. Some Ceramics are produced by an in-situ synthesizing 
procedure [231]. With the formation of a macromolecular structure to hold the ceramic 
particles around each other. The same slurry can be used in the gel-casting methodology, which 
could result in a lower viscosity of large solid particles than organic monomers, which are made 
of polymerized binding material in the presence of a dried body, cross-linking polymers can be 
machined to produce more complex shaped ceramics. As a result, this method has been used 
in electronics, automotive, and defence industries to produce more complex, sophisticated 
ceramic materials. The gel-casting process uses liquid solvents as well as gel-formers, while 
the manufacturing sector has reduced the usage of gel-casting techniques for clear benefits, due 
to newly existed monomers such as acrylamide, a light neurotoxin portion. This issue may be 
partially addressed by the production of less harmful monomer solutions that make the industry 
more likely to use gel-casting approach. However, essential integrated elements are fabricated 
by gel-casting [232],[233]. Effective developments and challenges must be addressed until gel-
casting is a prerequisite. The toxic effects of its monomers, which have also been used in a 
time-consuming and repetitive dry phase. The use of organic gel-formers in micronutrients and 
small amounts of drugs is crucial to the successful implementation of their metrics [234]–[237]. 
Recent developments and their implementations for the widespread use of possible gel-formers 
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exemplify research into natural gel-forming categories of products. Two key aspects must be 
taken into account in the manufacture of ceramic materials with gel casting especially for the 
production of highly complex structures. First, the optimum frost speed must be assessed, 
which must be sufficiently fast to prevent foam from collapsing. Second, gel thermal 
conductivity must allow the formation of all mold cavity details and higher flow ability gels 
[215]. Many industrial perspectives have to be taken into account in order to produce more 
products in less time with less price.   

 

Figure 10. Full process for fabricating ceramics with long-range ordered porous structure by 
freeze-gel casting technique: (a) slurry preparation (ball milling, 24 h); (b) adding initiator at 
15 ◦C; (c) orientated freezing; (d) de-molding at 3 ◦C; (e) heat treating for solidification and 
volatilization (85 ◦C); (f) drying (40 ◦C), de-binding (500 ◦C, 2 h) and sintering (1500 ◦C, 2 

h).[213] 
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Figure 11. Microstructures of porous ceramics with long-range unidirectional pore channels 
fabricated by the freeze-gel casting method observed in different orientations: (a) vertical to 
freezing direction, (b) parallel to freezing direction, (c) at 45◦ angle direction and the dense 
walls formed between pores (d). [213]. 

 

 

 

Figure 12. The ceramics with very well unidirectional pore channels structure[213]. 
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Figure 13. Gradient pore alumina ceramics fabricated by the freeze-gel casting technique 
under the freezing temperature gradient of 12 ◦C/mm [213]. 

 

3.3 Slip casting 

The technique for fabrication of the ceramic materials by slip casting technique suggested an 
approach that combines the ceramic mixture with de-ionized water and feasible additives. 
Actually, the particles are not integrated with an aqueous mixture like water but are transformed 
mostly into agglomerates and the sediments. One of the most common forming techniques used 
in the ceramic industry is slip casting. This technique is an effective approach for producing 
accurate structure and dense ceramics. Due to its ease of manufacturing complex components 
and having large surface area, fine ceramic particles often tend to form agglomerates during 
manufacturing, resulting in effective viscosity suspensions but subsequently poor packaging 
properties. For both the homogenization and the rheological interaction of their suspensions, 
green structures have been shown particularly for hybrid or complex frameworks. It is therefore 
widely known that an effective approach to fine particulate matter depends heavily on a 
decision to disperse. In order to achieve effective casting results, ceramic particles should be 
completely de-agglomerated and concentrated mixtures achieved by effective rheological 
behavior [238]–[240]. Ceramics are formed through sintering the aluminum components by 
employing the slip-casting technique which has demonstrated enhanced flexural strength, 
resistance, and considerable ceramic porosity dispersion which also improved the strength of 
the fractures [241],[242]. There is also a wide range of methods used to manufacture silicone 
particles together with slip-casting, die-pressing, isostatic pressing but slip casting would be 
used to create a complex-shaped frame over its porosity base.  The strength of different 
ceramics is lies between 45 MPa-470 MPa in the slip casting technique, but all-ceramic 
production techniques are used for efficient and cost-effective, limited-shrink parameters 
[242]–[245]. Interestingly, colloidal methods, including slip-casting approaches, are 
commonly used for manufacturing ceramic cordierite materials or glass-ceramics. The 
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combination of its microstructure and finished product characteristics are important factors in 
the production of slip casting [246]. This technique was widely acknowledged due to its ability 
to meet the requirements of pore size distribution. It is the most common manufacturing 
approach in the ceramic industry is to provide an interactive porous structure which also 
appears to be processing organic polymers with ceramic modernization. Some of these 
techniques aimed to allow the manufacture of ceramic components with precise positioning 
over the entire micro-porous structure and macro-porous structure, as well as a satisfactory 
topography, although it is conventional. Limiting the specific quality of the scaffold has 
become one of the major challenges, especially in engineering and manufacturing including 
varying scaffolds such as β-TCP scaffolds, attracting researchers to improve the mechanical 
properties of bio-ceramics [247],[248]. In an experimental evaluation, the integration of the 
mixtures into the mold cavity occurs by separating the liquid porosity capillary of the slurry, 
which absorbs the dispersing material and ends up leaving the formed thick green body [249]. 
It is an advantageous approach to incorporate this technique with dual slip-casting techniques 
that develop a nano-porous structure that results in a final bio-scaffold macro-porous structure 
and particle distribution, including its improved mechanical characteristics. However, a 
foaming agent was used to achieve microstructure pores in the experimental results. In 
particular, a special technique incorporating a double polymer foam casting technique as well 
as a foam replica was used, which is an excellent Nano-porous β-TCP scaffold for biomedical 
applications [250],[251]. Polymer replication is one of the first techniques proposed for the 
production of structural porcelain within the regulated macro-porosity as well as the preferred 
micro-structure, but macro-pores remain manageable in size and maintains the required porous 
structure as well as high inter-connectivity. In recent years, pressure slip-casting has become 
the advance of slip-casting. But traditional slip casting uses Paris plaster and can be used 
roughly several times. The capillary pressure of the pore spaces in the mold cavity also the 
casting layer shaped at its mold interface which absorbs dispersion as if it slipped out. Slip 
casting can be defined as a filtering process, which is why even vacuum here on the sides of 
the mold or excessive pumping pressure mostly on the slippery side increases the filtering 
product deposition. The Paris plaster was modified by a porous structure in the polymer mold 
at a capillary pressure of less than 200KPa, which also allows for an optimum casting pressure 
of up to 4 and thus reduces the casting time; these plastic molds are often quite flexible, which 
is used for thousands of dental practices component textures. Glass dense structures may also 
be formed with a pressurized casting at acceptable processing times, which could also allow 
the possibility of automation. This is one of the main reasons why it is more cost-effective than 
conventional slip casting  [252]–[255]. In the slip casting technique, the configuration of green 
particles with porosity and large pore size distribution is improved. The highly deflocculated 
powdered slurry is produced with a relatively high percentage of particle density. By changing 
the characteristics of the powdered surface, a strong repulsive force is successfully achieved 
between the particles, and electrostatic repulsion is significantly higher than the attractive body 
[256]. Recently, slip casting has become a phase-of-the-art process for the production of all 
ceramics, including various clay materials, certain sanitary wares, cooking utensils. Also, 
significant progress has been made in the manufacture of advanced ceramics employing 
pressure slip casting. Slip casting techniques are ideal practices for the production of visible 
YAG ceramic materials too, as they are safer to overcome defects, including aggregate particles 
and agglomerates, through segregation and dispersion methods [239], [257], [258]. The 
production of fine-grain porcelain by pressure-slip casting has been given limited attention in 
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recent decades. The incorporation of grain into ceramic particles has several advantages for 
applications at high temperatures including some improvements in thermal conductivity, 
corrosion, and creep resistance. In addition, the sintering shrinkage is also reduced, the thermal 
conductivity and the mechanical properties are mostly due to micro-structural cracks forming. 
Furthermore, in some cases the thermal gradient disparity of various stages may cause this 
crack development to be sintered better from smaller particles than from equi-axed grain 
fractions [259]–[261]. Slip-casting must be filled in with a slurry (slip) into a porosity mold to 
form the final product. There is a high potential in using slip casting to easily and efficiently 
produce molds. The molds are typically low in tensile strength but high in porosity which 
reduces hardness. To maximize strength there has to be a certain porosity. In an investigational 
analysis it was revealed that the total no. of pores in  single slip casting was higher than the 
double slip-casting with heating temperature of 1200 0C [262].The number of pores in a 
specimen obtained with single slip casting was greater than that of the samples obtained by 
double slip-casting followed by heating at 1200 0C, which agreed with the porosity. Slip casting 
has become one of the most widely used ceramic processing methods, providing both an 
excellent microstructure for porous casting media and a high degree of ceramic phase 
distribution. Gypsum molds of reduced strength appear to be worn over time, while the water 
flowing through them weakens the spaces on the pores. These molds are typically excellent for 
producing complicated structures because when the green body loses water and then begins to 
dry out, the outer edge of the mold shrinks for an effective removal procedure. It is a good 
thing because it is the best way to get rid of equipment failures. Slip casting is mainly aimed at 
the development of cost-effective porous materials and also for the integration of flexible 
material versatility, especially in comparison with all other material manufacturing methods. 

 

 

3.4 Sol-gel casting 

Sol-Gel method is a type of wet-chemical technique requiring a lower pH value as well as a 
temperature that is too high for sintering which has been introduced in early 1846. Sol-gel 
technique is an advanced technique for the processing of powdered particles due to the presence 
of a strict limitation of the processing conditions.   Sol-gel casting product is either 
characterized by a nanoscale dimension, including its particle size and appears to be a very 
significant criterion for improving interaction and even stabilization at unnatural/new bone 
formation interfaces but sol-gel powder results in a significant reduction in its temperature and 
degradation effects during sintering. This approach provides for a chemical mixture of calcium 
phosphate-based compounds that would be effective in enhancing biological, chemical 
consistency for various engineering and ceramics manufacturing industries, it may also 
produce a mixture of calcium and phosphorus that can improve chemically in a homogeneous 
way [263],[264]. Also suggested among the synthesizing techniques for the production of 
ceramics were sol-gel techniques due to its economic response rates, most notably for the 
formation and manufacture of aluminum-based ceramic matrix composites with carbon 
nanotubes. The objective of achieving homogeneous distribution through rapid, regulated gel 
formation, liquid precursors, pH influence as well as high-power support including carbon 
nanotubes which also enhance the carbon nanotubes' intra-granular positioning which can be 
seen in the formation of ceramic particles. Eventually, the Sol-Gel method will also strengthen 

Page 26 of 68

https://mc04.manuscriptcentral.com/jss-ecs

ECS Journal of Solid State Science and Technology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 Acc

ep
ted

 M
an

us
cri

pt



For Review Only

27 
 

the bond structure between its carbon nanotubes and ceramics, which can also improve the 
bonding between their CNTs and ceramics by using synthesized carbon nanotubes and 
hydroxides or alkoxides as by-products [265]–[267]. In addition, Sol-gel methods may have 
been integrated with supramolecular surfactants, resulting in improved development of 
advanced surface modification materials in clinical research and industrial productions. 
Mesoporous materials appear to be particularly suitable for drug delivery applications, and they 
have also been a valuable research commitment to this particular issue over the past few 
decades [268],[269]. Sol-gel technique which can provide a possible structural, chemical and 
textural treatment and also the increased concentration of its sol-gel particles resulted in 
reduced operating temperatures throughout the sintering process as well as any degradation 
process in its application [270]. It is interesting that many functionalized components can also 
have a greater influence on the phosphor components within that sol-gel technique.  

Due to its versatility, improved purification, lower thermal conductivity, and the ability to 
check the dimensions and structure and function of grain sizes, the sol-gel method used in 
which all cations in the mixture are transferred initially to sol, then to dried gel, and finally to 
ceramic powders, in conjunction with the citrate sol-gel method [271],[272]. Another 
important thing is that Nd:YAG is a crystal clear ceramics which have been synthesized using 
the citrate sol-gel method [273]. Sol-gel cast silicate structure synthesizing was extensively 
researched due to its huge availability of structural silicone resources including mild reactive 
materials such as tetra-alkoxysilane. Hydrolysis and polycondensation of tetra-alkoxysilanes 
create silica gels that can also be integrated at temperatures of around 1000 ° C–1500 ° C at 
relatively low temperatures without melting into silica glass [274]. Wet-gels can easily create 
cracks during the process, making it difficult to produce amorphous. On the other hand, dried 
gels are better suited as by-products of silica glass as well as for the synthesis of monolithic 
silica glasses and integrated silica-based glass. The gel formation or the gelling phase occurred 
mostly in the sol-gel method at low or room temperatures. Various types could also be 
produced, including such aerogels, oxides, gels, bio-glasses Using the sol-gel casting 
technique, which allows the integration of chemical and inorganic molecules into cell types 
between silica matrices during the process [275]–[279]. The use of this technique can increase 
doping concentrations, strengthen compositional and microstructural capacity and develop 
custom organic solids that can facilitate the production of ceramic industry. This method is 
suitable for the development of bio-glass ceramics which would have been difficult to achieve 
through conventional melt-quenching and vapor-phase methods.  

 

3.5 Freeze casting 

Another ceramic fabrication technique, Freeze casting which was introduced by Maxwell in 
1954, which has become an impressive technique for the development and manufacture of 
porous materials with complex structures and morphologies, and in recent years has attracted 
a lot of interest. A simple approach, in which the material suspension is merely processed, that 
will provide materials with homogeneous porous structures, where the pore size appears to be 
a specific replica of frozen substrate particles, that also produce distinctive mechanical 
characteristics and have successful load-bearing applications, and also has led it to a significant 
number of studies in recent years. Alternative techniques for controlling pore space were 
employed. Figure 14 reveals  the freeze casting system during which the pore structure was 
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formed [280]. The TBA ice prism, ceramic walls, and liquid particle suspension make up most 
of the system. This method takes advantage of the fact that when TBA is solidified at a specific 
freezing temperature, it forms long, straight ice prisms with no branches. TBA gradually 
crystallizes into unidirectionally aligned ice prisms that ran from the bottom to the top, parallel 
to the freezing direction during the freeze casting process. The ceramic particles is repelled by 
the growing TBA ice prisms and bound by PVB, causing them to cohere and form strong pore 
channel walls. The solidification process usually took about 30–60 minutes, yielding a solid 
green compact. The green compact is then de-molded and vacuum-sealed at 50°C for 24 hours 
to allow TBA to sublimate. Because the saturated vapor pressure of TBA (8–10 kPa) is high 
enough to allow sublimation in a vacuum, solid TBA gets converted into a gaseous state. TBA 
crystals that are unidirectionally aligned sublimed and left one-dimensional channeled pores. 
Notably, regardless of the change in pore channel size under different freezing temperatures, 
the pore channels tends to align with increasing pore channel size in the freezing direction. The 
solidification velocity decreases with increasing layer thickness due to the thermal resistance 
of the solidified layer, in turn increasing the thickness of the solidified layer. 

 Freeze casting appears to be one of the most widely known techniques for enhancing the 
solidification rate, which may result in a decreased pore space. Because of its versatile nature 
and ease of handling, it is also possible to use certain types of ceramic materials to keep their 
structural design interdependent and also to facilitate the structure of the materials to be 
modified for a specific oral dental application. Biodegradable bio-glass scaffolding may also 
be modified by the biodegradability process by employing this approach. The 
complete accurate synthesis of the composition of the glass is ecological, especially where 
water can be used as an organic solvent. The average compressive strength can also be achieved 
through biologically low ceramic materials, including calcium phosphate which is considerably 
higher production control performance [281]. The dispersed particles are kept away during 
freezing, although the finished microstructures of porous materials and the stabilization 
composition have often influenced by the interaction between the surfactant particles and the 
solvent in the mixture. Regulation of its porous structure is necessary throughout the 
solidification process since it affects the strength properties significantly.  

The ultimate porosity can also be modified by adjusting both the particle load-bearing solids 
in suspensions and the pore space thickness. As the particle size is larger than the nanoscale, 
there is a considerable amount of fracture bonds on the particle surface. The amount of surface 
energy increases dramatically as the particles appear to be more important for agglomeration. 
Mostly as a consequence of this, solid particles containing nano-particular suspension are much 
more crucial for localization [282]. In an experimental study, processed porous YSZ ceramic 
materials are treated with uni-directionally aligned pore channels using a freeze casting 
technique with all −30◦C, −78 ◦C and −196 ◦C. This shows that a reduction in pore size by 
lowering the three temperatures of each sample and low thermal conductivities, due to the 
limitation of mold and other considerations as well as its influence on specific freezing 
methods, has been minimally taken into account [280]. 
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Figure 14.  Schematic illustration of freeze casting system and pore structure formation during 
freeze casting [280]. 

The composition of the specific structure of ceramic materials has a beneficial impact across 
several other developmental phases. The nature of its structural activity and all its diverse 
interactions and synthetic materials seem to be of great interest. The distribution of pores may 
also be adapted to the range generally considered essential for biomedical applications. Porous 
ceramic scaffolds are effectively synthesized and characterized by the incorporation of 
nanoparticles from the very first stage. There is enough evidence on the market that the frozen 
products are mixed [283]. The freeze-casting technique was applied to different materials, 
including polymeric ceramic materials and metals, due to their flexible character. The 
formulation also concerned primarily the direct physical contact for the application of the 
porous structure and the removal of the particles from the solvent matrix and substrate material 
used. Much of the initial freeze-casting technique is performed under gelation or drying on 
polymeric materials [284]–[286]. Ceramic porosity is based on various freezing techniques 
rates is increased by 70%. Highly complex as well as unstable, the porous structure of the 
specimen formed by homogenous freezing also has high compressive strength. By comparison, 
the porous structure seems to be more structured and it has a high porosity as formulated 
ceramics using the bi-directional freezing method [287],[280].  

The association within the particle size leading to synthetic ceramics is crucial for the high 
slurry concentration and for a small percentage of the particles to be locked into the 
microscopic particles via tip splitting and modification. The distribution of fined particles of 
pore size is always a key factor in the characteristics of different applications. While its porosity 
of micro-structured porous ceramics is indeed a version of the preceding ice-crystal structure, 
it is possible to adjust the finished porous structure of ceramic materials using different 
production needs [288]. The process of high anisotropic solvent solidification typically refers 
to the uni-directional solidification method and this approach is favoured as compared to 
isotropic solidification techniques.  
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Figure 15. Microstructure of uni-directionally aligned pore channels in the porous YSZ 
ceramics at different locations from the cooled end of 15mm (A1, B1 and C1), 9mm (A2, B2 
and C2), 3mm (A3, B3 and C3) and under different freezing temperatures of −30◦C (A1, A2 
and A3), −78◦C (B1, B2 and B3) and −196◦C (C1, C2 and C3). FT: freezing temperature[280]. 

Figure 15 shows the microstructure of uni directionally aligned pore channels in porous YSZ 
ceramics at different distances from the cooling plate of 15 mm (A1, B1, and C1), 9 mm (A2, 
B2, and C2), 3 mm (A3, B3, and C3) and at different freezing temperatures of 30°C (A1, A2, 
and A3), 78°C (B1, B2, and B3), and 196°C (B1, B2 and (C1, C2, and C3). Regardless of the 
microstructure details in the individual samples, pore channel size decreased significantly with 
decreasing freezing temperature. The authors believe that as the solidification velocity 
increased, freezing temperature dropped, resulting in reduced prism spacing and thus pore 
channel size. Under different freezing temperatures of 30, 78, and 196 C, there are variations 
in pore channel size with distance from the cooling plate in porous YSZ ceramics with 
unidirectionally aligned pore channels. Pore channel size is determined by measuring the size 
of pore channels in a section parallel to the cooling plate's microstructure. On each sample, the 
microstructure at four random locations is taken. Lower freezing temperatures reveals larger 
pore channel sizes and a wider size range in the samples. Regardless of the location, the pore 
channel size shrank as the freezing temperature drops.  In samples frozen at 30°C, the pore 
channel size is 31.6, 51.8, and 80.4m at 3, 9, and 15 mm away from the cooling plate, 
respectively. The corresponding values in samples frozen at 196°C decreases with decreasing 
the freezing temperatures to 16.4, 26.3, and 37.8 m, respectively. The pore channel size 
increased with distance away from the cooling plate, regardless of the freezing temperature. As 
shown in Fig. 15, the results are consistent with observations of microstructure development. 
Due to their thermal conductivity, copper and Teflon are typically made in the freeze casting 
base (down part) and top (upper part) of the mold easily to enhance surface morphology and 
solidification process. Also, porous ceramics with cylindrical pores closely connected uni-
directionally displayed a typical gradient structure with increased pore sizes from tens in the 
bottom up to hundreds in the top. The development of porous morphologies using freeze 
casting is fully justified towards removing both the breakdown of solidification into non-planar 
morphology and the distribution and displacement of particles within the specimens, both 
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affected by solidification [289].  Isotropic casting techniques are commonly employed in 
freezing gel production. Although ceramic materials do show a range of microstructural 
variations, the composition of which is almost isotropic. Under other conditions, precursors 
and suspension of the mixture may cause cross linking or the formation of gel until it is frozen. 

Fortunately, porous structures vary widely from closed structural morphology, including the 
incorporation of space-holding techniques with an isotropic freezing method for equi-axial 
cells to an open structural morphology, with the use of highly conductive frozen molds from 
the bottom as well as radially from the front of the freezer [175], [290]–[292]. Freeze casting 
is an interesting process of transformation that should be used by freezing and extracting 
solvents from ceramic suspension to form stable porous material. This approach has several 
beneficial effects including flexibility to adapt the porous structure by adjusting production 
conditions, employing a wide range of ceramic materials, low tooling costs, and energy 
efficiency. Both have significant applications in various areas, including dental practice, 
orthopaedics, thermal or electrical implementation, purifying, and pain control. Because this 
type of technique can still be customized, it can rapidly advance its crystalline structure 
throughout the entire production process. A valuable contribution to the structural interface can 
also be made by laboratory conditions for the production of ceramic materials with a good 
understanding of the future large-scale micro-structural structure using freeze-casting. Closely 
related porous materials will be useful for the industrial production of both material science 
and engineering applications [293]–[295]. In this context, a comprehensive analysis of the 
various ceramic materials used in freezing methods is carried out, mostly on the properties and 
applications of porous materials. Freezing methods also make a significant contribution to the 
morphology, microstructure, and durability of porous ceramic materials. 

3.6 Extrusion technique 

The extrusion technique is used conventionally in to manufacture of honeycomb ceramics first 
introduced by John Etherington in the year 1619. Honeycomb ceramics have a highly porous 
structure, smooth grids, crystalline structures and effective surface morphology in engineering 
applications is also about > 1 mm in size, and it would be too large for regenerative bone 
implants. The extrusion method will considerably increase the output of relatively affordable 
Honeycomb ceramics [296]. The new technique of extrusion as a ram extrusion is widely used 
due to its significant advantages, including the ease of implementation and the versatility. The 
ram extrusion method is an advanced production approach that includes enabling benefits in 
engineering, ceramic industry to maintain dimensional accuracy with ideal surface integrity 
and long-lasting cross-section area, affordability, customizability, and efficiency [297],[298]. 
Porous ceramic materials formed by other techniques show good microstructures, although 
there are some complications including such as massive production problems, structural 
ceramic disadvantages, and microporous uniformity uncertainty. On the other hand, the 
extrusion method is commonly used for the widespread processing of honeycomb structures 
and porcelain in the manufacturing industries, including for the processing of ceramic 
reinforced glass fiber composites [299],[300]. The extrusion method has been confirmed as an 
effective method of combining Whisker-shaped structured ceramic particles with implant 
material to create a Unidirectional crystalline structure after sintering [301]–[303]. The 
technique of extrusion is particularly beneficial since it eliminates the difficulties of mass 
production, pore size distribution, and matrix modification. Integration errors can occur 
through extrusion techniques with high surface area particles. The regulation of the alignment 
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of their pores can help to enhance the permeability of porous alumina ceramic materials. Due 
to the extremely structured microstructure, the resulting porous aluminum ceramic materials 
have higher flexural strength than traditional porous materials [304],[305],[306]. The 
homogeneous sequential flow of the compositional matrix results in a functional microstructure 
that stimulates the modification of the glass fibers in the extruder. Thus, flame retardant fibers 
are often used as pore-forming components, porous ceramics with uni-directionally positioned 
pore space may need to be formed by extrusion [300],[307]. A new type of extrusion technique 
called Thermoplastic Extrusion typically requires de-binding, which can be considered is 
among the most time-consuming, complex, and fragile phases in ceramic thermoplastics 
production. A significant volume of synthetic bonding material that is used inside feedstock 
for thermoplastics. The 40–50% binder is generally used to achieve the maximum rheological 
activity for the framing process. It is hard to extract such a large amount of binding agent 
without disrupting the composition of its particles. The blending process regulates the slurry 
mixture by combining ceramic powders with suitable plasticizers, lubricants, binders, 
coagulants, lubricants, deflocculants, surfactants, and preservatives. Several lubricants are 
widely used for lubrication purposes including silicones and crude oils. The extruder cycle is 
advantageous at lower speeds and high temperatures due to the high flow stress as well as the 
weak compressive strength of ceramic materials, as it reduces the capacitance on the flow.  

3.7 Phase inversion method 

The phase inversion technique seems to be regenerative for the manufacture of porous 
ceramics, particularly with very void fiber. It has been introduced in the year 1900. Phase 
inversion technique for the processing of anode substrates or compounds requires several 
phases of powder systemization using a solid-state or wet-chemical procedure. The process is 
time-consuming and energy-consuming, resulting in the emission of toxic gases [308][309]. A 
recent manufacturing approach, based mostly on phase inversion phenomena, has also been 
developed for the manufacture of functional ceramics, in particular with a very ceramic 
membrane configuration. This process was originally designed for the formation of a polymer 
membrane. The phase-inversion concept aims to convert the liquid form of polymer into a solid 
form of the polymer. Ceramic particles are dispersed as aqueous polymer solutions for the 
preparation of ceramic porous fibers. However, they are extruded into boiling water similar to 
a coagulation pool from a tube orifice spinneret. Mixing its water extraction liquid by 
immersion in water results in precipitation [310]. Phase inversion tape casting is also to be an 
efficient and easy method for the preparation of porous ceramic materials. It is also widely 
accepted that polymer solutions are being developed by the crystallization and development 
techniques as well as the production of finger-like macro voids. Diffusion-controlled aqueous 
streams are influenced by a mixture of polymers that surrounds the nucleus [311]. Phase 
inversion usually involves de-mixing procedures that transform the immediately 
thermodynamically sensible solution from liquid to solid state in a sensible manner. Its denser 
liquid phase can be reinforced by forming a dense framework at some point in de-mixing. All 
of these transitions are carried out in a variety of ways, including regulated solvent evaporation 
in three-component networks, submerged precipitation by incorporation into a non-solvent 
system, vapor precipitation and thermal expansion segregation [290], [309], [312], [313]. One 
major challenge that controls effective casting in phase inversion appears to be the lack of a 
structured and effective process for selecting a solvent mechanism. Both submerged 
precipitation and thermal phase inversion, as described in the studies, are commonly used in 
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ceramic industrial applications. Ceramic particles containing aqueous phase are milled for one 
day approximately 24 hours as a standard precursor material for suspension, complemented by 
even more stirring for more than 24 hours after polymer addition. The suspension would then 
be compacted by a dual-cylinder nozzle positioned near the non-solvent water [314]. In fact, 
this method is the main technique for the preparation of ceramic membranes.  

 

4. Dental-ceramics properties 

Ceramic glasses are also preferred as high-performance ceramics, competent ceramics, 
attenuated ceramics that provide crystal structure, with absolute manufacturing regulations for 
well-characterized / classified ceramic materials. The microstructure of some alloy powders, 
in which Figure 16 specifically shows the spherical geometry of the Co-Cr-Mo alloy and 
opaque porcelain powders.[315]. A CoCrMo dental alloy was used in this study in two forms: 
ingot and powder. The powder was produced by air atomization and supplied by Nobilmetal, 
the alloy’s manufacturer. The alloy powder particles have spherical shape (Fig. 16) and the 
particle size distribution is the following: D10 = 4.44 µm; D50 = 8.27 µm and D90 = 12.76 
µm. An opaque porcelain powder was used in which the composition is shown in micrograph 
in Fig. 16(b).  The measured specific surface areas of four groups of powders are 12.46 (P0.4), 
6.10 (P0.9), 5.01 (P1.5), and 3.46 (P2.0) m2/g, which corresponds to the median particle size 
D50 sequence. As a result, the powders can be classified into four groups based on their median 
particle size: fine, medium-fine, medium coarse, and coarse powder. The SEM images of four 
AlON powders show the particle size characterization (Fig. 17). The AION is one of the hardest 
polycrystalline transparent ceramic materials as shown in Figure 17.  The particle size 
characterization of four AlON powders from SEM images and fracture analysis of AlON 
powders are shown in Figure 19. The AlON sample has a relative density of up to 99.83 percent 
(using a theoretical density of 3.688 g/cm3), contributing to its high transmittance. As a result, 
using coarse AlON powder in direct aqueous slip casting to prepare green bodies for pressure 
less sintering of highly transparent AlON ceramics is a feasible option.  For the better 
understanding about the microstructure of ceramic composite Bi4Ti3O12, in research findings it 
has been revealed that both powders are in pure BIT phase. The SEM images and XRD patterns 
are exhibited in Figs. 18 However, after ball milling, BIT-1 powder contains equiaxially shaped 
particles with a diameter of 1–2.5 m and has a normal random XRD pattern. Because of the 
plate-like particle shape, BIT-2 powder contains single-crystalline plate-like particles with 
diameters of 0.5–3 m and a thickness of 0.2 m. The XRD pattern indicates a c-plane orientation 
(with stronger (0 0 l) peaks). The down surfaces which are in the two samples have the same 
random microstructure are clearly showed in Figure 20. It is worth noting that both samples 
bottom surfaces have the same random microstructure. The large c-plane of the BIT grains can 
be seen clearly in the top surfaces of the sample without magnetic alignment (as indicated by 
the arrow). However, it is difficult to find in the magnetically aligned sample.Ceramic materials 
which actually possess attractive properties such as corrosive behavior, strength, thermal 
conductivity and heat resistance, and good stability with a wide range of bioactive solvents, 
Stabilizing the glass structure and Nontoxic substance release. Due to the present of porous 
space and its chemical inertness, especially in aquatic environments, it does not always have 
harmful effects. Non-metallic inorganic solids include plastic fibers, feldspar, and silica, 
consisting of oxides, nitrates, carbides, and non-silicate ceramic glasses [316],[317]. The oxide 
compositions, though also involve both the crystalline structure and the amorphous forms of 
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the macroscale and the larger porous structure. As a result, conventional ceramic glasses, such 
as floor tiles, porcelain, can also be considered due to their ductility and durability, thermal 
conductivity as silica provides a significant temperature gradient in its melting state and 
feldspar. In addition, this nanomaterial will have good biocompatibility and limited 
temperature-dependent enamel adhesion occurring in three phases, Monoclinic, Cubic, and 
Tetragonal. The monolithic phase appears to be brittle at the temperature of the cellar, requiring 
stabilization in order to avoid the transition of the Tetragonal-to-Monoclinic in engineering 
fields [124], [318]–[321]. In the recent decades, Zirconia has attracted researchers and 
industrialists (for large scale industrial productions) because of its significant range of desired 
characteristics than Alumina. Zirconia has shown that, in dental practice, poly-crystal 
tetragonal zirconia is partially stable despite higher fracture resistance, which increases crack 
formation [322]. Yttria-stabilized tetragonal zirconia polycrystalline which has shown 
excellent biocompatibility, high strength, extreme durability, good biological integration into 
the body easily [323],[324], and microstructural consistency to match rugophilic surface as 
well as cell proliferation development [325]. In dental practice one of the most common used 
materials is Titanium, which has been considered as one of the best implant materials in dental 
practice due to its built-in capacity, durability, strength ratio, biocompatibility, easy and rapid 
integration into the body. It also has excellent morphology layer stabilization oxides, which are 
also used in intraosseous applications, and easy engineering in the ceramic industry [324], 
[326]–[328]. Using various research and review articles, the physical and mechanical 
properties for various ceramic composition, compounds are listed as shown in Table 2. 

 

Figure 16. SEM micrographs of (A) CoCrMo alloy powders and (B) opaque porcelain 
powders (Ceramco3) [315]. 
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Figure 17. SEM images of the ball milled AlON powders: (a) P0.4, (b) P0.9, (c) P1.5, (d)   
P2.0 [329]. 

 

 

Figure 18. SEM images of starting BIT powders (a) BIT-1with equi axial shaped particles 
(b) BIT-2 with plate-like shaped particles [330]. 

 

Figure 19. Fractured surface (a) and hot etched surface (b) of the direct coarse powder 
aqueous slip casting AlON ceramics [329]. 
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Figure 20. Microstructures of sintered BIT samples using BIT-1 powder with and without 
magnetic alignment. The observed surface was shadowed [330]. 

 
Table 2. Properties of Various ceramic materials [126], [134], [136], [137], [150], [331]–
[363]. 

Type of 
ceramic 

Flexural 
/Bending 
strength 

(MPa) 

Young’s 

Modulus 

(E) 

Fracture 
toughness 

(MPa.m1/2
) 

Compressi
ve strength 

(MPa) 

Hardne
ss 

(GPa) 

Tensile 
strength 

(MPa) 

 

Co- 
efficient of 
thermal 
expansion 

 

 

365 ---- 2.80  ---- 5.3 ---- ---- 

 350-450 70 0.8– 1.5 ---- 4–6.5 ---- 10.2 ±0.4 
× 10−6 
K−1 

 350-450 70 0.8– 1.5 ---- 4–6.5 ---- 10.6 ± 0.35 
10−6 K−1 

 250-365 90–100 2-3.5 ---- ---- ---- ---- 

 740.8  ---- 3.30 ---- ---- ---- ---- 

Lithium 
di- 
silicate    

740.8 ± 79.7 ---- 3.30 ---- ---- ---- ---- 
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(Li2O5Si2 
) 

 249 ± 16 ---- 2.1 ± 0.2 ---- ---- ---- ---- 

 215 ± 18 ---- 2.2 ± 0.2 ---- ---- ---- ---- 

 165 ± 16 ---- 1.8 ± 0.1 ---- ---- ---- ---- 

 185 ± 241 ---- 1.9 ± 0.2 ---- ---- ---- ---- 

 164 ---- 1.03 ---- 6.5 ---- ---- 

 80–120 70 0.7–1.2 ---- 6.5 ---- 16.6 × 
10−6 K−1 

              
Leucite(
K[AlSi2O
6])    

80–120 70 0.7–1.2 ---- 6.5 ---- 17.5 × 
10−6 K−1 

 55-134 65–67 0.8–1.3 ---- 5.3–7.9 ---- ---- 

Wollasto
nite 
(CaSiO3) 

294 46.5 2 60 ---- ---- ---- 

Di-
calcium 
silicate 
(Ca2SiO4

) 

26–97 10–40 1.1–1.8 ---- ---- ---- ---- 

Tri-
calcium 
silicate 
(Ca3SiO5

) 

93.4 36.7 1.93 ---- ---- ---- ---- 

Magnesi
um 
silicate 
(MgSiO3) 

32 8.5 ---- ---- ---- ---- ---- 

Magnesi
umAlumi
nosilicate
(Mg2Al4S
i5O18) 

---- 70 1.5 350 ---- ---- 1-2×10−6 
°C−1 

Di-
magnesiu
m silicate 
(Mg2SiO4

) 

203 ---- ---- ---- ---- ---- ---- 
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Monticell
ite 
(CaMgSi
O4) 

159 51 1.63 ---- ---- ---- ---- 

Merwinit
e 
(Ca3MgS
i2O8) 

151 31 1.72 ---- ---- ---- ---- 

Diopside 
(CaMgSi
2O6) 

300 ---- 3.50 0.2–1.36 ---- ---- ---- 

Mullite 
(Al6Si2O1

3) 

180 151 2 1310 ---- ---- 5.4 × 10−6 
°C−1 

Akerman
ite 
(Ca2MgS
i2O7) 

---- ---- 0.63–1.72 0.53–1.13 ---- ---- ---- 

Bredigite
(Ca7MgS
i4O16) 

156 43 1.57 0.233 ---- ---- ---- 

Hardysto
nite 
(Sr,Ca)Si
O3) 

136 37 1.37 ---- ---- ---- ---- 

Silicocar
notie(Ca5

P2SiO12) 

65 80 ---- ---- ---- ---- ---- 

 90–130 70 0.8–1.5 ---- 4–6.5 ---- 6.4–7.2 

× 10−6 
K−1 

              
Mica                                   
(AB2–

3(X, 
Si)4O10(O
, F, OH)2)    

140–160 48–164 0.6–2.2 ---- 3.2–4.5 ---- ---- 

Zin 
silicate 
(Zn2SiO4

) 

91 37.5 ---- ---- ---- ---- ---- 
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Zirconia 
Reinforc
ed 
lithium 
silicate 
(ZrO2 / 
Li2SiO3 ) 

444 ± 39 70 ± 2 2.31 ± 0.17 ---- 6.5 ± 0.5 ---- ---- 

Zirconia(
ZrO2) 

177–1000 100–250 1-8 ---- 5–15 115–711 ---- 

Zirconia 
Toughen
ed 
Alumina(
ZTA) 
(ZrO-
Al2O3) 

---- 330 7.3 2500 ---- ---- 8 x 10−6 
ᵒC-1 

Magnesia 
partially 
–
stabilized 
Zirconia 
(Mg-
PSZ) 

---- 205 6 1700 ---- ---- 10 x 10−6 
ᵒC-1 

Zirconiu
m 
silicate(Z
rSiO4) 

---- ---- 2.1 ---- 7.5 ---- 2.5-4 x10–6 
°C−1 

Zirconiu
m di-
boride 
(ZrB2) 

---- 450 2–3 ---- 14–23 ---- 5.9 × 10−6 
°C-1 

 500  380 3.5 - 4 ---- 22 267 ---- 

Alumina 
(Al2O3) 

379 375 4 2600 1440  ---- 8.4 x 10−6 
ᵒC-1 

Alumina-
toughene
d zirconia 
(ATZ) 

---- 250 8-12 2600 N/A ---- 10 x 
10−6ᵒC-1 

Aluminiu
m nitride 
(AlN) 

---- 330 2.6 2100 1100 ---- 4.2-5.8 x 
10−6 ᵒC-1 

Aluminiu
mtitanate 
(Al2TiO5) 

---- 10–20 ---- ---- ---- ---- 1× 10−6 
K−1 
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Silicon 
aluminiu
moxynitr
ide(SIAL
ON) 

760 288 6-7.5 ---- 1430-
1850 

---- 3 x 10−6 
ᵒC-1 

Silicon 
carbide 
(SiC) 

---- 410 4.6 3900 2800 ---- 4.5 × 10−6 
K-1 

Silicon 
nitride(Si
3N4) 

689-830 310 5.7-6.1 ---- 1450-
1580 

---- 3.3 x 10−6 
ᵒC-1 

Titanium 
dioxide 
(TiO2) 

---- ---- 3.2 680 ---- ---- 9 x 10−6ᵒC-

1 

Titanium 
carbide 
(TiC) 

---- 450 ---- ---- 3200 ---- ---- 

Titanium 
silico-
carbide 
(Ti3SiC2) 

---- 322 ---- ---- 4 ---- 9.1 x 10-6 

K-1 

Titanium 
di-boride 
(TiB2) 

---- ---- ---- ---- 33.7 ---- ---- 

Tungsten 
acid 
scandium
(Sc2W3O
12) 

---- ---- ---- ---- ---- ---- −11 × 10−6 

°C-1 

Boron 
carbide 
(B4C) 

900 460 2.2 ---- 37 ---- ---- 

 
5. Future aspects 

At all times of ceramic industry from past to present and in the future, ceramic productions 
play a vital role in the dental and orthopedics practices. One of the interesting aspect lies in its 
precision and accuracy when it is fabricated and manufactured from both conventional and new 
techniques. Ceramic manufacturing methods such as Tape Casting, Gel casting (direct 
foaming), Slip Casting, Sol-gel Casting, Freeze Casting, Hot pressing, Extrusion technique, 
Phase inversion method. These techniques are being employed to minimize the cost of 
components and to improve the production rate for engineering applications.  

 Most of these approaches only supports the possibility in enhancing the microstructural 
stability, but researchers can also work on particle incorporation during the fabricating 
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time in the mold. Compositional particle integration can be find out for the better 
results.  

 Employing various techniques for ceramic production are transforming into three 
dimensional processing due to its flexibility, durability, easy to produce more 
components in less time.  

 Fabrication of green bodies may affect the sintered material or component which has 
demonstrated enhanced particle stability, crystalline microstructure, particle size 
distribution and densifies the composition of mixture.  

 From our literature reviews, one main difficulty in every processing techniques is to 
enhance particle distribution and reduce porous space in the processed component. 
With the ceramic material properties like thermal conductance, fracture toughness, 
durability, coloration (in dental implants), flexural strength and hardness, which have 
proved some enhancements after heat treatment of the ceramic materials.  

 In this regard, the main problem is to improve the durability, porous space in the 
compositional structure and also the crystalline phase. The main aim in ceramic 
research findings is to develop and implement easily processing products in less time 
and with low labor cost (for ceramic components producers).  

 Ceramics advancements has been established or developed in the dental practices due 
to its availability and durable nature for implanting in to human body. Most common 
used ceramic materials in market include alumina, zirconia and silicates among others 
due to their integrative/ incorporative behavior in to human body easily and rapidly.  

 New ceramic compositions can also be found by reinforcing various raw ceramic 
materials for reducing the cost and to make it available to common people. 

  In the recent era, new techniques for fabricating the ceramics has been introduced 
which are called 3D printing, Additive manufacturing and CAD manufacturing.  

 All these techniques are being employed because of its interesting manufacturing 
capacity with more accuracy also the precision.  

 3D printing will continue to play an important role in the production of porous ceramic 
components in developing a production perspective.  

 Economic development of production includes functional development of prototypes 
and the feasibility testing as well as rapid tooling.  

 Many other processes of 3D printing still concern the production considerations, like 
Massive production with quicker and cheaper manufacturing, makes the components 
easier to manufacture. In addition, the size and shape of the component and designs can 
be used as being easy to produce.  

 Porous ceramic fabrication techniques are used in many fields of application, 
particularly in dental practices. It is widely used for research and development in tissue 
engineering, medical implant filtration technology, and engineering and replacement 
parts manufacturing.  

 It is used for the production of porous ceramic materials due to the challenging 
rheological transfer and specific features of the ceramics. At the moment, AM 
approaches are in the early developmental stages.  

 New technological innovation is required to focus on increasing the optimization of its 
application performance by new methods. 
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6. Conclusions 

In recent years, ceramic materials have attracted increasing attention due to its physicochemical 
integration, biocompatibility, and its ability to incorporate into the human body. The 
manufacturing process plays an important role to produce various required shaped ceramics, 
and to produce the ceramics in our own requirements (customized) such as porosity and 
durability. This is so that it can be used in dentistry as well as in various engineering and 
industrial applications. This article addressed about various types of ceramics which are 
manufactured using different materials such as alumina, zirconia and 3YZTP in order to 
achieve a significant property such as thermal conductivity, biocompatibility, corrosion 
resistance, strength and incorporating into body. Due to technological advancements ,there will 
be new approaches in producing the components especially ceramic components in a new 
direction, as we have a lot of conventional fabrication techniques which includes, tape casting, 
gel casting, hot pressing, freeze casting and phase inversion method. In addition, three 
dimensional customized products especially in dental practices are now becoming a great 
advancement in this generation. With huge demand in market for ceramic materials, a novel 
solution is found to produce more in an effective way and cost effectively. All fabrication 
techniques such as 3D printing and additive manufacturing approaches in various engineering 
applications as well as an outline for better understanding insight about ceramics and some 
methods and approaches for synthesizing and fabrications which are ease to use for industrial 
production. In this comprehensive review, we specifically summarize all previous works of 
experimental findings and present various beneficiary aspects of future ceramics 
implementation process with more beneficial attributes. 
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