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Abstract

:

Additive manufacturing and 3D printing methods based on the extrusion of material have become very popular in recent years. There are many methods of printing ceramics, but the direct extrusion method gives the largest range of sizes of printed objects and enables scaling of processes also in large-scale applications. Additionally, the application of this method to ceramic materials is of particular importance due to its low cost, ease of use, and high material utilization. The paper presents the most important literature reports on ceramics printed by direct extrusion. The review includes articles written in English and published between 2017 and 2022. The aim of this literature review was to present the main groups of ceramic materials produced by extrusion-based 3D printing.
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1. Introduction


Ceramics are considered high-performance materials due to their hardness, high resistance to wear, temperature, corrosion, and good mechanical properties. Ceramics with special properties are used in modern industries such as energy, aviation, military and chemical industries, additionally in mechatronics and biomedical applications [1]. The manufacture of ceramic products by the traditional method is divided into three stages: material preparation, forming (the most labor-intensive), and sintering. The forming of ceramic materials is carried out in various ways, such as isostatic pressing, injection molding, or slip casting. The technological process of each of these methods is different, but most of them use molds. Therefore, the disadvantage of these methods is the limitations that arise from the use of special equipment [1,2,3]. Another disadvantage is the limited complexity of the manufactured component, due to the simple geometric shapes of the molds. The materials are further machined, which are difficult to manufacture due to the brittleness of ceramics [1,4].



Materials that are used in additive manufacturing and 3D printing can be divided according to the adaptation to the selected production process (e.g., powders, fibers, and pastes) or according to the type of material (e.g., metals, polymers, and ceramics) [5,6]. The material in the production process is selected according to the use of a specific element. At the same time, it should have good physical properties and appropriate mechanical strength after the process, which can be improved with further processing [7]. Recently, there has been a lot of work on new polymer and metallic materials for 3D printing [8,9,10,11]. It is worth noting that there are many studies on the 3D printing of ceramics [4,12,13,14]. Ceramic materials are used in various AM techniques, such as material extrusion, binder jetting, and directed energy deposition [15]. However, extrusion-based processes are the most popular because of the low cost of the equipment used in this technique. In addition, it is possible to use different materials and the material losses in the manufacturing process are low [16]. The main extrusion-based ceramic manufacturing processes include Fused Deposition of Ceramics, Extrusion Freeform Fabrication, Robocasting, Thermoplastic 3D Printing, and Freeze-Form Extrusion Fabrication [15].



Generally, in the literature, we can find various groups of ceramic materials that are produced by 3D printing from fused ceramic deposition. The authors of this paper divided ceramic pastes into the following groups: oxides, non-oxides, mixed oxides, bioceramics, clays, and cementitious materials (Figure 1).



In the last decades of the 20th century, the technology of additive manufacturing (AM) and 3D printing has developed significantly. It is one of the fastest-developing technologies in recent years, and therefore it is considered to be part of the new industrial revolution [17,18,19]. In additive manufacturing, three-dimensional models are used to form the component layer by layer. Therefore, it is possible to manufacture components with non-standard dimensions and architectures and with different chemical compositions on a micro/molecular scale [1]. The advantage of 3D printing, which affects the fast development of this technology, is the possibility of creating products with a complicated shape and reducing processing procedures, such as making additional molds, using multiple machine tools. Notably, 3D printing provides design and production integration and can realize high-efficiency and high-speed manufacturing. Moreover, the more complicated the shape of the produced element is, the more reasonable it is to use 3D printing [8,20]. Therefore, 3D printing is becoming an increasingly popular method of manufacturing components used in various fields such as automotive, electronics, aerospace, chemical industry, and biomedical engineering (Figure 2) [1,9,21]. In 2020, the total AM market was valued at approx. EUR 7 billion, additionally, the compound annual growth rate was estimated at approx. 20% by 2025 [22].



The ISO/ASTM 52,900 standard describes the issues related to additive manufacture, in which seven categories of AM are presented [23]: (a) binder jetting, (b) direct energy deposition, (c) material extrusion, (d) material jetting, (e) powder bed fusion, (f) sheet lamination, and (g) vat photopolymerization.



Based on the Scopus analysis, a growing trend in the number of publications for the keywords ‘3D printing’ and ‘ceramics’ can be seen (Figure 3). The analysis shows that from 1993 to 2023, there are 2594 scientific articles. In the last three years, i.e., 2020, 2021, and 2022, the number of publications is 1379, which is over 53% of all publications from 1993 to 2023. By 2014, 227 articles had been published. After 2014, there is a significant increase in the number of works on 3D printing and ceramics, which indicates a breakthrough moment for this field. In the period 2015–2023, 2367 papers were published. This is related to the development of additive techniques, and thus the search for new methods of printing, process optimization, or research on compositions for printing, which will ensure, for example, the improvement of some physicochemical properties while reducing production costs.



This review will focus on the 3D printing of ceramics using the extrusion method, especially the fused deposition of ceramics and paste deposition modeling. Because there are many publications describing and comparing the techniques of additive manufacturing of ceramic materials via the extrusion method, the authors will focus on presenting ceramic materials that are used in this method, especially for ceramic pastes.




2. Fused Deposition of Ceramics


The literature review shows that there is no specific terminology regarding the 3D printing of ceramics. The authors [5,8,15,24] differently define the process of direct deposition of ceramic materials, such as Fused Deposition of Ceramics (FDC), Paste Deposition Modeling (PDM), Extrusion Freeform Fabrication (EFF), Direct Ink Writing (DIW).



Fused deposition of ceramics is often described as printing a thermoplastic filament with embedded ceramic particles (at a maximum volume of 60%). The filament is partially melted and extruded from a moving head layer by layer. Another approach is to use a ceramic slurry that is extruded from a die to form a fiber [24,25]. Therefore, in this work, the authors will focus on the 3D printing of ceramic pastes and will use the term fused deposition of ceramics (FDC).



Fused deposition of ceramics is a process based on the extrusion of ceramic paste in the form of a filament [7]. The process can be described in the following steps. In the first step, the ceramics are mixed with dispersants, solvents, and other phases until a homogeneous ceramic paste is obtained. Then, the paste is filled into a cartridge and extruded through a die, while the cartridge moves in computer-controlled x- and y-directions and forms into a 3D shape. Ceramic paste should have a high concentration of ceramic powder and a thixotropic flow. The final step is high-temperature sintering of the 3D-printed ceramic element [8,26]. Figure 4 shows a schematic of a fused deposition of ceramics.



Ceramic paste 3D printers can be divided into two groups, which differ in the way of feeding the material, namely, the separation of the container from the moving parts. There are devices that perform extrusion in a one-step process and devices in which the first step is material feeding and the second step is extrusion (two steps) (Figure 5).



The two-step process is often used in 3D printing to print large parts, usually from cement or cement-based materials. A typical concrete 3D printing process consists of four main stages: mixing, pumping, extruding, and building. A concrete 3D printer consists of a manipulator in the form of a robotic arm or a crane system that moves the print head to apply concrete along a defined path (Figure 6) [28].



In 3D printing with material extrusion, two main elements can be distinguished: a printer, which is responsible for the movement of the nozzle, and an extruder through which the material is fed and which controls the material flow. Extruders may differ in the extrusion system: (a) the piston is driven by a stepper motor, (b) a pneumatic piston, and (c) a screw conveyor (Figure 7) [29,30].



In an extruder using a piston-driven stepper motor, the material is in physical contact with the piston. In this method, it is possible to control the extrusion rate more accurately compared to other systems, because the system provides a constant displacement of the volume. In addition, there is a delay in the start and end of the extrusion process here, and as a result, the print may be inaccurate [31].



The driving force of extrusion in a pneumatic extrusion system is compressed gas. The most commonly used gas is air, but it can be replaced by nitrogen if sterility is required, especially in printing with biological inks. Pneumatic extrusion allows the printing of viscoelastic materials. In addition, this method provides a faster response time to print errors because the cartridge can be depressurized rapidly. This system requires the use of compressed gas and is therefore more complex to build compared to systems with a stepper motor [32,33].



In a system with a screw conveyor, a single screw extruder is used to supply material from the hopper to the nozzle. The rotary screw mixes the material during printing and ensures uniformity of structure and prevents phase separation. There are limitations to the materials used in this method. Soft materials such as cells are not printed with a screw extruder, as the shear force could damage the cell membrane [33,34].




3. Ceramic Pastes Used in the FDC Method


3.1. General Properties of Ceramic Pastes


Ceramic pastes used in the FDC method are characterized by high plasticity; therefore, they can be extruded. These materials can be homogeneous and heterogeneous, containing solids, water, and additives, which can be polymer plasticizers or inorganic electrolytes. The rheological properties of pastes are important due to the technological process and the final quality of the product, and it can be regulated by the grain size of solid particles (optimization of the grinding process) and the selection of past components with lower/higher plasticity [27,35].



As mentioned earlier, additives such as plasticizers, binders, and suitable dispersants are added to the preparation of printing pastes. Their function is to regulate particle dispersion and viscosity, as particle volume affects viscoelastic properties: storage modulus (G′) and loss modulus (G) [36,37]. The flow through the nozzles is allowed by the shear-thinning properties as the viscosity of the paste is reduced by several orders of magnitude and thus the shear rate is increased when an external force is applied to the extruded material. Moreover, after printing, the properties of the paste change due to evaporation and drying of the solvent, and the ceramic paste changes from pseudoplastic to dilatation. Ceramic pastes with high solids content and defined rheological properties, after extrusion from small diameter nozzles, retain their physical integrity and maintain their weight without deformation, and therefore it is possible to print elements layer by layer [36,38,39].



In general, the rheological properties are determined on the basis of the relationship between the external force and their reaction as flow or deformation. Rheological properties are important for the FDC method, and on their basis, appropriate technical parameters of 3D printing are selected, such as extrusion pressure [27,40].




3.2. Classification of Ceramic Pastes


As mentioned in the introduction, in this work, ceramics printed with the FDC method were divided into the following groups: oxides, non-oxides, mixed oxides, bioceramics, clays, and cementitious materials (Table 1). The authors presented and discussed the works from 2017 to 2022.



3.2.1. Oxides


Aluminum Oxide


The ceramics processing industry over the last decade has been strongly focused on the production of structurally complex three-dimensional objects with specific functional and mechanical properties. The scientific community sees the special potential of the additive manufacturing technology of ceramic materials in the 3D printing of catalysts. The macroscopic structure of solid catalysts affects the efficiency of heat and mass exchange in chemical transformations, the dynamics of the flow of reactants, and the increase in catalytic efficiency. Alvarez et al. in the work entitled: “Optimization of the sintering thermal treatment and the ceramic ink used in direct ink writing of α-Al2O3: Characterization and catalytic application.” Notably, [41] described research aimed at optimizing both the formulation of ceramic paste and the thermal treatment of 3D objects. In addition, novel catalysts with different geometries and packings were developed to enhance catalytic efficiency. In this work, the reaction of catalytic conversion (dehydrogenation) of ethanol was used for testing purposes. Aluminum oxide (Al2O3) and gelling material dissolved in distilled water were used to prepare the printing pastes. Al2O3 has several allotropes. In the described publication, the thermodynamically stable α form was used in the research. The results of experimental studies have been presented, which show that the optimal sintering conditions to obtain the best microstructural and mechanical properties are subjecting the sample to a temperature of 1550 °C (1823 K) for 6 h. It was also noticed that the dimensional stability of the prints increases with the increase in the concentration of the ceramic powder. However, a higher content of Al2O3 causes an increase in shear stress and the need to apply a higher pressure during the material dispensing process. In this study, a ceramic paste was selected for which both mechanical and printability properties were at a sufficiently optimal level and is 70% Al2O3 [42]. The studies of the packing geometry showed that the catalytic efficiency is directly related to the size of the catalyst surface. The authors proved that the structures of FDC-printed catalysts, compared to those commercially available with similar volume, show longer residence time, resulting in better catalytic performance [41].



Due to properties such as chemical and thermal stability, relatively good mechanical strength, good electrical and thermal insulation, and high availability, alumina is a material often used for engineering applications. In the work of Finke et al. [42], modifications of Al2O3 pastes by adding substances changing rheological properties were described. Part of the liquid phase was replaced with glycerin, while boehmite nanoparticles (AlO(OH)) partially replaced Al2O3. This resulted in a series of pastes with equal total solids content. The results showed that the influence of AlO(OH) on shear thinning is significantly greater than that of the liquid additive. In addition, nanoparticles of boehmite increase mechanical strength [42].



A compatible inorganic binder for Al2O3-based materials is aluminum dihydrogen phosphate (Al(H2PO4)3, AP), which strengthens Al2O3 ceramics by chemically bonding phosphate phases. In the work of Xin Xu et al., [43] describes the influence of AP agglomerates on dimensional shrinkage properties, mechanical strength, and printability.



In contrast to organic binders, which undergo a pyrolysis process during sintering, resulting in high shrinkage, inorganic binders, e.g., the aforementioned AP, contribute to greater dimensional stability, which is very important in printing with ceramic materials and is often a significant challenge. The aim of the research described in the work of Xu et al. [43] was to investigate the effect of AP binders, sintering additives (CuO and TiO2), and calcination temperatures on dimensional stability, porosity, microstructure, and mechanical properties. The use of the addition of CuO and TiO2 allowed the sintering of Al2O3 ceramics at lower temperatures. The authors developed the optimal composition and sintering conditions and obtained a ceramic material for 3D printing with high mechanical strength and low dimensional shrinkage and thus proved that aluminum dihydrogen phosphate can be used to print complex architectural features [43].




Titanium Oxide


Titanium oxide (TiO2) is one of the materials that has been used in the printing of ceramics, both in pure form and in the form of an additive. TiO2 is characterized by high photocatalytic activity and is also a material with antimicrobial properties [78]. Additionally, due to its high biocompatibility and osteoconductivity, titanium oxide can find potential application as a skeletal material for bone regeneration, as well as for various implants. Wang et al. [44] present in their work the preparation of bioceramic scaffolds (TiO2) by means of direct-writing techniques. The direct technique allows better control over the appropriate pore structure of the scaffolding. TiO2 sol-gel material for printing was prepared in a modified titanium diisopropoxide bisacetylacetonate (TIA) hydrolysis process. The selected printing methodology allows us to obtain 3D structures with a size of up to 10 μm with the possibility of obtaining controlled and regular pores [44].



In the literature, there are also examples of porous, hierarchical, and dense TiO2 structures with specific mechanical properties [45]. The material for printing obtained by the authors of the work [45] consists of TiO2, polyvinyl alcohol (PVA) as a binder, and zinc as a blowing agent. Foams with a porosity of up to 65% and an average pore size of 180 μm were obtained. The compacted samples had a modulus of elasticity of about 5 GPa and a compressive strength of about 100 MPa, while for the foam samples, the modulus of elasticity was 0.5 GPa, and the compressive strength was from 12 to 18 MPa. The tests show that the strength of the samples increases with the decrease in the porosity of the material. The next work also describes the preparation of hierarchical mesoporous TiO2 cell architectures by 3D printing. The authors of the study combine two processes, i.e., direct foam writing with colloidal processing. The foam consists of TiO2 nanoparticles, TALH (Ti(IV) bis (ammonium lactato) dihydroxide), which is an organic Ti precursor. After ink-foam preparation, the material was processed using continuous-flow direct writing and allowed to dry. After heat treatment, TALH is converted into TiO2, promoting bridging between adjacent molecules, and resulting in the mechanical and chemical stability of the structures. The authors of the study obtained foams that are biocompatible, non-toxic, and stable in water; therefore, they are a potential application for biofunctionalization or as a biocomponent. The presented methodology in the work allows us to obtain variable properties in the surface morphology, pore size distributions, as well as various photocatalytic effects [46]. Xu et al. [47] in the publication describe the 3D printing method based on extrusion, which allows us to obtain hierarchical structures with macro and micro pores from metal oxide powders. Notably, 3D printed materials based on TiO2, due to their structure and durability, can be used, among others, for filtration, thermal insulation, biomedical applications, and catalysts (including photocatalysts). The authors of the study compared TiO2 structures obtained from nanoparticles (NP), submicron particles (MP), and mixed particles (NP/MP). The conducted rheological tests indicate non-Newtonian properties of materials prepared on the basis of TiO2. One of the studies carried out by the authors of the study was the examination of the structural strength after heat treatment. The stress–strain curves were determined for the materials. Scaffolds made of NP/MP TiO2 were characterized by maximum compressive strength at 600 °C (873 K) and 800 °C (1073 K), 0.082 MPa and 0.129 MPa respectively, while at 900 °C (1173 K) = 5.36 MPa. Volume shrinkage for NP samples was as much as 67.9% during heat treatment, while MP and N/MPa are characterized by slight changes during heat treatment and the volume shrinkage was 4.5% and 6.8%, respectively. Measurements of the specific surface area show that N/MP has the highest BET surface compared to NP and MP materials. X-ray powder diffraction measurements show that the heat treatment converts the crystalline phase of the NP sample from the anatase phase to the rutile phase with better crystallinity [47].



During the ceramic extrusion process, the material should have adequate wetting in order to facilitate processing. Binders are often used for this purpose. Optimization of materials can affect the production costs, as well as easier control of the process, and therefore the authors of [79] investigated the mechanical properties of a mixture of TiO2 and an aqueous acid solution of the binder. The authors carried out viscosity determination studies using a capillary rheometer and a “cross-apparatus: rheometer:” developed at LMT Cachan. The processes involved mixing powder, acid, and water to form a paste, and then extruding it. The conducted research shows that the paste does not stick to the wall of the apparatus and does not slip according to the law of viscous friction and that the paste behaves completely differently from a viscous non-Newtonian fluid, which is probably due to the dissociation process taking place in the material. The conducted research allows for extending the characteristics of materials for printing ceramics.




Zirconium Oxide


Zirconium oxide is polymorphic and occurs in three allotropic forms: monoclinic, cubic and tetragonal. Each of the allotropes is stable in a different temperature range, e.g., the tetragonal phase is stable at a temperature of 1170 °C (1443 K) to 2360 °C (2633 K). However, this stability can be modified by adding other metal oxides such as yttrium oxide [80]. Zirconium ceramics (crystalline zirconium oxides) are characterized by high chemical stability, high mechanical strength, and good biocompatibility. This material has biomedical applications. It is used in dental restorations, hip joints, body implants, and bone fixings [48,81]. However, zirconia ceramics based on yttria-stabilized tetragonal polycrystalline zirconium oxide (Y-TZP) are currently used in biomedical applications. Y-TPZ is increasingly popular in dental applications, as it has high mechanical properties, biocompatibility, good fracture toughness, low thermal conductivity, good corrosion resistance, and good aesthetic properties [80,82].



The use of zirconium ceramics in 3D printing from pastes has been described in a limited amount of research. The authors investigate the properties of materials depending on the volume fraction of zirconium ceramics. In Peng et al. [49]’s work, the properties of materials printed from an aqueous ceramic suspension, which consisted of a commercial yttrium oxide stabilized zirconium powder (YZS) (solids content (<38 vol.%)), were investigated. Aqueous ceramic pasts were prepared by homogenizing YSZ powder with an appropriate amount of organic additives such as polyvinyl alcohol (PVA), polyethylene glycol (PEG-400), L-ascorbic acid (AA), and citric acid (CA). The element printed from the described paste and then sintered was characterized by a high density (>94%). Moreover, it retained the original morphology without any cracks or deformations with high linear shrinkage (approx. 33%).



Mohammadi et al. [50] evaluated the use of spray-dried commercial zirconia granules of 3 mol%. Stabilized with yttrium oxide, after intensive grinding, for the production of ceramic pastes. The starting material was spray-dried zirconium powder partially stabilized with 3 mol% yttrium oxide (in the form of granules or particles), to which was added Methocel (viscosity increasing agent, its purpose is to maintain homogeneity and prevent segregation of ceramic particles during printing), Darvan 821A (dispersant), glycerol (drying conditioner), Agitan299 (defoamer) and polyethyleneimine (gelling agent). The sample printed from the paste made of particles was characterized by a higher density before sintering; however, after sintering, the sample from the paste with granules had a higher density. Both sintered materials were characterized by a well-densified and fine microstructure. In addition, the samples printed from the paste with granules had fewer defects related to the decomposition of organic compounds. This can be explained by the fact that in these materials, there are large intermolecular spaces from which organic compounds were more easily removed.





3.2.2. Mixed Oxides


Lead Zirconate Titanate


Lead zirconate titanate (PZT) belongs to the group of so-called smart materials due to its piezoelectric properties and its use as a transducer in novel applications such as acoustic sensors, structural health monitoring, and energy harvesting [51]. Additive manufacturing combined with smart materials is called 4D printing, and therefore the PZT composite printing can be called 4D printing of ceramics [52].



Samuel E. Hall et al. [51] present in their work research on pastes PZT with varied water weight content to find a composition suitable for FDC printing. Particle size measurement using a scanning electron microscope (SEM), the PZT powder (Navy Type VI PZT ceramic powder) supplied by APC International (Mackeyville, PA, USA) consisted of spherical agglomerates with a diameter of 50–150 μm, and the individual PZT grains had an average diameter of 0.5 μm. For electrosteric stabilization, the ceramic particles received a coating with 1% polyelectrolyte—polyvinyl alcohol (PVA). The samples were evaluated for rheological properties and stability when aged. Pastes composed of less than 11 wt.% deionized water due to too high viscosity caused clogging of the nozzle and difficulties during the printing process. In turn, the addition of water over 14 wt.% caused the sagging of layers and material spreading after deposition. The observed large increase in viscosity was caused by the state of dispersion of PZT particles in the liquid. Increasing the content of ceramics resulted in a sudden aggregation and the formation of a gelled state unsuitable for extrusion. This phenomenon is caused by the forces of attraction between the particles, overcoming the dispersion by the medium and the surface of the PVA polyelectrolytes. The material properties of ceramics produced by the paste extrusion method were compared with those of the ceramics produced by the conventional die-pressing method. The relative permittivity of the printed sample after sintering was found to be 13.4% lower, but the piezoelectric properties were determined to be exceptionally close (within 0.1%) to samples obtained from die pressing. Aging tests showed that pastes were stable over a 24 h period [51].



In the work of K. Liu et al. [52] the results of research on printing with the composite material PZT core component of underwater acoustic transducer (devices that can convert acoustic and electrical signals into each other) FDC method are presented. The acoustic performance of this kind of ceramic can increase depending on the structure. Scientists have developed PZT slurry with high solid content and explored the influence of dispersants on rheological properties. It was found that 1.75 wt.% of ammonium polyacrylate used as a dispersant in the slurry exhibited the best printing effect. Ceramic frameworks differing in intervals between extruded rod fibers were printed. Pure trigonal perovskite structure is formed at the sintering temperature of the green body 1250 ÷ 260 °C (1523 ÷ 1533 K) and the relative density reaches 97.8%. With decreasing the distance between the extruded rods, the longitudinal piezoelectric strain coefficient (d33) and dielectric constant (εr) of the piezoelectric composite first increase and then decrease. The best electrical performance of d33 = 103 pC/N and εr = 274.34 has been observed for the printed structure with a filling density of 26%. Printed samples of piezoelectric composites with the best electrical performance used to prepare underwater acoustic transducers also have the highest voltage output. The maximum output voltage was 162 mV. Notably, 4D printing with piezoelectric materials allows for the rapid introduction of structural changes, which makes it possible to achieve better performances [52].




Barium Titanate


Barium titanate (BaTiO3—BT), an inorganic chemical compound that belongs to the known ferroelectric, pyroelectric, and piezoelectric materials, was discovered in the early 1940s. BT has been the first polycrystalline ceramic material discovered with ferroelectric properties [83]. BaTiO3 ceramic materials are widely used, e.g., in capacitors, multilayer capacitors, sensors, and energy storage devices [84]. However, due to the brittleness of BaTiO3 ceramics, new solutions for ceramic printing are being investigated, known processes are being optimized and the impact of various substances on the final effect and properties of materials is being studied.



Kim et al. [53] present an optimized method for 3D printing BaTiO3 ceramics using paste extrusion. The ceramic suspension consists of BaTiO3, polyvinylidene fluoride (PVDF), and N,N-dimethylformamide (DMF) solutions, which are both a binder, plasticizer, and dispersant, which allows us to obtain a high density of the final ceramic mass. The resulting ceramics were subjected to characteristic piezoelectric and dielectric properties. The highest BT density of 3.93 g/cm3 was obtained by sintering at 1400 °C (1673 K), which resulted in significant grain growth (based on SEM, XRD). This allowed for high-performance piezoelectric and dielectric properties (200 pC/N and 4730 at 103 Hz, respectively). Notably, 3D-printed ceramics typically have a lower density compared to traditionally printed materials, resulting in poorer piezoelectric properties. Therefore, scientists [54] determine the effect of bimodal particle distribution on the density and piezoelectric properties of 3D printed ceramics and materials obtained by standard compression, as a reference sample. The materials consisted of BaTiO3 (two different particle sizes), polyvinyl alcohol as the binder, and polyacrylic acid as a lubricant for slurry fabrication. The analysis showed that the samples obtained by both the 3D method and the traditional compression technique retain similar properties in terms of shrinkage and piezoelectric properties. The highest packing density was obtained by using a 50–50% vol. fraction. Printed samples had a maximum packing density of 35.99%, while compressed samples had 53.62% of the theoretical BaTiO3 value. Shrinkage and density from small monodisperse particles to bimodal mixtures decreased depending on the dominant powder size, where the apparent inflection point was at 50–50% vol. Additionally, it was found that sample shrinkage is lower for bimodal mixtures with large particles. Materials obtained by printing using 50–50% vol. can be characterized by a piezoelectricity coefficient of 350 pC/N, which gives a value higher by 40% than the monodispersed sample using 100 nm particles [54]. Another work of this team concerns the influence of BaTiO3 particle size (100 nm, 300 nm, 500 nm) on the final properties of the material obtained by freeze-form extrusion 3D printing. The conducted tests indicated a higher density and better piezoelectric and dielectric properties for samples containing finer BaTiO3 particles. The sample (100 nm BaTiO3) had a density of 5.13 ± 0.35 g/cm3, which correspond to 85.24 ± 5.74% of the theoretical value, piezoelectric properties of 204.61 ± 16.87 pC/N, which corresponds to 107.12 ± 8.83% of the theoretical value, and dielectric constant of 2551.09 ± 270 at 1 KHz, which is 115.38 ± 13.84% of the theoretical value. Using SEM, the morphology of the samples and grain size were examined. In addition, XRD analysis was performed to determine the crystal structure in the samples after sintering [55]. Renteria et al. in the article [56] describe the optimization of 3D printing parameters of BaTiO3 ceramic materials affecting the piezoelectric coefficient, relative density, and dielectric permittivity by using design experiments with a 2k-1 design. The studies looked at the effects of BaTiO3 particle size, polyvinyl alcohol (PVA) binder concentration, printing speed, and nozzle diameter. The conducted experiments indicate that the size of BaTiO3 particles and the amount of binder in the material significantly affect the properties of the final material. The use of appropriately adjusted parameters allows for obtaining ceramic materials characterized by a piezoelectric coefficient higher than 200 pC/N and a density of 90% of the theoretical value of pure barium titanate.





3.2.3. Non-Oxides


Zirconium Diboride


Zirconium diboride (ZrB2) belongs to the ultra-high-temperature ceramics (UHTC) group due to its excellent mechanical and physical properties such as high melting temperature, low density or great toughness and is a great object of interest for the ceramics industry [85]. In Sesso’s et al. work [57], the FDC printing method was used to print multi-scale porous ultra-high-temperature ceramics. Zirconium diboride powders were used, from which aqueous suspensions were prepared, consisting of common ceramic binder polyvinyl alcohol (PVA) and ceramic powder. The printing paste consisted of 0.06 wt. surfactant sodium 1-heptanesulfonate (C7) (powder by weight) and sunflower oil. The final pastes contained from 60 to 70% by volume of oil and from 30 to 40% by volume of an aqueous suspension of ZrB2. The test prints were made of a 37.5% volume of an aqueous suspension (containing a 25% volume of ZrB2, a 4% volume of PVA powder, and a 0.06% volume of C7) and a 62.5% volume of sunflower oil. The tested pastes could be printed through nozzles with a diameter of 250 to 410 μm. The printed structures were usually characterized by porosity in the range of 72.5–77%, depending on the printing architecture and sintering temperature. The sintering temperature has a significant effect on porosity. The high temperatures and rapid heating of the furnace cause the segregation of particles in the oil phase, creating larger hollow structures. In the described work, the bending strength was tested. The bending strength ranged from 0.97 to 10.4 MPa with a characteristic strength of 3.58 MPa. The authors emphasized that the results obtained in the work are better compared to the strength-to-density ratio of printed materials from other oxide ceramics.



Nevertheless, research is underway on additives to improve these properties. The most common ZrB2 additive to be found in the literature is silicon carbide fibers (SiC). ZrB2 improves the properties of SiC. For example, the SiC-ZrB2 composite has a higher thermal shock resistance than SiC alone. In addition, it was tested that at 20–30% vol., the SiC in ZrB2 provides optimal oxidation resistance, but this is dependent on particle size and secondary phase network connections [58,59]. The addition of short, chopped fibers has been investigated by Kemp et al. [60]. In their work, objects were printed for tests using the FDC technique with the use of slurries with a composition of 47.5 vol% ZrB2 and 10 vol% of SiC chopped fibers. The addition of SiC had a positive effect on the slurry flow properties, and thus on the printing process. The printed samples were subjected to pyrolysis. The conducted tests showed an increase in surface porosity. However, cracks appeared in the structure of the samples during the hardening and pyrolysis process. It is predicted that they may be caused by the difference in thermal expansion between SiC and ZrB2 [60].




Silicon Carbide


Silicon carbide (SiC) is a widely chosen ceramic material, owing to its popularity due to properties such as high strength with low density, high thermal expansion, and great thermal conductivity. Notably, 3D printing is an increasingly popular method of obtaining ceramic structures with the use of SiC. Zhang et al. [61] prepared SiC suspensions with the addition of carbon black and chopped carbon fibers. The binder for the entire slurry was sodium alginate. The tested samples were obtained by 3D printing combined with liquid silicon infiltration. Two pastes for printing with different solids content were tested: 32.38 vol.% and 34.68 vol.%. It was concluded that the shrinkage on drying was less than 4% for each material and the shrinkage after sintering was less than 2%. In addition, the sintered composites were characterized by high flexural strength: 238 MPa and 300 MPa for materials with a solid content of 32.38 vol.% and 34.68 vol.%, respectively. The chopped carbon fibers were arranged directionally in the scaffolds parallel to the y-direction [61]. Chen et al. [62] also obtained structures using 3D printing, but as slurries for printing, they used n-hexane mixed with polycarbosilane (PCS). The printed shapes were pyrolyzed to obtain ceramic SiC structures. This work shows that obtaining ceramic SiC structures using a pre-ceramic material is an easy and effective method of 3D printing. The paper shows that the printed structure of the material with the addition of PCS can be processed by oxidative cross-linking and pyrolysis and transformed into SiC ceramics. It was noted that strong shrinkage occurred during pyrolysis; however, the printed SiC ceramic retained its structure.



Another example using the SiC-based composite in the FDC printing method is presented in Held et al.’s work [63]. Aqueous C-SiC pastes with solid particles (carbon powder, α-SiC powder) and a plasticizer were prepared. The solids content consisted of 10% by the weight of carbon powder and 90% by the weight of α-SiC powder. The dispersing medium was distilled water, dispersing agent (Tamol NN 9401), and glycerol. The tested pastes were characterized by a low content of organic additives, which allowed omitting the pyrolysis stage. The printability was determined by analyzing the effects of printing, such as overhang printing and bridging. The average volume accuracy between the CAD models and the printed element was about 3.4%. No defects were observed in the microstructure of the samples. The flexural strength was 190 MPa, and the hardness was 15.7 GPa. Additionally, phase analysis showed no residual free carbon in the materials [63].



In the works from the last year, it can be seen that ceramic pastes are reinforced with fibers, e.g., carbon. SiC composite reinforced with chopped carbon fiber (Cf/SiC) is a material with very good high-temperature properties and can be used in the aerospace and military industries [64]. The work of Liu et al. [65] presents the use of 3D printing for the production of Cf/SiC composites with high strength and low shrinkage. In this work, polycarbosilane (PCS) was used as a precursor to the ceramic SiC polymer, staple carbon fibers, n-hexane (PCS solvent), and toluene (auxiliary solvent preventing oxidation of the organic solvent in the printing process). Materials with different Cf content were tested, and mass fractions of Cf to PCS were 0 wt.%, 5 wt.%, 10 wt.%, 30 wt.%, and 50 wt.%, respectively. Rheological studies have shown that all ceramic pastes have good shear-thinning properties in the 3D printing process. In addition, it was indicated that the composite with 30 wt. Cf had the best flexural strength (~7.09 MPa) and the lowest linear shrinkage (~0.48%).





3.2.4. Bioceramics


Bioceramics are characterized by biocompatibility, durability, and the temperature of the sintering window. The most popular application of printed bioceramics is for bone tissue engineering, e.g., scaffolds, which are most commonly made from bioactive glasses and calcium phosphates such as hydroxyapatite (HA) [37,38]. Pure hydroxyapatite is not printed by the FDC method due to its state of aggregation and hardness. The material must have sufficient softness to be moldable; therefore, hydroxyapatite is mixed with the softening compounds [66]. In the work Zhong et al. [67], the extrusion process of hydroxyapatite (HA) paste during the printing of ceramic scaffolds was analyzed. Three factors influencing the extrusion pressure were investigated, one of them was the paste composition. The following materials were used to prepare the ceramic paste: hydroxyapatite powder with a particle size of 1–5 µm (60% v/v), polyvinyl butyral (PVB) (75% w/v), and polyethylene glycol (PEG) (25% w/v) dissolved in a solvent, namely, propan-2-ol. PVB acts as a binder with hydroxyapatite, and PEG improves the flexibility of the material and reduces the viscosity; therefore, it acts as a plasticizer. The excess solvent is evaporated to obtain a suitable ceramic paste. Zhong et al. noted that the amount of solvent should be increased so as to have a minimal effect on extrusion pressure.



As mentioned earlier, in bioceramics printing, hydroxyapatite with binding and softening additives is used. The aim of the study by Roopavath et al. [68] was to simplify the materials and the process of print design. The binder additive used in their work was the reagent grade Hydroxy propyl methyl cellulose (HPMC). The printing paste was prepared in a proportion of 4 g of HA powder (particle size ~25 μm) to 2 g of 1.5 wt.%. HPMC solution, then thoroughly mixed to obtain a homogeneous, viscous ceramic mass. The applied polymer additive does not react with hydroxyapatite and is an inert material. Its task is to combine ceramic particles during printing and ensure the appropriate viscosity. In the analyzed work, scaffolds with a size of 10 mm × 10 mm × 7 mm with various filling (50%, 75%, and 100%) were printed. The mechanical properties of the obtained samples showed that as the filling density increases, cracks appear in various layers and a very irregular pattern of stress as a function of strain can be observed. Compression modules obtained after mechanical compression tests indicate an increase in mechanical strength along with an increase in the filling density, and the maximum (compression modulus) ~275 MPa occurs in scaffolding with 100% filling density.



Another bioceramic with good osteoinductive and osteoconductive properties is calcium phosphate (CaP). Additionally, calcium phosphate is a material of scientific interest in medical use, as its composition is similar to normal bone [69]. CaP occurs in enamel and bone in the form of multi-directional rods or plates [70,86]. It was thought that CaP synthesized in the laboratory would not have the same or similar properties as natural CaP. In the work of Zhang et al. [67], it was confirmed that synthetic CaP porous ceramics exhibit osteogenesis reactions in the tissue environment. In Dee et al. [87]’s work, pastes were prepared with CaP microplates. The first step was to prepare calcium hydrogen phosphate (brushite) from calcium chloride (CaCl2), which was mixed with potassium dihydrogen phosphate (KH2PO4) and disodium hydrogen phosphate (Na2HPO4) in water. The resulting precipitate was dried to obtain brushite powder. The 3D printing paste consisted of various sizes of brushite microplates, a Dolapix CE 64 anionic surfactant, which is a dispersant, and polyvinylpyrrolidone (PVP), which is a binder. The prepared material was printed on plaster. In this study, it was found that the concentration of CaP microplates optimal for printing was at the level of 21–24% vol. The examination of the single-path microstructure after calcination shows that in the resulting fiber, the core-shell microstructure has a graded orientation of the microplates.




3.2.5. Clays


Clay is one of the oldest materials that has a wide range of uses and is still used by people. Clay is a mixture of hydrated oxides: SiO2 and Al2O3 in a ratio of 2.0/1.0 to (4.0–5.0)/1.0. The most popular aluminosilicate material is kaolinite clay with the molecular formula: 2SiO2·Al2O3·2H2O. Kaolinite is a popular material because it is the most abundant in the earth’s crust. Kaolinite is used to make ceramics, pottery, cosmetics, and paper [71,88]. The production of monolithic ceramic components by 3D printing poses challenges related to low powder packing density and the use of low-flowing powders. A common problem with clay printing is clogging of the nozzles as the drying process takes place during printing. Therefore, the clay composition is constantly modified by additives [7].



In the work of Revelo et al. [71], kaolinite clay from Colombia was tested. Samples were made from clays obtained with different water-to-clay ratios in the range of 0.65–0.69. In this work, the rheological properties of the pastes, compression tests, and Weibull analysis were investigated. In Revelo’s et al. work, clay without additives was found to have satisfactory properties as a material for use in art or the manufacture of structural parts. The best surface quality and rheological properties were achieved in the material with a water-to-clay ratio of 0.60. The Weibull distribution showed a large variability in compressive strength values ranging from about 20 to 50 MPa and a Weibull modulus from 4.5 to 6.3.



As mentioned earlier, clay is enriched with additives. Ordonez et al. [72] used two additives: sodium silicate and sodium polyacrylate at concentrations ranging from 0.2 to 0.8 wt.%. These additives were added to a typical ceramic paste supplied by Suministros de Colombia S.A.S. It has been found that the addition of sodium polyacrylate has a more significant effect as a deflocculant than the addition of sodium silicate. In addition, it was found that the best dimensional stability was shown by the sample with the addition of sodium polyacrylate in the amount of 0.8% and 53% of the volume fraction of the ceramic powder and the sample with the addition of sodium silicate (0.8%) and 50% of the volume fraction of the ceramic powder.



The same author [73] indicates the possibility of using steel dust waste from the electric arc furnace (EAFD). Three different water-to-clay ratios (0.50, 0.55, and 0.60) and different percentages of steel dust waste (0 wt.%, 10 wt.%, 20 wt.%, and 30 wt.%) were tested. The printed samples were dried for 24 h and then sintered for an hour at 1100 °C (1373 K) in air. Tests of mechanical properties (compression test) were carried out. From the analysis of the results in Ordonez’s work, it was found that the maximum amount of EAFD dust was 20%, with a higher concentration, the nozzle was clogged. In addition, it was shown that the addition of dust improves compressive strength.



Faksawat et al. [74] used hydroxyapatite as the additional material, which was added to the clay provided by Boonsin Ceramic Co., Ltd. (Phra Pradaeng, Thailand) The chemical composition of clay and hydroxyapatite is given in Table 2.



Clay was mixed with hydroxyapatite in proportions from 95:5% to 75:25% by weight, then distilled water was added to a ratio of 1:2. The suspension was stirred for 5 h and dried at room temperature for 24 h. The results showed that the samples where the weight ratio of clay to hydroxyapatite was 80:20 wt.% showed better print quality. In addition, these samples were characterized by good mechanical properties and low shrinkage after sintering (maximum bending strength and volumetric shrinkage of 88.72 MPa and 40.41%, respectively).




3.2.6. Cementitious Materials


The basic features that the cement material should have are ease of extrusion, flowability, good buildability, appropriate setting time and mechanical strength, the ability to obtain a continuous stream from the printing nozzle, and quick modeling of structures of any shape [89]. Increasing the stiffness of the liquid mixture in a short time after deposition from the nozzle is particularly important in large-scale 3DCP [90].



The consistency and physical properties of the cement should allow continuous transport through the tubing system and printhead nozzle. There are two methods most commonly used to improve the flow of cement mixes. The basic parameter determining the fluidity of cement pastes is the ratio of water to the binding material. However, too much water in the cement mix can lead to the deterioration of the material properties by increasing the number of pores or voids and reducing the mechanical strength [89].



In works on 3D printing with cement materials, the most common cement used in research is the so-called Ordinary Portland Cement, an exemplary composition of which is shown in Table 3 [75].



Commonly used supplementary cementitious materials (SCM) are fly ash, blast furnace slag, and silica fume. These additives used in cement mixtures improve packing density, cohesion, and flow consistency. The addition of SCM can significantly affect the rheological properties of mixtures [90]. Zhenhua Duan et al. [75] published research on the effect of partial replacement of cement with metakaolin (MK) on a significant improvement in strength properties. Increasing the thixotropic surface area and reducing drying shrinkage results in improved buildability. MK has a positive effect on both fresh and cured material properties and is therefore recommended for use in 3DCP. As an example of printing with cement-based materials, we can distinguish 3D printing from concrete. Ali Kazemian et al. [76] published the test results of four different concrete mixes based on Type II Portland cement. The total content of cementitious materials and the ratio of water to cementitious materials in all blends were kept constant at 600 kg/m3 and 0.43, respectively. It was found that acceptable print quality does not guarantee high dimensional stability because the four printing blends with acceptable print quality exhibited different levels of dimensional stability. Experimental data revealed that the addition of densified silica fume and highly purified attapulgite clay increased the shape stability of the fresh printing mixture, while relatively little improvement was observed with the addition of polypropylene fibers. The work entitled “Fiber-reinforced lightweight engineered cementitious composites for 3D concrete printing” by Junbo Sun et al. [77] describes the influence of polyvinyl alcohol fiber (PVA) and hollow glass microspheres (HGMs) on mechanical properties and the printability of concrete composites. It has been described that PVA fibers significantly reduced the slump loss and shortened the setting time, the opposite effect is shown by HGMs. The strength properties of the composites containing PVA fiber improved, while the opposite relationship was observed for the composites with the addition of HGMs. A significant anisotropy of the strength properties caused by the arrangement of the fibers in the composite was observed. The printing process affects the orientation of the fibers in the composite. Printed samples showed significantly higher strength values when tested with the fibers oriented in a direction perpendicular to the load.




3.2.7. Ceramic-Based Composite


A large increase in research on ceramic-based composite materials can be seen in the literature. Ceramics in composites can be used as a matrix or as reinforcement. In ceramic composites, in which ceramics are the matrix, reinforcements in the form of fibers, carbon nanotubes, graphene, or solid particles are often used. Such composites are characterized by good mechanical properties and stability at high temperatures [91].



Among the literature on 3D printing of ceramic composites using the FDC method, one can see a large application in biomedical engineering in the construction of scaffolds. An example of this is the work by Shao et al. [92], in which bioceramics with 10% Mg-doped wollastonite (CSi-Mg10) with 15% tricalcium phosphate (TCP15) were used for 3D printing. The scaffolds were characterized by good mechanical properties. The mechanical strength was above 80MPa and was 10 times higher than the scaffold obtained from the TCP material.



In addition, 3D printing is useful for the production of fillers and ceramics with excessive light scattering. In the work of Liu and Ding [93], 3D printing was used to produce CNT/Al2O3 composites. After printing, the models were sintered in argon. The electrical conductivity tests showed that composites containing 7 wt.% CNT were higher compared to monolithic alumina.



Recently, many scientists are working on the subject of 3D printing of ultra-high-temperature ceramic composites. An example of such a material is the ZrC/W composite. In the work of Zahang et al. [94], 3D printing was combined with reactive infiltration. The first stage was to print the model from WC powders in a suspension consisting of dichloromethane, polystyrene, dibutyl phthalate, and ethylene glycol butyl ether. The printed models were then subjected to reactive melt infiltration by immersing these preforms in a bath of liquid Zr14Cu51. In another work [95], 3D printing was used to produce W/ZrC composites with a relative density of 70.1% and a flexural strength of only 31 MPa.






4. Comparison of Conventional Production and 3D Printing


Ceramics for technical applications are most often produced using the following methods: slip casting, including extrusion, injection molding, tape casting, as well as pressing and sintering. Pressing and sintering techniques are most often used to produce elements from ceramic powders. One of the popular methods is hot isostatic pressing (HIP), in which the material is obtained with high density and reduced or negligible porosity. The disadvantage of this method is the limited shapes of the manufactured elements. The manufactured elements are subjected to additional finishing machining, which increases the time and costs of production [96,97,98]. Another conventional method uses colloidal techniques that allow the production of ceramic parts close to the final shape, not requiring finishing processes [99]. The disadvantage of this method is the need to prepare appropriate molds and difficulties in casting. In addition, microcracks appear during the drying of ceramic elements, which affect the mechanical properties of the material [96]. In addition, gel casting, direct foaming, sacrificial template, frozen casting, and replica are used to produce porous ceramics [100]. However, most of these processes have complicated procedures, which significantly affect the cost and production time.



Notably, 3D printing of ceramics creates new possibilities for the production of elements with complex structures. An important advantage of using this technique is the ability to produce non-standard, low-volume parts, which reduces the cost of using tools for conventional manufacturing methods. In recent years, there has been a noticeable development in the 3D printing of polymeric and metallic materials. It is worth noting that many companies use this technology to supplement or replace conventional production methods. Due to the properties and processing of ceramics, the use of this material in 3D printing technology is more complicated [96,101].



The analysis of the literature shows that 3D printing of ceramics can primarily be used in the case of the need for components with complex shapes and porous. Obtaining high-density printed ceramics is a major challenge. The application of 3D printing to high-density materials is difficult due to the nature of the input material, such as the size and particle size distribution of ceramic powders, the number of organic additives, or the method of removing the binder. As a result, internal defects, high surface roughness, and the need for additional post-processing may appear in the printed elements [96,102].




5. Conclusions


Notably, 3D printing has recently aroused interest in many industries and has begun to fascinate many scientists. This technology is currently developing in two aspects: as a technology and the possibility of its modification, and in terms of materials from which components can be made. It is worth noting that the positive aspects resulting from the possibility of creating complex structures and cheap technology have influenced the development of materials used for 3D printing. In this work, an attempt was made to present groups of ceramic materials that are used in the 3D printing technology of ceramics from pastes. Ceramic pastes should be characterized by appropriate rheology; therefore, many works describe modifiers affecting the fluidity of pastes. One such additive is polyvinyl alcohol PVA, which improves the fluidity of pastes in which ceramics are added in the form of powders. The possibilities of using modifiers that are used for ceramic pastes were presented. The described technology is relatively new, so it should be further developed in the context of developing constant amounts of modifiers depending on the basic ceramics.
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Figure 1. Schematic of the classification of ceramic materials. 
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Figure 2. (a) AM application in production; (b) the use of AM in various industrial sectors [1,9,21]. 
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Figure 3. Scopus keywords: (a) 3D printing and ceramics and (b) 3D printing. 
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Figure 4. Schematic of a fused deposition of ceramics (FDC) [27]. 
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Figure 5. Schematic of one-step (a) and two-step (b) printing devices [17,27]. 
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Figure 6. Schematic of a concrete 3D printer [28]. 
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Figure 7. Schematic of extrusion systems: (A) syringe-based extrusion, (B) air pressure-driven extrusion, and (C) screw-based extrusion [30]. 
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Table 1. Groups of materials used in FDC printing.
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Group of Materials

	
Material Used

	
Binder/

Additions

	
Application

	
Refs.






	
Oxides

	
Aluminum oxide (Al2O3)

	
glycerin, boehmite nanoparticles (AlO(OH)), aluminum dihydrogen phosphate (Al(H2PO4)3, AP), CuO and TiO2;

	
catalysts

	
[41,42,43]




	
Titanium oxide (TiO2)

	
modified titanium diisopropoxide bisacetylacetonate (TIA), polyvinyl alcohol (PVA), zinc, TALH (Ti(IV) bis (ammonium lactato) dihydroxide);

	
biomedical engineering, filtration, energy industry

	
[44,45,46,47]




	
Zirconium oxide (ZrO2)

	
yttrium oxide stabilized zirconium powder (YZS), polyvinyl alcohol (PVA), polyethylene glycol (PEG-400), L-ascorbic acid (AA), citric acid (CA), Methocel, Darvan 821A, glycerol, Agitan 299 and polyethyleneimine;

	
biomedical engineering

	
[48,49,50]




	
Mixed

oxides

	
Lead zirconate

titanate

(PZT)

	
polyvinyl alcohol (PVA), ammonium polyacrylate;

	
piezoelectric transducers, acoustic sensors, energy harvesting

	
[51,52]




	
Barium titanate (BaTiO3—BT)

	
polyvinylidene fluoride (PVDF), N,N-dimethylformamide (DMF), polyvinyl alcohol (PVA);

	
capacitors, multilayer capacitors, sensors, and energy storage devices

	
[53,54,55,56]




	
Non-oxides

	
Zirconium

diboride

(ZrB2)

	
polyvinyl alcohol (PVA), sodium 1-heptanesulfonsodium 1-heptanesulfonate (C7), sunflower oil;

	
ultra-high-temperature applications, aerospace, nuclear reactor

	
[57,58,59,60]




	
Silicon carbide (SiC)

	
liquid silicon, n-hexane mixed with polycarbosilane (PCS), distilled water, dispersing agent (Tamol NN 9401), glycerol, n-hexane (PCS solvent), and toluene;

	
aerospace and military industries, nuclear applications, sensors

	
[61,62,63,64,65]




	
Bioceramics

	
Hydroxyapatite (HA)

	
polyvinyl butyral (PVB), polyethylene glycol (PEG), propan-2-ol, hydroxy propyl methyl cellulose (HPMC);

	
bone tissue engineering (scaffolds)

	
[66,67,68]




	
Calcium

phosphate

(CaP)

	
Dolapix CE 64 anionic surfactant, polyvinylpyrrolidone (PVP);

	
biomedical engineering

	
[67,68,69,70]




	
Clays

	
Kaoline (2SiO2·Al2O3·2H2O)

	
sodium silicate, sodium polyacrylate;

	
pottery, catalysts

	
[71,72,73,74]




	
Cementitious

materials

	
Ordinary Portland Cement

	
fly ash, blast furnace slag, silica fume, polyvinyl alcohol fiber (PVA), hollow glass microspheres (HGMs);

	
construction

	
[75,76,77]
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Table 2. Chemical composition of clay provided by Boonsin Ceramic Co., Ltd. [74].
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	Chemical Compound
	SiO2
	Al2O3
	CaO
	K2O
	MgO
	Na2O
	TiO2
	Fe2O3
	P2O5
	Rb2O





	Mass content [%]
	68.45
	26.68
	0.94
	1.33
	1.32
	0.76
	0.08
	0.34
	0.07
	0.03
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Table 3. The composition of Ordinary Portland Cement [88].
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	Chemical Compound
	SiO2
	Al2O3
	CaO
	SO3
	Fe2O3
	K2O
	TiO2
	LOI





	Mass content [%]
	18.7
	4.4
	68.1
	5.24
	2.7
	0.56
	0.32
	0.98
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