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ABSTRACT 
 

CAMARGO, I.L. Additive manufacturing of advanced ceramics by digital light 

processing: equipment, slurry, and 3D printing. 2022. Thesis (Doctoral) – São Carlos School 

of Engineering, University of São Paulo, São Carlos, 2022. 

 

Additive manufacturing (AM) or 3D printing is a set of technologies that fabricate parts 

by successively adding layers. This technique is already applied in all classes of materials. In 

ceramic manufacturing, AM allows the fabrication of small series components with greater 

geometric freedom, lower cost, and reduced delivery time. Among the AM technologies, vat 

photopolymerization (VP) stands out for its ability to produce ceramic pieces with excellent 

dimensional accuracy and surface finish. However, there is a shortage of VP commercial 

equipment dedicated to producing ceramics at an affordable price, given the challenges of 

dealing with raw material with high particle loading. In this work, which approaches the 

fabrication of advanced ceramics by digital light processing VP, the feasibility of using a top-

down 3D printer prototype and an ordinary commercial bottom-up printer (usually applied in 

polymer 3D printing) in the processing of ceramic materials was tested. For this, a 3D printer 

prototype was designed and built, creating an innovative recoating system (patent pending), 

composed of two blades with distinct and sequential functions. This system aims to overcome 

the challenge of creating layers for ceramic suspensions, which usually have high viscosity. In 

addition, photosensitive suspensions were developed seeking to meet process requirements 

related to high ceramic loading, rheological behavior, photosensitive parameters, and stability. 

The ceramic powders were selected to evaluate the process using distinct groups of advanced 

ceramics: nanometric powders (3Y-TZP) and submicrometric powders (electrofused mullite).  

Furthermore, a combination of natural raw material (zircon) with alumina was used to 

investigate the in-situ formation of mullite-zirconia composites in 3D printed parts. Thus, 

photosensitive ceramic suspensions based on a nanometric zirconia powder (3Y-TZP) were 

developed and characterized, selecting the appropriate components (monomer, photoinitiator, 

and dispersant). In this way, a ceramic slurry was obtained capable of validating the developed 

prototype and manufacturing green ceramic bodies. Nonetheless, the same formulation was not 

suitable for the commercial 3D printer, due to its rheological behavior not being compatible 

with the equipment. On the other hand, the submicrometric mullite powder allowed the 

preparation of formulations with high solid loading (up to 50 vol%). These new formulations 

were successfully used in both pieces of equipment tested. Furthermore, the formulation based 



 
 

on the mixture of ceramic powders (zircon and alumina) showed that the technique can be 

combined with reactive sintering to create in-situ mullite and zirconia composites. After 

analysis of the thermal decomposition, a protocol for the thermal treatment was created and the 

printed bodies were submitted to burning of the organic components and sintering. Both 3D 

printers tested proved capable of creating dense ceramic pieces (>95%) and with geometries 

that would be unfeasible or even impossible by other manufacturing methods. The various 

characterizations of the sintered bodies (mechanical strength, microstructure, etc.) indicate that 

there are still limitations when the present route is compared with conventional manufacturing 

processes. Finally, it is believed that the present study contributes to the knowledge related to 

the additive manufacturing of ceramics and stands out for presenting an approach accessible to 

laboratories and small manufacturers of ceramic products.  

 

 

Keywords: 3D printing; Additive manufacturing; Ceramics; Digital light processing; Vat 

photopolymerization. 

  



 
 

RESUMO 
 

CAMARGO, I.L. Manufatura aditiva de cerâmicas avançadas por fotopolimerização por 

projeção: equipamento, barbotina e impressão 3D. 2022. Tese (Doutorado) – Escola de 

Engenharia de São Carlos, Universidade de São Paulo, São Carlos, 2022. 

 

A manufatura aditiva (MA) ou impressão 3D é um conjunto de tecnologias que fabrica 

corpos pela adição sucessiva de camadas. Tal técnica já é aplicada em todas as classes de 

materiais. Na fabricação cerâmica, a MA permite a produção de corpos em pequena escala, com 

maior liberdade de forma, menor custo e prazo de entrega reduzido. Dentre as tecnologias de 

MA, a fotopolimerização em cuba se destaca pela capacidade de produzir peças cerâmicas com 

excelente precisão dimensional e acabamento superficial. Contudo, existe uma escassez de 

equipamentos comerciais destinados a produzir cerâmica, baseados nessa tecnologia e com 

preço acessível, visto os desafios de lidar com a matéria-prima com alto carregamento de 

partículas. Neste trabalho, que aborda a fabricação de cerâmica avançada por fotopolimerização 

por projeção, foi testada a viabilidade do uso de um protótipo de impressora 3D top-down e de 

uma impressora comercial bottom-up comum (usualmente empregada na impressão 3D de 

polímeros) no processamento de materiais cerâmicos. Para isso, um protótipo de impressora 3D 

foi projetado e construído, criando-se um sistema de recobrimento inovador (patente 

depositada), composto por duas lâminas com funções distintas e sequenciais. Esse sistema visa 

superar o desafio de criação de camadas para as suspensões cerâmicas, que usualmente 

apresentam alta viscosidade. Além disso, suspensões fotopolimerizáveis foram desenvolvidas 

buscando atender os requisitos do processo relacionados ao alto carregamento cerâmico, 

comportamento reológico, parâmetros fotossensíveis e estabilidade. Os pós cerâmicos foram 

selecionados para avaliar o processo usando grupos distintos de cerâmica avançada: pó 

nanométrico (3Y-TZP) e pó submicrométrico (mulita eletrofundida). Além disso, a combinação 

de matéria-prima natural (zirconita) com alumina foi usada para investigar a formação in-situ 

de compósitos mulita-zircônia em peças impressas. Assim, suspensões fotopolimerizáveis 

cerâmicas baseadas em um pó nanométrico de zircônia (3Y-TZP) foram desenvolvidas e 

caracterizadas, selecionando-se os componentes (monômero, fotoiniciador e dispersante) 

apropriados. Desta forma, obteve-se uma barbotina cerâmica capaz de validar o protótipo 

desenvolvido e fabricar corpos cerâmicos verdes. Contudo, a mesma formulação não foi 

adequada na impressora 3D comercial, devido ao seu comportamento reológico não ser 

compatível com o equipamento. Por sua vez, o pó submicrométrico de mulita permitiu o preparo 



 
 

de formulações com alto carregamento sólido (até 50 %v/v). Essas novas formulações foram 

usadas com sucesso nos dois equipamentos testados. Ainda, a formulação baseada na mistura 

de pós cerâmicos (zirconita e alumina) mostrou que a técnica pode ser combinada com 

sinterização reativa para criar compósitos in-situ de mulita e zircônia. Após análise da 

decomposição térmica, um protocolo para o tratamento térmico foi criado e os corpos impressos 

foram submetidos à queima dos componentes orgânicos e sinterização. Ambos os equipamentos 

testados se mostraram capazes de criar peças cerâmicas densas (>95%) e com geometrias que 

seriam inviáveis ou até mesmo impossíveis por outros métodos de fabricação. As diversas 

caracterizações dos corpos sinterizados (resistência mecânica, microestrutura, etc.) indicam que 

ainda existem limitações quando a presente rota é comparada com os processos convencionais 

de fabricação. Por fim, acredita-se que o presente estudo contribui para o conhecimento 

relacionado à manufatura aditiva de cerâmicas e destaca-se por apresentar uma abordagem 

acessível aos laboratórios e pequenos fabricantes de produtos cerâmicos. 

 

Palavras-chave: Impressão 3D; Manufatura aditiva; Cerâmica; Fotopolimerização por projeção; 

Fotopolimerização em cuba.  
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1. INTRODUCTION  

Ceramic materials are known for their remarkable properties such as high-temperature 

resistance, hardness, and chemical inertia [1]. Advanced ceramics are special ceramics that 

exhibit superior properties and are often produced in small quantities at higher prices [2], having 

applications in several areas such as solid-oxide fuel cells [3,4], automotive sensors [2], 

prostheses [5], dental applications [6,7], etc. There is a growing demand for customized (or 

small series) ceramic parts with complex geometries. In this context, additive manufacturing 

(AM) stands out for being able to produce these parts without the high costs of molds [8–10], 

reducing costs and lead times [11]. 

Additive manufacturing or 3D printing is a set of processes that fabricate parts by adding 

materials layer by layer. After the great development of additive manufacturing of polymers 

and metals, developments of this technique applied to ceramic materials have gained 

prominence in recent years [12,13].  

Although several AM processes can manufacture ceramic parts [10], the vat 

photopolymerization process (VP) stands out for its ability to produce tiny structures with 

excellent dimensional precision and good surface quality [14,15]. In this type of AM, a 

photosensitive liquid in a vat is selectively cured by light-activated polymerization [16]. 

Besides, Digital Light Processing (DLP) is a type of VP in which an entire layer is formed at 

once by projecting the section, being faster than processes based on scanning the region to be 

polymerized [14,17,18]. It is a multi-step [16] (or indirect [19]) process, in which additives and 

binders are used to create a green body that is subsequently debound (to eliminate the organics) 

and sintered (to increase density) [10,20,21].  

 The widespread of ceramic AM depends on technological availability [22]. Thus, 

equipment [22] and proper feedstock [21] availability have been an issue. For example, there is 

a shortage of VP commercial equipment dedicated to producing ceramics at an affordable price, 

given the challenges of dealing with raw material with high particle loading. Most commercial 

VP devices were not designed to handle high viscosity materials, and so to manufacture ceramic 

components. The few exceptions are costly industrial equipment [23]. 

Moreover, most manufacturers of ceramic suspensions suitable for vat 

photopolymerization are also machine manufacturers and, in general, do not supply the 

feedstock separately. A photosensitive suspension for the VP must fulfill several process 

requirements [24,25]. For example, a slurry must have solid loading of not less than 40 vol% 

to avoid cracks and delamination during the post-processing [24,26,27]; proper rheological 
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behavior and stability to allow uniform and homogeneous micrometric layers to be formed 

[15,28–30] and adequate photosensitive parameters to ensure geometrical accuracy [3,24,25]. 

Thus, specifications of the ceramic particles, monomers, and dispersants should be considered 

[24]. Also, a suitable photoinitiator, compatible with the chosen monomers and light source 

must be selected [31,32]. 

Another important step in the manufacture of ceramic parts by DLP is the post-

processing of the green printed parts. For example, the debinding must have adequate heating 

rates to avoid cracks [25,33], being a very challenging process since, in general, the slurries 

have at least 50 vol% of organic material. Moreover, sintering temperature has a strong 

influence on the properties of the final parts [4,34–37]. 

This work has been developed at the Laboratory of Tribology and Composites (LTC), 

in the Department of Mechanical Engineering of the São Carlos School of Engineering (EESC-

USP). This research group has experience with ceramic additive manufacturing, having recently 

started the studies in ceramic vat photopolymerization. Preliminary studies to the present work 

had already been conducted in our lab and were able to produce a few ceramic pieces [38,39], 

however, they had significant limitations. First, the photosensitive ceramic slurries prepared 

had limited ceramic loading, high viscosity, poor stability, and short shelf life. In addition, the 

manufacturing was based on the manual spreading of the layers, implying high dependence on 

the operator and low repeatability.  

Despite the strong worldwide development of ceramic VP, the use of this AM 

technology is still dependent on high investments. On the other hand, this study aims to 

overcome this restriction, being an important step toward the use of the technique in labs and 

small companies. Thereunto, multidisciplinary research was carried out, dealing with a variety 

of research areas such as machine design, ceramic processing, development and 

characterization of suspensions, etc. 

Thus, this work has the hypothesis that it is possible to produce advanced ceramic parts 

by DLP additive manufacturing using low-cost bottom-up and top-down equipment as long as 

photosensitive ceramic suspensions with proper rheological behavior, stability, and 

photosensitive parameters are developed, 3D printed using compatible parameters (e.g. light 

exposure energy), debound and sintered at an adequate heating protocol. 
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1.1 Objectives 

The main objective of this work is to investigate the additive manufacturing of advanced 

ceramics by DLP using a top-down 3D printer prototype and an ordinary bottom-up commercial 

3D printer (not specialized in ceramic materials). Therefore, the following specific objectives 

were established: 

 To design and manufacture a top-down DLP 3D Printer with a suitable recoating 

system; 

 To develop and characterize photosensitive ceramic suspensions; 

 To 3D print green ceramic parts using the built prototype and a low-cost 

commercial machine; 

 To obtain ceramic parts by debinding and sintering the 3D printed green bodies; 

 To characterize the manufactured ceramic parts. 

 

1.2 Thesis Relevance 

 

The main relevance of this work is related to the comprehension of all stages of ceramic 

additive manufacturing by DLP, which made it possible to manufacture complex ceramic parts 

from a variety of ceramic powders, without using the costly 3D printers specialized in ceramic 

materials. The mastery of the process as a whole also allowed the 3D printing of important 

types of ceramic (mullite-zirconia composites) for the first time and the use of a raw material 

(electrofused mullite) which was still little explored by vat photopolymerization. 

Thus, this work placed our research group as a reference on the topic in South America. 

In addition, some achievements should be highlighted: 

First, this work is based on a strong literature review, which resulted in an article that 

was among the top downloaded articles for months in Ceramics International Journal and has 

already received over 30 citations on Scopus. 

Second, it created a low-cost and innovative recoating system capable of handling high 

viscosity materials, such as the high solid loading photosensitive ceramic suspensions. Such an 

invention has already had its patent application filed. 

Next, this thesis led to several publications in international journals and presentations at 

conferences. One related conference manuscript received the “Best Article Award” at the 11th 

Brazilian Congress on Manufacturing Engineering (COBEF 2021), the largest national event in 

the area of Manufacturing Engineering, promoted by the Brazilian Society of Mechanical 

Sciences and Engineering (ABCM). Also, it was awarded as one of the best 3 works at the 65th 
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Brazilian Ceramic Conference (CBC 2022), the most important and traditional national event 

in the sector, organized by the Brazilian Ceramic Society (ABCERAM). 

In addition, this work can be useful for several research groups and companies and is 

already motivating new developments. For example, studies have already begun on the use of 

the technique to manufacture ceramic centrifugal blood pumps in partnership with Prof. 

Eduardo Bock (BIOENG-IFSP). Also, glass photosensitive suspension has been developed by 

a partner research group led by Prof Eduardo Bellini Ferreira (Department of Materials 

Engineering, EESC-USP), and bone-mimetic structures made of hydroxyapatite were produced 

by Rogério Erbereli (PhD candidate of LTC research group) in the 3D printer prototype 

developed in this work. Moreover, some national industries, both in the ceramic and 3D printing 

sectors, have already made contact, and conversations about partnerships have started. 

Lastly, it promoted communication for society, having disseminated the research to non-

academic audiences in local newspapers (written and on TV) and magazines. 

 

1.3 Thesis Structure 

 

The thesis is organized according to the following chapters: 

Chapter 2 presents a literature review covering important aspects of ceramic vat 

photopolymerization related to the 3D printers, photosensitive suspensions development and 

characterization, post-processing, etc. 

In Chapter 3, the materials and methods used in this work are introduced, concerning 

the design of the 3D printer prototype, the development and characterization of the 

photosensitive ceramic suspensions, 3D printing on the built prototype and in an ordinary 

commercial 3D printer (not specialized in ceramic materials), post-processing and sintered parts 

characterization. 

Chapter 4 presents and discusses the results on four main topics. The first is related to 

the design development and building of the DLP 3D Printer Prototype for ceramic materials.  

The other topics are associated with the development and characterization of photosensitive 

ceramic suspensions and their use to produce ceramic parts by photopolymerization of three 

different groups of ceramic materials: nanometric powder (3Y-TZP), submicrometric powder 

(electrofused mullite), and a combination of natural raw material (zircon) with alumina to 

investigate reaction sintering and manufacturing of in situ mullite zirconia composites parts. 

Finally, Chapter 5 presents the conclusions and suggestions for future works and 

Chapter 6 shows the scientific production resulting from this work. 
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2 LITERATURE REVIEW 

 

This chapter addresses the literature review about additive manufacturing, especially 

topics related to ceramics and vat photopolymerization (3D printers, feedstock development 

and characterization, post-processing, etc.). This thesis has already led to the publication of 

articles, and in this way, part of the literature review has been published in articles resulting 

from this thesis [24,40–47]. 

 

2.1 Additive Manufacturing 

 

Additive manufacturing (AM) or 3D printing is a set of technologies that fabricate parts 

by adding materials, usually layer by layer, from 3D model data [16,17]. AM is well known for 

its ability to produce parts with complex geometries (freedom of design) and to significantly 

shorten product development times and costs [17,48]. On the other hand, AM still presents 

significant challenges concerning the low availability of material suitable for diverse 

applications, inferior mechanical properties, and anisotropic behavior [21,22,48]. 

 

2.2 Ceramics by additive manufacturing 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

After the extensive development of additive manufacturing of polymers and metals, the 

application of this technique to ceramic materials has gained prominence in recent years 

[12,13], aiming at the fabrication of ceramic parts with complex shapes that would be very 

challenging or even unfeasible by conventional manufacturing methods [12].  Ceramic AM 

enables the manufacturing of customized ceramic parts without molds [8–10], reducing costs 

and lead times [11]. However, there are still several challenges to the ceramic AM such as the 

improvement of surface quality [49], dimensional accuracy, and mechanical properties [10]. 

Ceramic parts can be produced by a variety of AM technologies [10]  such as binder 

jetting, direct ink writing, fused deposition, material jetting, vat photopolymerization, etc. [45]. 

Choosing a technology will depend on the application requirements and the technologies 

characteristics. 

Although research into ceramic 3D printing by all technologies started back in the 90s 

[50–55], its application is still quite restricted when compared to polymers and metals 

[11,21,56]. The widespread of ceramic AM depends on technological availability [22]. Thus, 
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proper feedstock [21] and equipment [22] availability have been an issue. Moreover, many 

technologies present high-priced raw materials, and their supply is linked to the equipment 

manufacturer [45]. 

Additive manufacturing can be classified into two categories [16].  In the single-step  

(or direct [19]) processes, the parts achieve the final shape and properties in a single operation. 

On the other hand, in the multi-step (or indirect [19]) processes, two or more operations are 

needed to reach the final part. Multi-step processes are the most common for ceramic AM. 

Additives and binders are used to create a green body that is subsequently debound (to eliminate 

the organics) and sintered (to increase density) [10,20,21]. The debinding is a critical step to 

successfully obtaining the ceramic parts and the heating rates must be suitable to avoid cracks 

and/or delamination [10,25,33]. Also, debinding becomes more difficult with increasing wall 

thickness [10], and some AM technologies that use a high amount of organic material, such as 

vat photopolymerization and fused deposition, have the maximum wall thickness limited [11].  

 

2.3 Vat Photopolymerization 

 

Vat photopolymerization (VP) is an additive manufacturing process in which a liquid 

photopolymerizable material contained in a vat is selectively cured by light-activated 

polymerization [16]. It was the first technology of additive manufacturing developed and 

commercialized [57–60], and it is still widely used by the industry today [61]. It was created in 

the 80's but only in the late 90's it started to have its application for the manufacture of ceramic 

components studied [26,55,62,63].  

Recent works already point to the manufacture by VP of defect-free ceramic 

components with high relative density [64–66]. Furthermore, VP stands out among other 

ceramic AM processes due to its dimensional precision, surface quality, and ability to print tiny 

structures [14,15,24] 

 

2.3.1 Stereolithography vs Digital Light Processing 

 

The VP process can be divided according to how the light pattern is formed to 

selectively cure each layer. In the stereolithography (SLA) or vector scan, the pattern is formed 

by scanning a polymerization point (Figure 1a). On the other hand, in digital light processing 

(DLP), the entire layer is formed at once, by projecting the entire pattern (Figure 1b), being 

faster than SLA [14,17]. 
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Figure 1 – Vat photopolymerization classification according to the light pattern formation. a) Stereolithography 

(SLA). b) Digital light processing (DLP). 

 
Source: Adapted from [67].  

 

2.3.2 Top-Down vs bottom-up  

 

VP processes can also be divided according to the building direction.  In the top-down 

category, the light source is above the vat, and the platform moves downwards, progressively 

forming new layers (illustrated in Figure 2). In this approach, the main challenge is the 

recoating, which is the process of depositing a new layer of uncured material between the 

previously cured layer and the light source. A successful recoating process establishes a fresh 

layer of thickness exactly equal to the desired one within a short time. The effects related to the 

viscosity and surface tension properties of the raw material are obstacles to this process. 

Incorrect or not constant layer thickness (Figure 3) will impair the accuracy of the printed parts 

[15,18,68]. Therefore, a dedicated recoating system is usually required in a top-down 3D printer 

[15,18]. 

 

Figure 2 – Top-down vat photopolymerization. 

 
Source: Adapted from [69].  
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Figure 3 – Schematic of a not constant layer formed in the top-down approach. 

 
Source: Adapted from [15].  

 

On the other hand, in the bottom-up category (Figure 4), the light falls from below 

through a transparent bottom, and the platform moves upwards after such new layers have been 

formed [15,70]. In this approach, there is no need for a recoating system [15,18], since the rising 

movement of the platform will already cause the resin to spontaneously fill the space [40]. 

However, this process has a major disadvantage. There is a periodic detachment between the 

last printed layer and the bottom [15,18], which introduces stresses in the part being printed, a 

problem that is aggravated in high viscosity processes, as in ceramic VP, which uses slurries 

with high solid concentration [15,71]. 

 

Figure 4 – Bottom-up vat photopolymerization. 

 
Source: Adapted from [69].  

 

2.4 Ceramics by vat photopolymerization 

 

VP stands out among other ceramic AM processes due to its ability to print tiny 

structures [14,15], in addition to its excellent resolution (~40 μm [72–75]), and surface quality 

(surface roughness, Ra, below 0.5 μm have been reported [9,76–78]). This technology is best 
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suited for small ceramic components for high-precision applications [11]. It is not 

recommended for large dense parts due to the high amount of organic material associated with 

the process and that would lead to cracks in the debinding of thick sections [11,79], as discussed 

in detail in section 2.7. 

Ceramic Vat Photopolymerization is the most mature additive manufacturing 

technology [11] and some ready-to-use industrial systems are commercially available as 

discussed in section 2.5. These systems can produce dense parts (>99%) [9,64–66] and 

properties comparable to those produced by conventional methods. For example, zirconia 

produced by vat photopolymerization and with flexural strength greater than 700 MPa has been 

reported [66,76,78]. 

Recent research related to ceramic vat photopolymerization indicated potential 

application in different areas such as ceramic membranes [80–83], tissue engineering [84–87], 

catalytic applications [88–92], ceramic core for investment casting [93–97], dental restoration 

[6,7,98,99], solid oxide fuel  [3,4,100,101], heat exchanger [75,102–104], among others. Figure 

5 illustrates some of these potential applications published in related articles. 

 

Figure 5 – Potential applications for ceramic vat photopolymerization. a) Tissue engineering, represented by a 

trabecular bone replica made of tricalcium phosphate [84]. b) Heat exchanger, represented by a pipe with a 

complex structure made of alumina [75]. c) Catalytic applications, represented by a honeycomb and twisted 

honeycomb components made of alumina [88]. d) Dental restorations, represented by crowns made of alumina 

(left) and zirconia (right) [99]. 

 

 
Source: Adapted from [75,84,88,99]. 
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There are several key factors for successful ceramic manufacturing by vat 

photopolymerization concerning 3D printers, photosensitive ceramic suspension, and post-

processing. These topics will be covered in the next sections. 

 

2.5 3D Printers 

 

There are dozens of vat photopolymerization machines, popularly known as resin 3D 

printers, commercially available. However, most of these printers were not designed to handle 

viscous materials that make it difficult to form constant and homogeneous layers, as is the case 

with ceramic suspensions with a high content of solid load. Thus, the few capable of producing 

technological ceramics with good mechanical properties are costly or time-consuming [23]. 

On the other hand, some 3D printer suppliers for ceramic vat photopolymerization such 

as Fortify and Photocentric emerged in the last 5 years. Moreover, there are well-established 

companies with years in the market as Admatec, 3DCeram, Lithoz, and Prodways with a variety 

of related 3D printing systems and feedstock commercially available. These leading suppliers 

offer industrial ready-to-use solutions [105] and have the ability to process high viscosity 

materials, which may exceed 15 Pa.s [64,65,106,107] due to their dedicated recoating system. 

However, these machines are costly, with the sale value usually exceeding US$100.000,00. 

 

2.5.1 Recoating Systems 

 

As discussed in subsection 2.3.2, top-down VP 3D printers require a recoating system 

to create uniform layers with constant thickness. Such a system can present a variety of 

solutions that may include blades, brush elements, drain pumps, pneumatic dispensers, etc. 

[108]. In this way, in this subsection, a variety of recoating systems will be presented, covering 

patents related to this topic and solutions adopted by VP 3D printers. 

The patent EP0361847B1 [109], filled in 1989, presents the “dip and scrape” recoating 

system, used for several years in SLA-250 (3D Systems) [110]. This method includes a “deep 

dip”, in which the part is dipped into the resin vat and then raised until it is a layer thickness 

from the top of the tank [111]. Then, a simple blade moves from one side to another, removing 

excess, spreading the photopolymerizable material, and creating a new layer [109–111], as 

shown in Figure 6. However, the formed layers affect the liquid movement and may lead to 

recoating faults and parts defects [112], mainly above large solidified layers. 
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Figure 6 – Recoating system used for years in SLA-250 (3D Systems). A blade moves horizontally above the 

vat, spreading the photopolymerizable material 

 
Source: Adapted from Patent EP0361847B1 [109]. 

 

The patent EP0484182A1 [113], filled in 1991, presents a recoating system composed 

of brush elements spaced at regular intervals that would provide uniform layers with constant 

thickness even over a large, solidified area (Figure 7). 

 

Figure 7 – Recoating system composed of brush elements spaced at regular intervals. 

 
Source: Adapted from Patent EP0484182A1 [113]. 

 

The patent US5238497A [114], also filled in 1991, presents a recoating system in which 

the photopolymerizable material is pumped and then spread. For that, an elongated nozzle is 

horizontally moved along the working surface while supplying the photosensitive raw material. 
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Excess resin is directed to a resin storage tank and then again directed to the spreader 

component, as shown in Figure 8. 

 

Figure 8 – Recoating system with pumping. The raw material is pumped and then deposited and pumped by an 

elongated nozzle member. 

 
 Source: Adapted from Patent US5238497A [114]. 

 

The patent US5447822A [115], filled in 1994, presents a recoating system in which a 

thin film covers a rigid plate. The film is placed in contact with the photopolymerizable 

material.  The plate with the film moves horizontally across the resin surface, spreading and 

creating new layers, as shown in Figure 9. 

  

 

Figure 9 – Recoating system in which a thin film covers a movable rigid plate, spreading and forming new 

layers. 

 
US5238497A Source: Adapted from Patent US5447822A [115]. 

 



41 
 
 

According to patent WO1995015842A1 [116],  filled in 1994, the conventional use of 

a single blade recoating system presents problems with wetting the solid parts, causing menisci 

close to discontinuities between liquid and solids, hindering good flatness of the layer in 

formation, as illustrated in Figure 10. This problem can be alleviated by including a transition 

area for the spreader, as suggested by the same patent, and illustrated in Figure 11. In this case, 

the part is 3D printed only in the central zone, and the transition zones are used so that the 

spreader reaches the printing area at its ideal speed. However, the increase in the area covered 

by the spreader generates an increase in time and consequently in the costs involved in the 

process. 

  

Figure 10 – Meniscus formation generated in simple blade recoating. 

 
US5238497A Source: Adapted from Patent WO1995015842A1 [116]. 

 

Figure 11 – Recoating system with transition zones. Parts are 3D printed just in the central zone and the 

transition zones are used so that the scraper reaches the central zone with adequate speed. 

 
US5238497A Source: Adapted from Patent WO1995015842A1 [116]. 
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The patent WO1996023647A2 [117], filled in 1996, presents a recoating system with 

an “active recoater blade” [112] composed of a counter-rotating roller which translates across 

the working surface rotates counter to the direction of translation, and associated with a dam, 

creates layers of the photopolymerizable material, as shown in Figure 12. 

 

Figure 12 – Recoating system with “active recoater blade”. A roller translates across the working surface and 

rotates counter to the direction of translation, and associated with a dam, creates a layer of photopolymerizable 

material. 

 
US5238497A Source: Adapted from Patent WO1996023647A2 [117]. 

 

The patent EP0928242B1 [118], filled in 1997, presents a recoating system that pumps 

the photopolymerizable material from a reservoir to the distribution chamber, creating a liquid 

sheet, also called liquid curtain (Figure 13). They are moved horizontally back and forth by a 

piston, and so thin layers are created [119]. This recoating system is currently used in a 

commercial 3D printer (Mammoth, Materialise) [110]. 
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Figure 13 – Recoating system with “liquid curtain”. A distribution chamber is moved horizontally back and forth 

by a piston, while the photopolymerizable material is pumped into the distribution chamber, creating a liquid 

curtain. 

 
Source: Adapted from Patent EP0928242B1 [118] 

 

 

Figure 14 – Zephyr® recoating system. The photopolymerizable material is maintained by a vacuum pump and 

deposited by an applicator. 

  

Source: Adapted from Patent EP0807014B1 [120]. 
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The patent EP0807014B1 [120], filled in 1996, presents the Zephyr® recoating system 

(Figure 14), in which the photopolymerizable material is maintained by a vacuum pump and 

deposited by an applicator (symmetric hollow blade with a resin reservoir [110]). This system 

is used in commercial 3D printers such as Promaker 600 (Prodways) and current 3D system 

printers [40].  

The patent US6764636B1[112], filled in 2000, presents a recoating system based on 

rollers with an additional degree of freedom. A belt promotes the translation of the system and 

a rotation around the pivot hinge, causing the rollers to come into contact with the 

photopolymerizable material, promoting its spreading, as shown in Figure 15. 

 

Figure 15 – Recoating system based on rollers with an additional degree of freedom provided by a pivot hinge. 

  

US5238497A Source: Adapted from Patent US6764636B1 [112]. 

 

The patent WO2015107066A1 [121], filled in 2015, presents the approach used in the 

Admaflex 3D printer (Admatec). This system does not use a vat. Instead, it uses a tape casting 

configuration to create a thin layer of photopolymerizable material. The sections are projected 

by the light source and the layers are successively forming the part in the building platform 

(Figure 16). Still, 3DCeram systems use a feeding piston to supply a small amount of the 

photopolymerizable material (high viscous pastes) that will be spread by a blade recoater [122]. 

However, a related patent was not found. 
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Figure 16 – Recoating system based on a tape casting configuration. 

  

US5238497A Source: Adapted from WO2015107066A1 [121]. 

 

Furthermore, subsequent patents [123–125] presented improvements to recoating 

systems with similar operating principles to those already discussed. Thus, Table 1 summarizes 

the patented recoating systems solutions. 

 

Table 1 – Patented recoating systems 

Patent Filled in Recoating system solution 

EP0361847B1 1989 Simple blade 

EP0484182A1 1991 Brush elements 

US5238497A 1991 Spreader with pumping of raw material 

US5447822A 1994 movable rigid plate covered by thin film 

WO1995015842A1 1994 Transition area for the spreader 

WO1996023647A2 1996 Active recoater blade 

EP0807014B1 1996 Vacuum pump and applicator 

EP0928242B1 1997 Liquid curtain 

US6764636B1 2000 Rollers with additional degree of freedom 

WO2015107066A1 2015 Tape casting 

  

Source: Elaborated by the author. 
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2.6 Photosensitive Ceramic Suspensions 

Parts of this section have been published as a journal paper [24]. 

 

One of the main limitations of the widespread of ceramic AM is the shortage of suitable 

feedstock [11,21,47]. In this context, creating a ceramic photosensitive suspension for vat 

photopolymerization is challenging. These suspensions are indispensably composed of 

monomers, photoinitiators, and ceramic powder. The reaction of monomers and photoinitiators 

in such slurries is typically based on photopolymerization by free radicals activated by light 

(UV or visible) [14], which initiate and propagate the polymerization reaction, forming a 

polymeric structure (cross-linking occurs if the monomers have multiple functionalities) 

[126,127]. Dispersants [30,128–131], diluents [33,132–134], defoamers [135,136], plasticizers 

[32,133], and light absorbers [32,84,137–140] are other possible components of a photocurable 

suspension. All the components must be carefully selected to create a proper feedstock. 

VP ceramic suspensions must fulfill some process requirements [25]. For instance, 

ceramic suspensions must contain a high amount of ceramic filler for ensuring high density and 

suitable mechanical properties after sintering. A ceramic loading greater than 40 vol% is 

necessary for avoiding defects during post-processing, such as delamination [26] and cracks 

[27]. Cracks and voids are the primary cause of defects in ceramics since they reduce their 

mechanical strength due to low fracture toughness [78]. Low viscosity is another essential 

requirement. VP commonly employs a movable blade to recoat each cured layer with a 

micrometric layer of uncured resin. The uniformity and homogeneity of this recoating layer are 

essential requirements in ceramic VP. According to Dufaud et al. [141], the shear rate, 𝛾̇ , 

caused by the recoating blade moving at a speed 𝑣 in a layer with thickness 𝑒 can be 

approximated by Equation 1 (drag flow in parallel plates). During recoating, the shear rate 

usually ranges between 30 and 100 s-1 [142], and the viscosity of the suspensions should be 

lower than 3 Pa.s towards the achievement of proper fluidity [9,26,37]. This upper limit has 

been observed in most studies [25,28,33,78,128,130,131,134,143], although a few have worked 

with formulations exceeding 15 Pa.s [3,64,65,140] in some industrial printers [64,65]. 

Excessive viscosity hampers the attainment of uniform thin layers (typically between 25 and 

100 micrometers) [28]. However, the meeting of both requisites is a difficult task, since the 

higher the solid loading, the higher the viscosity. 

𝛾̇ = 𝜈/𝑒                                                                                                                                (1) 
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2.6.1 Rheological Behavior 

 

2.6.1.1 Non-Newtonian behavior 

 

Highly loaded ceramic suspensions for photopolymerization are usually strongly non-

linear due to the dispersed solid phase [144], although the monomers and diluents used as a 

continuous phase generally display a Newtonian behavior [145]. Because of the multiphase 

characteristic of ceramic suspensions, the rheological behavior is influenced by the properties 

of the continuous medium, dispersed phase, and, remarkably, interactions between phases 

[144]. In low to moderate solid loadings, ceramic suspensions exhibit a shear-thinning behavior 

[3,4,132,140,143,146–151,9,25,30,65,128–131] characterized by a viscosity decrease with an 

increasing shear rate. Shear-thinning occurs through deflocculation of the particles and their 

increased arrangement in layers, caused by a shear rate increase [152], as illustrated in Figure 

17 (a and b). Such behavior is desirable in ceramic VP [25,141,147], since it prevents the 

sedimentation of the suspension at rest and promotes adequate flow when a shear rate is applied 

[78]. 

 

Figure 17 – Organization of particles according to the flow in a highly loaded suspension. a) Particles at rest; b) 

the ordering of particles in layers promotes shear-thinning; c) destruction of the layered organization of the 

particles and subsequent jamming promote shear-thickening. 

 
 Source: Adapted from [24,153]. 

 

On the other hand, highly loaded ceramic suspensions may display a shear thickening 

behavior, characterized by a viscosity increase with increasing shear rate, mainly in colloidal 

solutions (particles of at least one dimension between 1 nm and 1 µm) subjected to high shear 

rates [154]. This phenomenon can be explained by a disarrangement in the layered flow of the 

particles, which start jamming (Figure 17c), dissipating energy, and, consequently, increasing 

viscosity [155,156]. 
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The rheological behavior is strongly affected by the solid fraction. Figure 18 depicts 

some behaviors characteristic of ceramic suspensions with different concentrations of solids. 

Very diluted suspensions tend to maintain a Newtonian behavior, moderately concentrated 

solutions display a shear thinning behavior with Newtonian plateaus at low and high shear rates, 

and highly concentrated solutions may show shear thickening at high shear rates. Brownian 

motion dominates the suspension behavior of colloidal suspensions for moderate and highly 

concentrated suspensions, maintaining the particles randomly distributed in a state of 

thermodynamic equilibrium, with some aggregation, thus resulting in higher viscosity 

[144,157] at the first Newtonian plateau (low shear rate 𝛾̇ → 0). On the other hand, at the second 

Newtonian plateau (moderate to high shear rate), the flowing particles achieve an optimum 

layered arrangement, resulting in minimum viscosity [144,157]. 

 

Figure 18 – Suspension viscosity curves for different solid loadings. 

 
 Source: Adapted from [24,144] 

 

Several studies reported a transition from shear-thinning to shear-thickening behavior 

[29,33,78,158]. The presence and intensity of this shear-thickening transition are related to 

factors, such as choice of monomers [64], dispersants [66], dispersant quantity [28,66], particle 

size [107,156], and particle size distribution of ceramic powder [159].  The critical shear rate,  

𝛾̇𝑐𝑟 , characterizes the onset of shear thickening behavior [144]. Figure 19 shows 𝛾̇𝑐𝑟 decreases 

with an increasing volume percentage of solids and higher solid loadings also results in a more 

intense shear thickening behavior [145], undesirable for the photopolymerization of ceramic 

suspension, since it hampers a uniform spreading of new layers. Therefore, it must be avoided 
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by either reducing the shear rate (increasing production time) or modifying the suspension 

formulation (e.g., lowering solid loading or adding diluent or dispersant). 

Figure 19 – Representation of the rheological behavior of suspensions that show a transition from shear-thinning 

to shear-thickening behavior. The critical shear rate 𝛾̇𝑐𝑟  decreases with increasing solid loading. 

 
 Source: Adapted from [24,160]. 

 

 

2.6.1.2 Yield stress 

 

Ceramic suspensions with high solid loading may show yield stress 𝜏𝑦, only flowing 

when the yield stress is exceeded. When subjected to minor efforts, they exhibit a solid-like 

behavior [161] caused by the interactions of the particles, which form a tridimensional 

microstructural network, preventing flow [130,162]. Although yield stress has been considered 

a problem for recoating new layers [26,130], some authors claim it is desirable in some 

applications, such as the manufacture of suspended parts with no support [161] and prevention 

of spontaneous flow [163]. As expected, the yield stress increases with a solid loading increase 

[28,130]. 

Herschel-Bulkley’s model [164] relates stress 𝜏 to shear rate 𝛾̇ and yield stress 𝜏𝑦, as 

shown in Equation 2. The adjustable parameter 𝐾 is called the flow consistency index, and the 
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exponent 𝑛 is the flow behavior index, representing a deviation from a Newtonian behavior 

(𝑛 = 1) [28]. If 𝑛 is lower than one, it denotes a shear-thinning behavior; however, if it is higher 

than one, it represents a shear-thickening behavior. Several studies of ceramic VP have 

employed this model [28,62,146,163]. Figure 20 depicts a typical flow curve of a suspension 

with yield stress.  

 

𝜏 = 𝜏𝑦 + 𝐾𝛾̇𝑛                                                                                                                           (2)  

 

Figure 20 – Representation of the rheological behavior of a suspension with yield stress according to Herschel-

Bulkley’s model. 

 
 Source: Adapted from an article resulting from this thesis [24]. 

 

2.6.1.3 Stability 

 

Suspension stability is closely related to rheology. As a requirement to produce high-

quality parts, photocurable ceramic suspensions should be homogeneous and stable for 

extended periods [29]. Unstable suspensions can promote concentration gradients on printed 

parts, especially for parts that require long printing times [141,165]. Critically, unstable 

suspensions with deposition rates faster than layer printing time can cause sedimentation 

gradients on each layer, causing part delamination and failure during sintering [159]. The two 

main mechanisms that can negatively affect stability are sedimentation due to gravity and 

flocculation due to interparticle attraction [166]. 

Concerning sedimentation, the terminal settling velocity of the particles is a result of the 

equilibrium of viscous and gravitational forces [141,167]. Stokes’s sedimentation law, which 
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includes only the effects of gravitational and viscous forces, has been employed to evaluate 

particle terminal velocity [106,130,141,158,159]. However, attention should be taken as this 

equation is only valid for very diluted suspensions (𝜙 < 1 vol%) [158,166]. Richardson and 

Zaki [168] updated Stokes’s Law, including the solid fraction effect (Equation 3), and validated 

the equation for particles larger than 100 µm.  

 

𝑉𝑠𝑒𝑡𝑡𝑙𝑖𝑛𝑔 =
𝑑2(𝜌𝑠𝑜𝑙𝑖𝑑−𝜌𝑓𝑙𝑢𝑖𝑑)𝑔

18𝜂𝑓𝑙𝑢𝑖𝑑
(1 − 𝜙)4.65                                                            (3) 

 

Some general principles can be driven from this equation. The following factors can 

reduce suspension sedimentation: reducing particle size d, reducing density difference (𝜌𝑠𝑜𝑙𝑖𝑑 −

𝜌𝑓𝑙𝑢𝑖𝑑), increasing the fluid viscosity 𝜂𝑓𝑙𝑢𝑖𝑑, and increasing solid fraction 𝜙 [159]. Usual 

ceramic formulations for VP have high solid loading and small particles; therefore, applying 

this equation would result in negligible theoretical sedimentation velocity.  

However, in colloidal suspensions, Stokes’s Law is not valid [169] (consequently, 

neither is Richardson-Zaki’s equation). As particle size reduces, gravity and buoyancy become 

negligible [167], while interparticle forces, Brownian motion, and diffusion caused by 

concentration gradient become relevant [130,167,169].  For small particles, flocculation is the 

primary destabilization mechanism, enhancing sedimentation because large particle aggregates 

sediment faster. Therefore, dispersants are fundamental for minimizing interparticle attraction 

and maintaining suspension stability. Dispersants will be further discussed in section 3.4.  

To evaluate stability, many authors use simple sedimentation tests 

[28,30,141,143,166,170,64,84,106,128,130–132,140]. In these tests, the suspensions are placed 

in graduated cylinders and have their sedimentation interfaces height measured in 

predetermined time intervals, enabling qualitative comparisons of multiple suspensions tested 

simultaneously. However, the visual evaluation of the suspension might be insufficient to 

expose the underlying destabilization mechanisms occurring at microscopic levels [171]. 

Moreover, the literature lacks a consensus or a standard practice on the solid concentration to 

be used and the duration of the experiment. More studies are necessary to define the maximum 

sedimentation velocity allowed for ceramic suspensions used in VP for both printing and 

storage stability. A more advanced stability measurement can be performed using light 

backscattering [140,165,171]. Such equipment (suitable for concentrated suspensions) 

measures the transmittance and backscattering of an infrared beam directed to the sample. When 

particle concentration decreases (either by flocculation or sedimentation), the backscattered 
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light intensity reduces, thus enabling a quantitative identification of sedimentation and 

flocculation. [171]. Finally, the analysis of fractal patterns on drainage suspension films is an 

interesting proposal for a fast evaluation of dispersant stabilization effectiveness [158,166]. 

Within a few minutes, this technique obtained results comparable to sedimentation tests, which 

demand many hours or days.  

 

2.6.2 Influence of formulation on the rheological behavior 

 

2.6.2.1 Volumetric solid fraction  

 

As previously addressed, the volumetric solid fraction plays a crucial role in the 

rheological behavior of the suspension, since it affects both critical shear stress and yield stress 

of the ceramic slurry. Because solid loading is inversely related to the suspension viscosity, 

finding an optimum compromise between such factors is essential. 

A vital step towards an optimum compromise is to relate solid loading and suspension 

viscosity quantitatively. Modeling colloidal suspension behavior can be complex since it 

involves several phenomena, such as buoyancy, hydrodynamic flow, Brownian motion, Van 

der Waals interaction, and dispersion mechanisms. Many authors have simplified analyses 

using hard spheres models, which consider all particles rigid spheres of the same size, 

suspended in a Newtonian medium, with no interaction or gravitational effects [172]. 

Such models relate both viscosity and volumetric percentage of solid loading in 

suspensions for a given shear rate. Krieger-Dougherty’s model [173], a prominent hard spheres 

model, has shown excellent agreement with experimental data in several studies involving 

ceramic suspension for VP [28,107,130,132,148,170]. It is described by Equation 4 where 𝜂𝑟 

is the relative viscosity, 𝜂𝑠 is the suspension viscosity, 𝜂0 is the medium viscosity, 𝜙 is the 

percentual volumetric solid loading, 𝜙𝑚 is the maximum volumetric solid loading (maximum 

packing), and 𝐵  is Einstein's coefficient (also called intrinsic viscosity). Adjustable parameters 

𝜙𝑚 and 𝐵 are dependent on particle shape and size distribution and can be fitted experimentally. 

Parameter 𝐵 equals 2.5 for monodispersed, neutrally buoyant, non-interacting, hard spherical 

particles. In this model, the relative viscosity increases sharply as the solid fraction approaches 

the maximum, as illustrated in Figure 21.  

 

𝜂𝑟 = 𝜂𝑠/𝜂0 = (1 − 𝜙/𝜙𝑚)−𝐵𝜙𝑚                                                                             (4) 
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Figure 21 – Krieger-Dougherty’s model with B = 2.5 and 𝜙𝑚 = 63.7%. 

 
 Source: Adapted from an article resulting from this thesis [24]. 

 

2.6.2.2 Particle size and shape  

The addition of rigid particles to a liquid alters the hydrodynamic flow field. At low 

concentrations, the average interparticle distance is large, resulting in a minor viscosity increase 

due to a small hydrodynamic disturbance [162]. However, as the distance between particles 

decreases, the interparticle interaction becomes prominent. Notably, if the particles are smaller 

than 1 µm, the colloidal forces caused by Brownian motion and Van der Waals dominate the 

suspension behavior [154,157,162]. Therefore, fine powders result in higher viscosity than 

coarser ones and are more prone to agglomeration due to their large specific areas [131]. On 

the other hand, fine particles are more reactive than larger ones during sintering, which results 

in denser parts with better mechanical properties [23,132,174]. Therefore, the average of the 

particles in ceramic slurries for additive manufacture usually ranges between 90 and 500 nm 

[4,8,129,130,143,146,156,158,175–178,28,179,180,33,36,37,66,76,107,128].  

Another essential aspect is particle size distribution. Figure 22 displays the effect of 

particle size on the relative viscosity for different levels of solid loading [157]. As can be seen, 

the size distribution exerts a negligible effect on dilute suspensions, since the average 

interparticle distance is considerable. However, as the solid fraction increases towards its 

maximum packing, the particle size distribution effects are significant. A large particle size 

ratio enables smaller particles to flow in the interstices of the larger ones [145,157,181–183], 

as illustrated in Figure 23. Consequently, suspensions with a broader particle size distribution 

may show higher fluidity. Wozniak et al. [145] mixed nanometric and micrometric particles, 

obtaining a bimodal suspension with lower viscosity (as predicted by Farris’s theory [184]) and 
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less shear-thickening behavior than monomodal suspensions. An optimal particle size 

distribution can be estimated by this theory, resulting in lower viscosity and maximum packing 

[65,184].  

 

Figure 22 – Effect of the fraction of large particles on the viscosity of a bimodal suspension, for different levels 

of solid loading (10 to 75 vol%). The particle size ratio is 5:1. 

 
 Source: Adapted from [24,157]. 

 

Figure 23 – Schematic representation of smaller particles free to flow in the interstices of large particles. Particle 

size ratio: 40:1. 

 
 Source: Adapted from an article resulting from this thesis [24]. 
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Moreover, nanoparticles can increase the stability of a suspension made of coarse 

particles. The fine particles increase the viscosity of the fluid surrounding the coarser particles 

[168,184], thus reducing the settling velocity, as indicated by Equation 3. Ding et al. [30] used 

1 wt% of nanoparticles to avoid sedimentation of a micro-sized slurry for as long as 60 hours. 

Song et al. [140] and Pfaffinger et al. [84] also used nanoparticles to increase suspension 

stability at the cost of considerably increasing viscosity.  

Superficial area and particle shape (which can be characterized by the aspect ratio) also 

considerably modify the rheology. In suspensions with non-spherical particles (with a higher 

aspect ratio), the effective maximum solid loading is reduced [157], resulting in higher 

viscosity.  For instance, homogeneous suspensions of fibers with large aspect ratios are difficult 

to prepare and handle [107].  

 

2.6.2.3 Monomers and diluents  

 

According to Krieger-Dougherty’s model (Equation 4), the suspension viscosity is 

proportional to the medium viscosity multiplied by the effect of the addition of particles. 

Therefore, the medium viscosity should be as low as possible so that suspensions with high 

solid fraction and moderate viscosity can be achieved.   

The monomer is the main constituent of most photocurable resins, which highlights the 

importance of a proper monomer selection. Different types of acrylate (and methacrylate) 

monomers are used in the formulations of most reviewed studies (see Table 2). Commercial 

formulations will not be discussed here since both their composition and chemical nature have 

not been fully reported. 

The number of reactive functional groups of a monomer plays a crucial role in 

polymerization. Multifunctional monomers promote cross-linking during polymerization, 

increasing the printed part strength and hardness compared to monofunctional monomers 

[25,26,158]. Figure 24 illustrates the polymerization of a monofunctional monomer and a 

multifunctional one and the effect of cross-linking. In general, the greater the number of 

functional groups, the greater the viscosity, as inferred from Table 2. For instance, 

monofunctional monomers are also called reactive diluents due to their low viscosity [25,185]. 
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Table 2 – Properties of monomers used in ceramic vat photopolymerization. 

Data on properties were compiled from papers and commercial suppliers (Sigma-Aldrich, Green Chemical, Alpha-chemistry, Esschem Europe). This table is provided only for comparative 

purposes, since the measurement conditions may change. 

 OHMonomers with hydroxyl functional group                     SiSilane couplings                     + Polymeric compounds may display different properties due to differences in average molecular weight. 

Source: Adapted from an article resulting from this thesis [24]. 

Index Monomer 
Functio

-nality 

Molar 

mass g mol-

1 

Density 

 g cm-3 

Viscosity 

 mPa.s 

Refractive 

index 
Reference 

 Acrylamide 1 71 1.322 Solid - [37,132,149,178,179,181,186] 

2HEA 2-Hydroxyethyl acrylate 1OH 116 1.011 8-10 1.445-1.45 [25,129,130,145] 

HEMA 2-Hydroxyethyl methacrylate 1OH 130 1.073 6-11 1.453 [25,147,187] 

4HBA 4-Hydroxybutyl acrylate 1OH 144 1.039-1.041 10-25 1.452-1.454 [145] 

APTMS 3-(Trimethoxysilyl)propyl acrylate 1Si 234 1.055 - 1,429 [140] 

KH-570 3-(Trimethoxysilyl)propyl methacrylate 1Si 248 1.045 - 1.431 [143,188] 

ACMO 4-Acryloylmorpholine 1 141 1.122 12-15 1.512 [64,131] 

IBOA Isobornyl acrylate 1 208 0.98-0.99 2-9 1.476 [25,27,147,185] 

IDA Isodecyl acrylate 1 212 0.875 1-10 1.440-1.442 [25] 

PHEA 2-Phenoxiethyl acrylate 1 192 1.104 5-15 1.518 [25] 

MBAM N-N’-Methylenebisacrylamide 2 154 1.235 solid - [37,132,149,178,179,181,186] 

BDDA 1,4-Butanediol diacrylate 2 198 1.051 8 1.456 [147] 

HDDA 1,6-Hexanediol diacrylate 2 226 1.01 – 1.03 5-10 1.455-1.457 

[8,25,129,130,133,140,143,146,147,150,15

1,158,27,159,177,180,185,188–

193,28,194–197,36,64–66,78,128] 

HDEODA+ 1,6-Hexanediol ethoxylate diacrylate 2 314 1.01-1.05 10-30 1.461 [33] 

DEGDA Di(ethylene glycol) diacrylate 2 214 1.118 12 1.463 [147] 

TEGMA Tri(ethylene glycol) dimethacrylate 2 286 1.07-1.09 5-30 1.461 [98] 

TTEGDA Tetra(ethylene glycol) diacrylate 2 302 1.11 5-30 1.465 [187] 

PEGDA+ Poly(ethylene glycol) diacrylate (200-400) 2 308-508 1.11-1.12 15-65 1.463-1.467 [14,35,129,131,145,151,193] 

TPGDA Tri(propylene glycol) diacrylate 2 300 1.030 10-15 1.450 [15,198] 

PPGDMA+ Poly(propylene glycol) dimethacrylate (400) 2 536 1.002-1.01 30-50 1.450 [185] 

NPGPO2DA Neopentyl glycol (PO)2 diacrylate 2 328 1.007 10-30 1.440-1.447 [27,64] 

BPAE2DMA 
Bisphenol A bis(2-hydroxyethyl ether) 

dimethacrylate 
2 453 1.120 1800 1.542-1.544 

[141] 

UDMA Diurethane dimethacrylate 2 471 1.110 8500 1.485 [98] 

TMPTA Trimethylolpropane triacrylate 3 296 1.109-1.11 80-140 1.474 [8,25,28,130,140,143,158,188,194] 

TMPETA+ Trimethylolpropane ethoxylate triacrylate 3 693 1.102-1.11 60-120 1.471 [185,187] 

Di-TMPTA Di(trimethylolpropane) tetraacrylate 4 467 1.101-1.15 350-800 1.479 [33,36,64,65] 

EPTTA+ ethoxylated pentaerythritol tetraacrylate 4 550-718 1.139-1.16 100-200 1.475 [133,146,150,159,177,180,190,191] 

DPHA Dipentaerythritol penta-/hexa- acrylate 5/6 523-579 1.155 4000-7000 1.488-1.49 [33] 
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Figure 24 – Comparison of mono and multifunctional monomers: a) monofunctional monomers; b) linear 

polymerization of monofunctional monomers; c) entanglement of linear polymeric chains; d) bifunctional 

monomers; e) network polymerization of bifunctional monomers; f) polymeric network with cross-linking (in 

red). 

 
 Source: Adapted from an article resulting from this thesis [24]. 

 

Nonreactive solvents are also commonly used in ceramic resin formulations. Although 

inert diluents do not contribute to the mechanical resistance of the green printed parts, they 

improve refractive index matching [26] and plasticity [133] and reduce viscosity [33,134,185] 

and polymeric shrinkage [33,133] (which minimizes warping and delamination of the green 

parts). Furthermore, 1-octanol also displays antifoaming properties [141]. However, very 

volatile diluents, such as methanol and ethanol, are not recommended since they promote more 

warping and cracking than diluents that decompose during debinding [33,106]. A list of diluents 

found in ceramic photopolymerizable resins is provided in Table 3.  

 

Table 3 – Properties of diluents used in ceramic vat photopolymerization. 

Diluent 

Molar 

mass 

g mol-1 

Boiling 

point 

°C 

Density  

g cm-3 

Viscos

ity 

mPa.s 

Refractive 

index 
Reference 

Water 18 100 1.00 0.89 1.333 
[37,132,149,178,179,

181,186] 

Methanol 32 65 0.791 0.5 1.329 [98,106,175,199] 

Ethanol 46 78 0.789 1 1.36 [106,187] 

Isopropyl alcohol (IPA) 60 82 0.785 2 1.377 [140] 

1-Octanol (capryl 

alcohol) 

130 196 0.827 7.2 1.429 
[150,177,191,192] 

Benzyl alcohol 108 203-205 1.045 5.5 1.539 [66,78] 

Phenoxyethanol (POE) 138 244-246 1.107 - 1.539 [187] 

1,5-pentanediol 99 202 1.028 86 1.47 [3,106] 
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Glycerol (glycerin) 92 182 1.25 954 1.474 [37,132,149,179,181,

186] 

Polyethylene glycol 

(PEG)+ 

200-600 >150 1.124-

1.128 

60-

100 

1.46-1.47 [3,33,106,133,150,18

0,192] 

Polypropylene glycol 

(PPG)+ 

400 200 1.01 50-

100 

1.447-1.451 
[146] 

Decahydronaphthalene 

(decalin) 

138 189-191 0.896 2-3 1.474 
[158,185] 

1-Methyl-2-pyrrolidone 

(NMP) 

104 242 0.994 2 1.45 
[106] 

Butoxyethyl acetate 

(BEA) 

160 192 0.942 2 1.413 
[33] 

Camphor 152 204 0.99 solid - [134] 

Data on properties were compiled from papers, commercial suppliers (Sigma-Aldrich), and PubChem chemistry database. This 

table is provided only for comparative purposes, since the measurement conditions may change. 
+ Polymeric compounds may display different properties due to differences in average molecular weight. 

Source: Adapted from an article resulting from this thesis [24] 

 

The affinity of the liquid medium with ceramic particles is fundamental for suspension 

homogenization. Ceramic particles such as alumina, silica, and zirconia have hydroxyl groups 

on their surfaces, which makes their powders hydrophilic [128]. For instance, the use of OH-

terminated monomers (e.g., 2-HEA, 4-HBA, and HEMA) promotes hydrogen bonds and a 

solvation layer around the particles, thus reducing viscosity even without dispersant 

[25,129,145,187]. Reactive acrylate silane coupling monomers are also used for functionalizing 

ceramic surfaces [140,143,188]. Aqueous suspensions are another possible solution for particle 

affinity. Those reported in the literature [37,132,149,178,179,181,186] are primarily based on 

the formulation presented in a seminal paper on ceramic stereolithography by Griffith and 

Halloran [26]. Besides ceramic powder, the formulation includes water-soluble acrylamide and 

methylenebisacrylamide (MBAM) as monomers, a photoinitiator, dispersant, and water with 

glycerol as solvents. MBAM has two reactive sites and acts as a cross-linker. The advantage of 

aqueous formulations is their low viscosity compared to viscous non-polar acrylates. However, 

one of their drawbacks is a large amount of water, which must be removed before sintering. 

The shrinkage caused by drying can be as high as 14%, eventually promoting delamination and 

warping [132,178]. Desiccation with liquid PEG400 seems to produce a more uniform water 

removal, reducing warping problems [178]. Another disadvantage of this type of suspension is 

that the mechanical strength of green printed parts is lower than those of non-aqueous 

suspensions [107].   

Furthermore, the refractive index of the medium should be considered.  According to 

the Beer-Lambert law, the cured depth thickness is inversely proportional to the square of the 

difference between the refractive index of the medium and the particles (𝑛𝑐𝑒𝑟𝑎𝑚𝑖𝑐 − 𝑛𝑚𝑒𝑑𝑖𝑢𝑚)2 

[26,181]. Therefore, a liquid medium whose refractive index is closer to that of ceramics 
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increases the cured layer and the overall printability [26,145]. Table 4 shows the refractive 

indexes of some printed ceramics. Since the refractive index of water is lower than those of 

most ceramics (n = 1.33), aqueous formulations result in thinner cured depth due to the higher 

refractive index difference. Glycerol is added to aqueous formulations for increasing the 

medium refractive index without compromising the suspension viscosity significantly [26].  

 

Table 4 – Refractive index for some printable ceramic materials. 

Ceramic Refractive index Reference 

Alumina (Al2O3)  1.52-1.70 [26] 

Silica (SiO2) 1.56 [26] 

Silicon Nitride (Si3N4) 2.10 [26] 

PZT 2.5 [141] 

Zirconia (ZrO2) 2.176-2.2 [25,28] 
.  

Source: Adapted from an article resulting from this thesis [24] . 

  

Most formulations reported for ceramic VP are based on non-aqueous formulations, 

given the greater depth of cure and better mechanical resistance of the resulting green parts in 

comparison to those of aqueous solutions. However, the hydrophilic character of the surface of 

ceramic particles reduces the powder dispersibility in a non-polar medium [107]. A way to 

solve the affinity problem is to make the hydrophilic surface of the oxide compatible with the 

hydrophobic medium through dispersants [200,201] (which will be further explained in the next 

section). 

Among the non-aqueous formulations for ceramic VP, the most used acrylate monomer 

is HDDA (1,6-hexanediol diacrylate), employed for ceramic VP since 1996 [26]. This 

difunctional acrylate shows good agreement among low viscosity, mechanical resistance (due 

to cross-linking), and diffusion-controlled degradation during debinding [158]. However, its 

high polymerization shrinkage [185] creates internal stresses during curing, which leads to 

delamination and brittle behavior of the part [140,146,158]. Although some authors used 

HDDA alone [23,128,195–197], better results were achieved when it was combined with 

monomers of higher functionality for enhancing cross-linking and with inert diluents or 

monofunctional monomers. For instance, several authors combined HDDA with TMPTA 

[8,28,30,130,140,143,158,188,194], a viscous trifunctional acrylate with lower polymerization 

shrinkage, for increasing the hardness of the printed part [140]. Other combinations of 

monomers and diluents are provided in Table 5. 
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Table 5 – Some combinations of monomers and diluents for ceramic VP. 

Monomer Inert diluent Reference 

HDDA  [23,128,195–197] 

HDDA + EPTTA  [190] 

HDDA + IBOA + PNPGDA  [27] 

HDDA + Genomer 5695 Benzyl alcohol [66,78] 

HDDA + 2HEA + TMPTA  [130] 

HDDA + TMPTA  [8,28,30,140,194] 

HDDA + TMPTA Decalin [158] 

HDDA + TMPTA + Acrylate silane coupling  [143,188] 

HDDA + TMPTA + Acrylate silane coupling Isopropyl alcohol [140] 

HDDA + Di-TMPTA  [36,64,65] 

HDDA + PEGDA  [151,193] 

HDDA + PPTTA PEG [133,180] 

HDDA + PPTTA PPG [146] 

HDDA + PPTTA + PUA PEG + 1-Octanol [150,177,191] 

HDDA + PUA PEG + 1-Octanol [192] 

Acrylamide + MBAM Water (+ glycerol) [37,132,149,178,179,181,186] 

HEMA + TEGDA POE [187] 

HEMA + TMPETA  [187] 

PEGDA  [35] 

PEGDA + ACMO  [131] 

PEGDA + 2HEA  [145] 

PEGDA + 4HBA  [145] 

PEGDA + 3,3-Dimethylacrylic acid PPG [14] 

PNPGDA + Di-TMPTA  [64] 

TEGMA + UDMA  [98] 

TMPTA + IDA  [25] 

TMPTA + IBOA  [25] 

TPGDA  [15,198] 

Source: Adapted from an article resulting from this thesis [24] . 

 

2.6.2.4 Dispersants 

 

Ceramic particles, in which the surfaces are filled with several hydroxyl groups, have a 

strong tendency to agglomerate [131], thus increasing the suspension viscosity. Van der Waals 

forces promote an attractive potential between particles, especially in fine powders [131], 

causing the particles to aggregate in a strong flocculated state [154,162,202–204]. The Van der 

Waals potential can be reduced by suspending the particles in an index-matched solvent 

[145,154]. 

Dispersants can improve the manufacturability of highly loaded ceramic slurries [131] 

since their type and quantity significantly affect the rheological behavior [28] and stability [143] 

of suspensions. Their effectiveness can be evaluated by the viscosity and stability of the 

suspension. 
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2.6.2.4.1 Dispersion and adsorption mechanisms 

 

Dispersion mechanisms are classified into three main types. The first is electrostatic 

stabilization. In aqueous suspensions, a repulsive electrostatic potential can be generated if the 

surfaces of the particles are electrically charged. Opposed sign ions on the liquid are attracted 

to the particle surface forming a repulsive electric potential, which exponentially decreases with 

the distance [144,154] and is proportional to the dielectric constant of the suspension medium 

[144,154,162,204]. Water has a high dielectric constant, while those of non-polar solvents are 

much lower. Therefore, effective electrostatic stabilization is exclusive to aqueous suspensions 

[154,157,162] and can be neglected in non-polar polymeric solvents [205]. Furthermore, 

electrostatic stabilization alone might be insufficient for the achievement of a stable suspension. 

According to the DLVO theory, if the particles have sufficient energy to overcome the 

electrostatic repulsive barrier, they might fall on the primary minimum forming a very stable 

aggregate [154,162]. None of the reviewed articles used this type of stabilization solely. 

The second type of dispersion mechanism is steric stabilization, which occurs through 

the adsorption of long organic molecules at the surface of the particles, generating repulsion 

force when the polymeric layer of two neighboring particles overlaps [162] and avoids their 

aggregation [144,154]. Unlike electrostatic stabilization, steric stabilization can disperse non-

aqueous suspensions [144]. Due to the hydrophilic surface of ceramic particles, the stabilizing 

materials must have a hydrophilic anchor group that interacts with the particle surface and a 

hydrophobic chain soluble in the liquid medium. Consequently, a steric barrier that stabilizes 

the dispersed particles in the suspension is created [28,131,200], as illustrated in Figure 25. 

The following conditions are required for a good steric dispersion [162,204]: complete 

coverage of particle surface by the steric layer, sufficient thickness of the adsorbed layer (>5 

nm), medium as a good solvent for the stabilizing chain, and strong attachment of dispersant 

with the surface particle achieved with anchor groups of strong affinity with the surface. On the 

other hand, if the polymer is not attached to the surface, but freely moves dissolved in the 

solvent, it can produce depletion agglomeration instead of dispersion [154,162]. Therefore, the 

high affinity of the dispersant with both ceramic particle and solvent medium is fundamental 

for good dispersion, which can be evaluated with the use of contact angle measurements [64]. 
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Figure 25 – Schematic illustration of steric stabilization. Dispersant molecules have polar anchor groups 

adsorbed in the ceramic surfaces and hydrophobic chains soluble in the medium, creating a protective layer 

against agglomeration. 

 
 Source: Adapted from an article resulting from this thesis [24]. 

 

Steric stabilization offers advantages when compared to electrostatic stabilization. Its 

steric repulsive potential is steeper than electrostatic potential [162]; therefore, the total 

potential has no primary minimum, enabling an easy redispersion of agglomeration [162,206]. 

Furthermore, steric stabilization is independent of the ionic concentration of the liquid medium 

and promotes good dispersion at intermediate pH values, whereas in electrostatic stabilization, 

a better dispersion is achieved at extreme pH values [162,206]. 

Finally, the third type of dispersion mechanism is electrosteric stabilization, which 

combines both types of stabilization. Polyelectrolytes, which are polymers charged along the 

length of the polymeric chain (in contrast to those with charged species only at the molecule 

terminations) [207], promote a steric barrier and an electrostatic potential [154]. The superficial 

charge of the particles, altered by the pH, can either increase or decrease polymer adsorption 

on the surface [154,206]. The electrosteric mechanism yields good results for aqueous 

suspensions. Wang et al. [149] tested some of the most used dispersants for aqueous 

suspensions, namely ammonium polyacrylate, sodium polyacrylate, polyvinylpyrrolidone, and 
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polyacrylic acid, and reported ammonium polyacrylate, which is a polyelectrolyte, resulted in 

the lowest viscosity suspension.  

The adsorption of steric dispersants can be classified as either chemical or physical 

[203]. In chemical adsorption, molecules chemically react with the surface, forming covalent 

bonds. This process requires a considerable amount of energy since it involves disruption and 

formation of covalent bonds, which can have the magnitude of hundreds of kilojoules [208]. 

Thus, this type of adsorption usually requires an additional step before mixing the powder with 

the resin [203]. The ceramic particles are previously mixed with the dispersant and a solvent 

(such as ethanol [128,130,131,146,151,158,193] or acetone [129]) and then stirred in an 

ultrasonic mixer, ball mill, or planetary mill.  Finally, the powder is dried for the elimination of 

the solvent and eventually heated for enhancing chemical reactions, and then sieved. This two-

step process is employed for suspensions that use carboxylic acids (monocarboxylic 

[23,128,129,131] and dicarboxylic acids [130]) and silane couplings [64,131,140] as 

dispersants. The effectiveness of the dispersant adsorption in the ceramic surface can be 

assessed by FTIR spectroscopy of the modified particles [28,64,129,130,142,170]. 

On the other hand, in physical adsorption, Van der Waals bonds occur between the 

adsorbent and the adsorbent surface and do not require a large amount of energy, reaching a 

maximum of a few kilojoules [208]. Examples of such interactions are hydrogen bonds between 

hydroxyl groups present on the surfaces of oxides and the oxygen of carbonyl groups of esters 

[209] or ethoxy segments [210,211]. Mixing requires no preliminary step, enabling ceramic 

particles, dispersants, and resins to be mixed at once [203]. Several commercial dispersants 

with long polymeric chains were mixed in this single-step process (e.g., KOS110 (Guangzhou 

Kangoushuang) [8,28], BYK w969 [25], DISPERBYK-180 [27] (BYK-Chemie), and Variquac 

CC 42 (Evonik) [190,212]). 

 

2.6.2.4.2 Optimum amount of dispersant 

 

It must be highlighted that the addition of dispersants has an optimum point of minimum 

viscosity, resulting in a more viscous suspension for lower or higher amounts of dispersant [37]. 

This phenomenon was reported by Zhang et al. [28], who varied the amount of dispersant in a 

suspension with 40 vol% zirconia particles at a constant shear rate (Figure 26). Wang et al. 

[132] demonstrated the dosage of dispersant should be proportional to the superficial area of 

the powder rather than to its weight since adsorption is a superficial effect. A low amount of 

dispersant can result in incomplete coverage of the particle surface, hence, flocculation will 
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occur [203,213]. On the other hand, a large amount of dispersant above the adsorption limit 

increases the suspension viscosity, since the excess dispersant is diluted in the medium 

[30,213]. The use of the optimum amount of dispersant, which is associated with the limit of 

adsorption of the Langmuir isothermal adsorption model [130,203], reduces suspension 

viscosity [28], shear-thinning behavior [28], and yield stress [28,130].  

 

Figure 26 – Viscosity curve as a function of dispersant concentration. 

 
 Source: Adapted from [24,28]. 

 

2.6.2.4.3 Types of dispersants used in photosensitive ceramic suspensions 

 

Polyvinylpyrrolidone (PVP K15) [37,178,179,181] and polyelectrolyte ammonium 

polyacrylate (PAA-NH4) [132,149] were used as dispersants for water-soluble formulations. 

Although they can also be employed with non-polar acrylates formulations, other dispersants 

seem to be more effective [106,128]. 

Several types of materials have been used as dispersants in formulations for vat 

photopolymerization based on non-polar acrylates, including several commercial 

hyperdispersants, which have at least one hydrophilic anchor group and one hydrophobic 

polymeric chain [213]. Although their chemical structure is not publicly available, the anchors 

are commonly functional groups of high polarity, such as amine 

[25,27,159,180,190,193,33,107,131,133,142,147,151,156], carboxyl  

[8,28,30,131,170,189,193], silane [64,131,140,143,188] and phosphoric acid/oxide 
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[151,158,195,196]. Table 6 shows a summary of dispersants reported in the literature that have 

yielded good results.   

 

Table 6 – Dispersants used in formulations of ceramic slurries vat photopolymerization. 

Name Chemical description Reference 

Ammonium 

polyacrylate 

Polyelectrolyte  [106,128,132,149] 

Polyvinylpyrrolidone  Steric dispersant used in aqueous suspensions [37,106,178,179,181] 

Oleic acid Unsaturated carboxylic acid (18 carbons) [23,106,128,129,131,142,195] 

Sebacic acid Short-chain dicarboxylic acid (10 carbons) [130,195] 

KH560 Silane Coupling 

3-glycidoxypropylthrimethoxysilane 

[64,131] 

MAEP Monoalcohol ethoxylate phosphate [195] 

TOPO Trioctylphosphine oxide [158] 

Not specified  

(BYK-Chemie) 

Alkylamine dispersant [133] 

Not specified  

(BYK-Chemie) 

High molecular copolymer [194] 

Not specified  

(BYK-Chemie) 

A type of copolymer containing a phosphoric acid 

group 

[151] 

ANTI-TERRA-U 100  

(BYK-Chemie) 

Salt of unsaturated polyamine amides and low-

molecular acidic polyesters 

[180] 

BYK-w 969  

(BYK-Chemie) 

A solution of a hydroxy-functional 

alkylammonium salt of an acidic copolymer  

A mixture of 2-phenoxyethanol and alcohol 

ammonia salt of an acidic polyester 

[25,147] 

DisperBYK  

(BYK-Chemie) 

A solution of an alkylammonium salt of a low-

molecular-weight polycarboxylic acid polymer 

[131,193] 

DisperBYK-103 

(BYK-Chemie) 

A solution of a copolymer with filler affinic groups [142] 

DisperBYK-111  

(BYK-Chemie) 

Copolymer with an acid group  

(also used combined with reactive acrylate silane 

couplings) 

[140,142,143,188]  

DisperBYK-142  

(BYK-Chemie) 

A solution of a phosphoric ester salt of a high 

molecular weight copolymer with pigment-affinic 

groups (Particularly suitable for stabilizing 

pigments in epoxy resins) 

[196] 

DisperBYK-180  

(BYK-Chemie) 

Alkylol ammonium salt of a copolymer with acidic 

groups 

[27,142] 

DisperBYK-2001  

(BYK-Chemie) 

A solution of a structured acrylate copolymer with 

pigment-affinic groups (electrosteric mechanism) 

[134] 

Hypermer KD-1 

(Croda) 

polyester/polyamine condensation polymer with a 

cationic head group 

[33,156]  

KOS110 

(Guangzhou 

Kangoushuang Trade) 

Copolymer dispersant containing a carboxylic acid 

group 

[8,28,30,170,189] 

Solsperse 41000 

(Lubrizol) 

100% active polymeric dispersant compatible with 

UV-curable systems 

[66,197] 

Triton X-100 

(Sigma-Aldrich) 

 

Octylphenol Ethoxylate is a non-ionic surfactant 

with a hydrophilic polyethylene oxide chain and an 

aromatic hydrocarbon hydrophobic group. 

[142,147,156,214] 

Variquac CC 42 NS 

(Evonik) 

Polypropoxy quaternary ammonium chloride. [107,131,190] 

.  

Source: Adapted from an article resulting from this thesis [24] . 
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Dispersants with carboxyl acids include fatty acids (long hydrocarbon chains with a 

single carboxyl group [215]), either saturated (e.g., stearic acid [128,129,131]) or unsaturated, 

with a double carbon bond (C = C) (e.g. oleic acid [23,106,128,129,131,142,195]), short-chain 

dicarboxylic acids [130], and commercial dispersants with one or more carboxyl groups (e.g. 

KOS110 [8,28,30,170,189] and DISPERBYK [131,193]). When used with acrylates, oleic acid 

shows better dispersion than stearic acid [128,129,131,195] and sebacic acid [195]. Its 

unsaturated chain seems to have a better affinity with the double bonds of non-polar acrylates, 

which explains its effectiveness [106,128]. On the other hand, stearic acid has displayed worse 

dispersion properties for polar ceramic particles dispersed in non-polar acrylates 

[64,128,129,131,141,195] and tends to foam, which demands an antifoaming agent [141]. The 

size of carboxylic acid affects dispersion. Sebacic acid, a dicarboxylic acid with ten carbons, 

has shown more effective in dispersing alumina in acrylate non-polar formulations than smaller 

dicarboxylic acids [130], due to the longer chain and consequent higher steric potential. 

 

2.6.2.5 Best reported formulations concerning rheological behavior 

 

Although most studies work with formulations with solid loading ≥ 40 vol% and 

viscosity ≤ 3 Pa.s, exceptions are studies that use highly viscous ceramic slurries in 

differentiated equipment. Li et al. [107] used Admaflex 130 (ADMATEC Europe BV, The 

Netherlands) to manufacture zirconia parts with viscosity around 7 Pa.s. This DLP equipment 

applies a tape casting technology for creating layers [156], and its transport system can handle 

high-viscosity suspensions [32]. Xing et al. [64,65] used Ceramaker 300 system (3D CERAM, 

France) to print ceramic parts with slurries with viscosity as high as 28.2 Pa.s. 

Table 7 shows details of the formulations that fulfilled the desired requisites (≥ 40 vol% 

solid loading and ≤ 3 Pa.s viscosity). Formulations from the same authors were grouped for 

facilitating comparisons. Griffith and Halloran [26] and Wang et al. [132] printed ceramic parts 

using suspensions with a solid loading of 50 vol% or more. However, they used aqueous 

suspensions, which provided a cured ceramic green body of low strength [107], thus hampering 

post-processing, which explains its restricted use. On the other hand, all non-aqueous 

formulations described included monomer HDDA, which is generally a good fit due to its low 

viscosity (around 9 mPa.s [25]) and ability to create cross-linked networks [216].  
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Table 7 – Dispersants used in formulations of ceramic slurries for vat photopolymerization. Studies from the same research group are displayed in sequence. 

Reference Ceramic material 

Particle 

size 

Superficial 

area 

Solid 

fraction 

Viscosity 

 

mPa.s 

Monomer Diluent Dispersant 

µm m2 g-1 vol% 

[132] 
Hydroxyapatite 

5 0.6 52 1520 Acrylamide + MBAM 

25 wt%, 1.5 wt% 

Water + glycerol:  

67 wt%, 6.5 wt% 

Ammonium 

polyacrylate  

0.3 mg/m2 [132] 1 2.1 52 2870 

[26] Silica 2.29 - 50 110 
Acrylamide + MBAM  

9:1 wt 

(Water + glycerol)  

50-70 vol% 
Not detailed 

[134] Calcium Phosphate 1.57 4.2 48 160 HDDA 
Camphor  

40 wt% 
DisperBYK-2001 

[66] Zirconia 3Y 0.09 7 45 2300 
HDDA + Genomer 5695 

52 wt%, 13 wt% 

benzyl alcohol  

35 wt% 

Solsperse 41000  

1 wt% [66] 
Zirconia 3Y + Alumina  

4:1 wt 
0.09 - 0.2 7 - 14.5 48 3000 

[78] Zirconia 3Y 0.09 7 44 1220 
HDDA + Genomer 5695  

54 wt%, 17 wt% 

benzyl alcohol  

29 wt% 

Melpers 4350  

3 wt% 

[130] Alumina 0.4 4.1 45 1620 
HDDA+2HEA+TMPTA  

6:3:1 vol 
- 

Sebacic acid        

0.4 wt% 

[145] Alumina 0.4 3.7 40 2020 HDDA - 
Oleic acid  

0.1 wt% 

[151] BaTiO3 0.5 2.3 40 230 
HDDA+PEGDA400  

1:1 vol 
- 

BYK 

1 wt% 

[193] Alumina 0.4 4.1 40 200 
HDDA+PEGDA400  

1:1 vol 
- 

BYK 

5 wt% [193]  
Alumina + Zirconia 3Y 

3:1 wt 
0.4 - 0.2 - 40 380 

[30] 
SiC + nano SiC 

99:1 wt. 
15 - 0.4 - 40 480 

HDDA+TMTPA  

1:1 wt 
- 

KOS110 + 17000   

5 wt% 

[143] Cordierite 0.35 - 40 1490 
(HDDA + TMPTA)  

(1:4 vol)  
- 

Disperbyk-111       

5 wt% 

[156] Zirconia 3Y 0.385 9 40 2900 
SP-RC700, Sprint Ray 

commercial resin 

PEG400  

25 vol% 

Variquat CC-42     

3 wt% 
.  

Source: Adapted from an article resulting from this thesis [24] . 
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Studies that employed more than 40% solid loading mixed monomers with inert 

diluents. A notable exception is the study of Zhang S. et al. [130], which used a monofunctional 

polar monomer with low viscosity (2-HEA) combined with cross-linkers HDDA and TMPTA 

and showed highly loaded suspensions with no inert diluents are feasible. 

All selected studies used dispersants, and some included reactive acrylate surfactants 

with good affinity with ceramic particles, such as hydroxyl-terminated 2-HEA [130] and silane 

coupling KH-570 (3-methacryloxypropyltrimethoxysilane) [143]. This reactive surfactant 

simultaneously promotes the dispersion of the particles in the suspension and enhances the 

mechanical resistance of the printed part.    

Moreover, particle size and shape exerted a prominent effect. Studies that employed 

higher solid loadings used particles larger than 1 µm diameter [26,30,132,134], which minimize 

the attraction forces and reduce viscosity – however, they are not ideal for sintering. If the 

mechanical resistance and porosity of a part are not a significant concern, larger particles might 

be a viable option. However, excellent results were also achieved for submicrometric particles 

with the use of superior ceramic grades of small surface area (more spherical particles), which 

enhanced flowability [66,78,130,145,151,193].  

 

2.6.3 Curing Behavior and photosensitive parameters 

Parts of this subsection have been published as a conference paper [24]. 

 

Understanding the curing behavior of the photosensitive suspensions is another 

important aspect to ensure the geometrical accuracy and good mechanical properties in the 

ceramic parts manufactured by VP [3]. In the DLP AM, the cure depth is a key factor for the 

interlayer combination [128] and it should be higher than the layer thickness to provide 

sufficient layer integration [3,33,78]. On the other hand, if the cure depth is too high, the 

accuracy will be impaired [3].  

The photopolymerizable ceramic suspensions generally follow the Beer-Lambert Law 

[26,63,131,143], described by Equation 5. 

 

𝐶𝑑 = 𝑆𝑑 𝑙𝑛 (𝐸
𝐸𝑐

⁄ )                                                                                                    (5) 
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Where 𝐶𝑑 is the cure depth, 𝑆𝑑 is the sensitivity of the suspension, also called penetration 

depth,  𝐸 is the incident light energy density, and 𝐸𝑐 is the critical energy (the minimum energy 

density to initiate polymerization for a suspension). 

The penetration depth and the critical energy are photosensitive parameters of the 

suspension and thus are a reference for the performance of these materials [143]. They can be 

determined, using Equation 5, by fitting experimental data on the relationship between the 

incident light and the cure depth. The calculation of such parameters provides information for 

determining printing conditions as exposure energy, which should provide a cure depth larger 

than the layer thickness to ensure proper adhesion between the layers [25,78,128,139]. 

Therefore, delamination is avoided [3,78,143] and parts with good mechanical properties can 

be generated [3]. On the other hand, excessive energy exposure leads to over-polymerization 

and a decrease in the process accuracy [3,78]. Thus, a cure depth between 1.10 and 1.35 times 

the layer thickness is indicated [3].  

 

2.6.3.1 Photoinitiators 

 

An appropriate photoinitiator must be selected to initiate the photopolymerization 

reactions, considering mainly its compatibility with the adopted monomers and the relationship 

between its light absorption spectrum and the wavelength emitted by the light source [31,32,43].  

Table 8 presents the photoinitiator already used in research related to ceramic VP.  

 

Table 8 – Photoinitiator used in ceramic VP 

Abbreviation Name Type Longest absorbed 

wavelength (nm) 

Related articles 

BP Benzophenone 

(diphenylmethanone) 

2 330 

[217] 

[158] 

CQ Camphorquinone 2 > 468 

 [217] 

[33,98] 

DMPA 

(Irgacure 651) 

2,2- dimethoxy-2-

phenylacetophenone 

1 370  

[217] 

[62,140] 

HCPK 

(Irgacure 184) 

1-Hydroxycyclohexyl 

phenyl ketone 

1 380 

[218] 

[36,64,65,129,133,140,159

,180,190] 

HMPP 

(Irgacure 

1173) 

2-hydroxy-2-methyl-1-

phenyl-propan-1-one 

1 330 

[217] 

[66,78] 
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BAPO 

(Irgacure 819) 

phenylbis(2,4,6-

trimethyl 

benzoyl)phosphine 

oxide 

1 465 

[219] 

[15,27,35,134,140,194] 

TPO Diphenyl(2, 4, 6-

trimethylbenzoyl) 

phosphine oxide 

1 415 

[219] 

[8,14,188,189,196,23,28,3

0,128,130,143,146,151] 

TPO-L ethyl (2,4,6-

trimethylbenzoyl) 

phenylphosphinate 

1 420 

[217] 

[25] 

.  

Source: Elaborated by the author. 

 

Photoinitiators can be divided into two groups: free radical and cationic. Photoinitiators 

used in research related to ceramic vat photopolymerization (Table 8) are based on free radical 

chemistry. These photoinitiators produce radicals from the energy of a light source, being 

common for applications where acrylates are used. Besides, the free radical initiators can be 

divided according to the mechanism of free radical generation [217]. The Type I photoinitiators 

are single molecules that cleave into radicals when exposed to light of a compatible wavelength. 

The selection of a photoinitiator of this type strongly depends on the light source. Most of these 

initiators are not indicated for visible light, except the BAPO, which has a considerable 

absorption range in visible light. In turn, the Type II photoinitiators must be associated with a 

co-initiator (such as tertiary amines) to generate the free radicals [220], which makes them more 

complex and less efficient than Type I photoinitiators [221].  

 

2.7 Post-Processing 

 

As previously presented, ceramic vat photopolymerization is a multi-step process, and 

thus the green 3D printed body requires subsequent post-processing to eliminate the organics 

(debinding) and to increase density (sintering) [10,20,21]. Post-processing is critical to 

successfully obtaining ceramic parts. The debinding must have adequate heating rates to avoid 

cracks [25,33]. Furthermore, the sintering temperature has a strong influence on the properties 

of the ceramic components [4,34–37].  

Ceramic vat photopolymerization is not indicated to produce large dense parts due to 

the high amount of organic material associated with the process and that would lead to cracks 

in the debinding of thick sections [11,79]. Suppliers specify 10 mm as the maximum wall 

thickness to be produced [45,79,222]. In fact, debinding is a very challenging process for 
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ceramic parts manufactured by vat photopolymerization since, in general, the slurries have more 

than 50 vol% of organic material [44].  

Thermal analysis is an important tool to define the post-processing protocol. 

Thermogravimetric analysis (TGA) is widely used to study the thermal decomposition of the 

ceramic green parts produced by vat photopolymerization [33,39,146,193,195]. This technique 

measures changes in mass with temperature using a thermobalance [223]. In this way, it is 

possible to observe the temperature range in which the decomposition of organic materials 

occurs, as well as to determine temperatures at which the decomposition is high. Such 

information must be considered to define the heating rates and possible holding times used 

during debinding. 

In addition to atmospheric air, different atmospheres can be used as vacuum 

[37,106,181], nitrogen [64,76,92,151,158,224,225], and argon [226–230]. Such atmospheres 

avoid oxidation (exothermic decomposition) [106,158,231] promoting decreased 

volatilization/pyrolysis rate of organics, which may reduce deformation in this step [230]. 

However, the residual carbon in the debound body would produce gas during the following 

sintering process, which may lead to cracks [178]. Thus, a two-step debinding has been used 

[150,176–179,191,192,232], in which a first debinding step under vacuum decomposes the 

organic material at a controlled rate, and subsequently the debinding step under atmosphere air 

guarantee complete removal of the residual carbon [176,192]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



72 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



73 
 
 

3 MATERIALS AND METHODS 

 

In this work, to test the formulated hypothesis, two 3D printers were used. For that, a 

top-down DLP 3D Printer for ceramic materials was designed, and a prototype was built, while 

an ordinary bottom-up commercial 3D printer (not specialized in ceramic materials) was 

selected. The ceramic powders were selected to evaluate distinct groups of ceramics: 

nanometric powders (3Y-TZP) and submicrometric powders (electrofused mullite). In addition, 

a combination of a natural raw material (zircon) with alumina was used to investigate in situ 

formation of mullite-zirconia composites in 3D printed parts. After evaluating the emission 

spectrum of the 3D printers, the organic materials were selected, and the photosensitive slurries 

were developed. Ceramic green bodies with complex geometries and specimens were 3D 

printed, debound, sintered, and characterized. The materials and methods employed are 

described next, and a schematic is shown in Figure 27. This thesis has already led to the 

publication of articles, and in this way, part of the specified methods has been published in 

journals [43,44,47], conference proceedings [41,42,233], and a book chapter [40]. 

 

Figure 27 – Schematic of the materials and methods used in this thesis. 

 
Source: Elaborated by the author. 
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3.1 DLP 3D Printer prototype  

 

In this work, the design development of a top-down DLP 3D printer for ceramic 

materials was based on the design methodology structure proposed by Ulrich and Eppinger 

[234] and Pahl et al. [235]. First, the planning and task clarification considered the previous 

prototype of our research group [39] and the opinions of potential users (professionals related 

to the manufacture of advanced ceramics) to define the design requirements [42]. Some of these 

requirements are contradictions (when improving one technical requirement tends to worsen 

the other). Applying TRIZ, the emerged contradictions were converted into a pair of 

engineering parameters that had some possible principles of inventions indicated by 

Altshuller’s Table of Contradiction [236,237]. Such principles were subsequently taken into 

consideration in the search for possible solutions, which take place in the next design phase 

(conceptual design). After defining the solution principle (concept), a preliminary design was 

proposed, and a prototype was built. The detailed design, which encompasses documentation 

and preparation for production, is beyond the scope of this work. 

Some basic components (Figure 28) employed in the new version of the top-down DLP 

3D printer prototype were reused from the previous version [38]. Thus, a commercial slide 

projector (X2, InFocus) which contains a mercury-vapor lamp and whose UV filter was 

removed was used as a light source. A projection lens was placed between the projector and the 

building platform to provide an image of the size of the building area. To move the building 

platform, it was employed a linear guide actuator (KR33A, THK) driven by a stepper motor 

with a torque of 1 N.m (NEMA 23). In addition, the control system of the previous prototype 

was maintained: a CPU (central processing unit) with Creation Workshop Software was used 

to process the STL files, create light projections, and control the movement of the platform and 

the recoating system with an Arduino Mega 2560 and a stepper driver TB6560 [38]. Designing 

an economical and compact recoating system (not shown in Figure 28) able to handle high 

viscosity photopolymerizable materials was the major challenge. 
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Figure 28 –Schematic diagram of a top-down DLP test bench. 

 
Source: Adapted from an article resulting from this thesis [40]. 

 

3.2 Light source irradiance 

 

As specified in the previous section (3.1), the light source employed in this project was 

a commercial projector with a mercury vapor lamp that had its UV filter removed. The emission 

spectrum of this lamp was obtained using a Fiber Optic UV-Vis Spectrometer (USB4000, 

Ocean Optics) which was positioned in the 3D printer where the formation of layers occurs, to 

guide the photoinitiator selection and calculate the useful irradiance. 

 

3.3 Ceramic Powders 

 

The ceramic powders were selected to evaluate distinct groups of advanced ceramics: 

nanometric powders, submicrometric powders, and a combination of a natural raw material 

with a calcined powder. The selection of powders targeted materials with diverse applications. 

In addition, the materials chosen either aimed at evolution to the works of our research group 

or the application of materials still unexplored by the vat photopolymerization. 

Partially stabilized zirconia is a high-performance ceramic material with desirable 

flexural strength, toughness, thermal insulation, and biocompatibility, which make it suitable 

for applications in several areas such as aerospace, automotive, biomedical, and dental [56,199]. 

Thus, yttria-stabilized tetragonal zirconia polycrystalline ceramic was selected as the 

nanometric powder. The commercial 3Y-TZP that had been employed in preliminary studies 

[38,39] of our research group was used, aiming to overcome the limitations presented so far 

(limited ceramic loading, high viscosity, poor stability, and short shelf life). 
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Mullite is an important refractory material, being suitable for several applications due 

to its high-temperature stability (melting point greater than 1800 °C), great thermal shock 

related to its low thermal expansion coefficient (4-6 x 10–6/°C), outstanding high-temperature 

properties (which are superior to other advanced ceramics as zirconia and alumina), and strong 

heat and electrical insulation [238,239]. Also, electrofused mullite is an economical and viable 

raw material to produce refractory products [238]. However, its use as a raw material in AM 

has still been little explored and has never been reported in the DLP process [44]. Therefore, 

electrofused mullite powder was selected as the submicrometric powder. 

Furthermore, mullite-zirconia composites are important refractory materials with 

desirable fracture toughness and strength [240], being suitable for high-temperature 

applications as power generation engines, combustors, and in the glass melting and steel 

industry [240,241]. Reaction sintering is widely used to obtain mullite-zirconia composites. 

Such a route is easily scaled up industrially with conventional ceramic equipment [242,243] 

and it has the advantage of being able to use readily available materials such as natural minerals 

as raw materials [240,242]. Alumina and zircon (ZrSiO4) are extensively used as initial powders 

for being inexpensive raw materials [243]. The molar ratio 3:2 (alumina:zircon) is commonly 

used [240,244–247] for being the stoichiometric proportion for the formation of zirconia and 

mullite, as described in Equation 6 [245,248–250]. This reaction starts above 1400 ºC  [251] 

and 1600 ºC may be required to complete it [240,245]. Although its manufacturing has been 

extensively studied by conventional processes, to the best of our knowledge, the additive 

manufacturing of mullite-zirconia parts has never been reported before the works related to this 

thesis. Hence, zircon and alumina were selected to investigate in situ formation of mullite-

zirconia composites. 

 

2ZrSiO4 + 3Al2O3 → 3Al2O3.SiO2 + 2ZrO2                                                                      (6) 

 

Thus, three sets of suspensions were developed, based on the following powders: 

- Partially stabilized zirconia (3Y-TZP) powder (TZ-3Y-E, Tosoh Corporation, Japan) 

was used as received. 

- Commercial electrofused mullite powder (MUB, Elfusa, Brazil) with particle size 

between 0.2 and 0.5 mm (35/70 MESH) was ground. 

-  Commercial zircon powder (325 MESH, Minasolo, Brazil) was ground and used with 

as-received calcined alumina powder (A1000 SG, Almatis, USA). 
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3.3.1 Ceramic Powders preparation 

 

According to the manufacturer’s datasheet [252], the 3Y-TZP powder presents a particle 

size of 0.04 µm and a specific surface area of 16 ± 3 m2/g. On the other hand, it is supplied as 

spray-dried granules (D50=60 µm) to ensure flowability and avoid agglomeration during storage 

[253], as shown in Figure 29. Although the powder particles are already small enough for the 

process and will be added to the suspension as received, a proper slurry preparation is required 

to break up agglomerates and homogenize the suspension, which will be discussed in the next 

section. 

 

Figure 29 – SEM images of the 3Y-TZP powder (TZ-3Y-E). a) Granules. b) Magnified granule. c) Granule 

surface composed of particles. d) Particles. 

 
Source: Adapted from [254,255]. 
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On the other hand, the mullite and zircon powders are coarse and need processing, 

aiming for a powder suitable for DLP suspensions. The grinding of the mullite and zircon 

powders was performed as described next. Jars with an internal volume of 300 ml (Ø70 mm x 

h80mm) were filled with 500 grams of zirconia balls (Ø10 mm), 70 ml of distilled water, and 

30 ml of the powder to be processed. Also, ammonium polyacrylate (1 wt% of the mass of the 

powder) and ethylene glycol (0.8 wt% of the mass of the powder) were added as grinding 

additives. Then, the powder was wet ground in a ball mill for 7 days and subsequently in a 

vibrating ball mill also for 7 days. Subsequently, the powder was dried in the oven for 12 h at 

100 °C. The powder was then submitted to manual action in the mortar and pistil and sieved 

(ASTM 50). The weight of the grinding media (zirconia balls) was measured before and after 

the described grinding protocol, to check their wear. The ground material was analyzed on an 

X-ray fluorescence spectrometer (EDX 720HS, Shimadzu) under a vacuum atmosphere with a 

5 mm collimator aperture to check the presence of zirconia from the grinding media. Also, the 

phase composition of this material was identified by X-ray diffraction (XDR-7000, Shimadzu). 

Besides, the particle size and specific surface area of the ground powder were measured 

by X-ray monitored gravity sedimentation principle (Sedigraph III Plus, Micromeritics) and 

BET method (FlowSorb II 2300, Micromeritics), respectively. Lastly, the density was measured 

by a Helium Gas Pycnometer (Accupyc 1330, Micromeritics).  

 

3.4 Slurry development 

 

In addition to the ceramic powder, the slurries were composed of monomer, dispersant, 

and a photoinitiator. Thereby, 1,6-Hexanediol diacrylate (HDDA, Sigma Aldrich, USA) and 

two different Poly(ethylene glycol) diacrylate molecules with different average molecular 

weights (PEGDA 250 and PEGDA 575, Sigma Aldrich, USA) were used as monomers. The 

characteristics of the resins used are shown in Table 9, whose viscosity was measured using a 

rotational viscometer (DV2T extra, Brookfield, Canada) between 23 and 25 °C.  

Phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO, Sigma Aldrich, USA). Six 

commercially available dispersants were tested: DISPERBYK‐111, BYK-W-969, 

DISPERBYK‐2001, DISPERBYK‐2155, DISPERBYK‐2158 (BYK-Chemie, Germany), and 

Triton X-100 (Sigma Aldrich, USA). 
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Table 9 – Monomers used in this thesis. 
.  

Monomer Molecular Structure 
Density 

(g/cm3) 

Viscosity 

(mPa.s) 

1,6-Hexanediol 

diacrylate (HDDA) 
 

1.01 8 

Poly (ethylene glycol) 

diacrylate with 

average Mn 250 

(PEGDA 250) 

 

1.11 15 

Poly (ethylene glycol) 

diacrylate with 

average Mn 575 

(PEGDA 575) 

 

1.12 48 

Source: Adapted from an article resulting from this thesis [43]. 

 

The slurry preparation started with the mixing of the resin with the dispersant, followed 

by the gradual addition of the ceramic powder and photoinitiator (2 wt% of the resin). Then, 

the suspension was ball-milled with zirconia balls for 24 hours to break up agglomerates and 

homogenize the suspension. 

 

3.5 Rheological Behavior 

 

The rheological behavior of the ceramic slurries was characterized using a rotational 

viscometer (DV2T extra, Brookfield, Canada) between 23 and 25 °C. In the flow curves, the 

rheological parameters were adjusted according to the Herschel-Bulkley model (Equation 2, 

subsection 2.6.1.2). Also, the Krieger-Dougherty model (Equation 4, subsection 2.6.2.1) was 

used to estimate the relationship between viscosity and solid loading. 

 

3.6 Stability 

 

Each suspension’s stability was investigated by sedimentation tests, as previously done 

by some related works [28,30,128,130,143,170]. Thus, 10 ml of each suspension was poured 
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into graded tubes. The measuring tubes were kept undisturbed for 30 days and the retained 

suspension volume fraction was recorded as a function of time. 

 

Figure 30 – Schematic diagram of the sedimentation test 

 
Source: Adapted from [64]. 

 

3.7 Curing and photosensitive parameters 

 

Photosensitive parameters (penetration depth Dp and critical exposure energy Ec) were 

determined by the relationship between curing thickness and exposure energy to the light 

source. For this purpose, the photopolymerizable suspensions were poured into a petri dish and 

positioned in the DLP built 3D printer. The slurries were cured with different exposure times. 

The layers were rinsed with isopropyl alcohol (IPA) and their thickness was measured using a 

caliper, like what is described in the literature [139,143] and the photosensitive parameters were 

determined by fitting the experimental data to the Beer-Lambert Law (Equation 5, subsection 

2.6.3). 

 

3.8 Thermal analysis 

 

To avoid cracks, adequate heating rates are necessary during the debinding [25,33]. 

Hence, the thermal decomposition of the ceramic green parts was analyzed by 

thermogravimetric analysis (SDT Q600, TA Instruments). A piece of the printed part was 

heated (10 °C/min) from room temperature to 1000 °C in air (50 mL/min). Other atmospheres 

have not been tested, as post-processing under different atmospheres would require a special 

furnace, not available for this work. 
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3.9 Additive manufacturing and post-processing 

 

Both the built prototype and the commercial DLP 3D printer were used to manufacture 

green ceramic parts. The prototype uses the top-down approach with a dedicated recoating 

system. Details about the built prototype and its innovative recoating system are discussed in 

4.1. It showed better printability for 100 μm layer thickness, which was selected for all tests on 

this equipment.  

On the other hand, the selected commercial DLP 3D printer (LD-002H, Creality) uses 

the bottom-up approach with a monochrome LCD screen as the light source. In this case, 50 

μm layer thickness was selected, as this is the standard specification for this equipment. 

 The printed parts were then rinsed with isopropyl alcohol (IPA) and dried in the oven 

for 12 h at 100 °C. Finally, the samples were debound and sintered in an air environment in a 

box furnace (Blue M, Lindberg). The debinding protocol was defined based on the thermal 

decomposition, and it is presented in Table 11 (subsection 4.2.7). All samples were sintered 

with a two-hour hold in the maximum temperature, which varied between samples and will be 

specified in the results. Besides, some specimens sintered at 1500 °C were subject to a 

subsequent sintering step at 1650 °C for 2 hours in a gas furnace. 

 

3.10 Sintered parts characterization 

 

The linear shrinkage was determined using a digital caliper. The density of the sintered 

parts was measured based on Archimedes’ Principle using an analytical balance with a 

resolution of 0.01 mg (AUW220D, Shimadzu) according to ASTM-C20. A Helium Gas 

Pycnometer (Accupyc 1330, Micromeritics) was used to measure the apparent density of the 

sintered parts, which was used to calculate the relative density. 

 Flexural three-point strength tests were performed on sintered 3D printed bars with no 

additional machining or surface polishing (25 mm x 2 mm x 1.5 mm), according to standard 

ASTM C1161. For this test, a universal testing machine (Bionix 370.02, MTS®) was used with 

a load cell of 15 kN, a span of 20 mm, and a crosshead speed of 0.2 mm/min. 

The phase composition of the raw material and powder from parts sintered at different 

temperatures were identified by X-ray diffraction (XDR-7000, Shimadzu). Lastly, SEM 

samples were analyzed by scanning electron microscopes (SIGMA, WEISS and JSM7500F, 

Jeol). For this purpose, the samples were polished and thermally etched for 6 minutes at 

temperatures that depend on the sintering temperature, as defined by Equation 6, where 𝑇𝑒𝑡𝑐ℎ 
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is the etching temperature (in °C), and 𝑇𝑠𝑖𝑛𝑡 is the sintering temperature (in °C). This procedure 

was empirically developed by our research group and published in an article resulting from this 

thesis [47]. 

  

𝑇𝑒𝑡𝑐ℎ = 𝑇𝑠𝑖𝑛𝑡 ∗ 0.875 + 100                                                                                      (6) 
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4 RESULTS AND DISCUSSIONS 

 

This section presents and discusses the results on four main topics: 

i) The design development of a DLP 3D Printer Prototype for ceramic materials 

ii) Photosensitive slurries based on as-received commercial nanometric ceramic 

powders: development, characterization, and use to produce ceramic parts in the built prototype. 

iii) Photosensitive slurries based on processed submicrometric ceramic powders: coarse 

ceramic powder grinding, slurry preparation and characterization, and used not only in the built 

prototype but also in an ordinary commercial 3D printer (not specialized in ceramic materials). 

iv) Additive manufacturing based on a mixture of a natural raw material (zircon) with 

alumina combined with reaction sintering to create in situ mullite zirconia composites parts. 

 

4.1 DLP 3D Printer Prototype for ceramic materials: design development 

Parts of this subsection have been published as a book chapter [40] and a conference 

paper [42]. Besides, a patent for the invented recoating system has been filed [256].  

 

In the preliminary studies on ceramic additive manufacturing by DLP carried out by our 

research group, a built test bench was used, and the layers were manually spread, as shown in 

Figure 31. A recoating system based on a single blade was tested, however, it was not able to 

create uniform layers of the viscous ceramic slurries [39]. In this way, manufacturing was 

highly dependent on the operator and had low repeatability. Thus, in this work, the development 

of a new DLP 3D printer prototype capable of producing ceramics was proposed to overcome 

these obstacles.  

 

Figure 31 – Manual spread of layers performed by previous works of our research group. 

 
Source: Adapted from a previous dissertation by our research group [38]. 
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Moreover, developing a low-cost machine, capable of handling different raw materials 

with high printing speed and accuracy was defined as the design requirement.  Some of these 

requirements present contradiction (when improving one requirement tends to worsen the 

other), and TRIZ was applied to point out some possible principle of inventions (Table 10), 

which were taken into consideration in the design of the recoating system.  

 

Table 10 – Application of TRIZ on requirements contradictions. 

Contradiction Conflicting Design 

Requirements 

Engineering 

Parameters 

Principles of invention 

1 Price Complexity Dynamicity, Mechanical 

System, Pneumatic or hydraulic, 

Thermal expansion 

Number of raw 

materials 

Adaptability 

2 Price Complexity Equipotentiality, Another 

dimension, Mechanical system Printing speed Productivity 

3 Z Resolution Accuracy of 

manufacturing 

Preliminary Action, Mechanical 

Vibration, Color Changing, Inert 

atmosphere Printing Speed Productivity 

.  

Source: Adapted from an article resulting from this thesis [42]. 

 

A low-cost solution based on a two-blade system (instead of one, as usual) allows the 

use of the device for different materials, even those with high viscosity. The blades have 

sequential and distinct functions: the first blade spreads and the second blade levels and 

calibrates the thickness. Therefore, the two blades can have different shapes and materials. The 

position change that defines the active blade was based on some principle solutions indicated 

by TRIZ. Thus, the movement of blades for positioning occurs because of the intrinsic 

movement for layer formation, without wasting time for this specific action (“preliminary 

action”). For this, the blades and the holder can have relative movement to each other 

(“dynamicity”) and the blades can rotate in an additional dimension (“another dimension”). The 

concept is presented in Figure 32.  
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Figure 32 – Schematic diagram of the recoating system concept. a) Spreading with the first blade active. b) 

Active blade change. c) Leveling and thickness calibration with the second blade active. 

 
Source: Adapted from an article resulting from this thesis [42]. 

 

 Figure 33 is a sketch of the designed recoating system. The linear forward and backward 

movement of the blade holder is created by rectified shafts and bushings, driven by a stepper 

motor with a torque of 0.5 N.m (Nema 17), and transmitted by pulleys and timing belts. Both 

blades (spreading and leveling) were made of aluminum with different thicknesses (1.5 and 3.0 

mm). The built recoating system is shown in Figure 34. 

 

Figure 33 – Sketch of the designed recoating system. 

 
Source: Adapted from an article resulting from this thesis [40]. 
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Figure 34 – Built recoating system 

 
Source: Adapted from an article resulting from this thesis [40]. 

 

Figure 35 – 3D printer prototype built. 

 
Source: Elaborated by the author. 
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Figure 35 shows the built prototype assembled in a manufactured stainless steel 

structure. In this work, the printing area was left open to facilitate monitoring. However, for 

future developments, it is indicated to use an enclosure for this area not only for better control 

of the ambient light and temperature [199] but also to reduce exposure to the 3D printing 

feedstock and their fumes which may cause irritation and/or allergy. 

 

4.2 Additive Manufacturing of 3Y-TZP: slurry development and 3D printer prototype 

validation 

Parts of this subsection have been published as a journal [43] and a conference paper 

[41]. 

 

The development of the ceramic suspensions had as a starting point the preliminary 

studies that had already been carried out by our research group [39]. Although these 

formulations were able to produce a few ceramic pieces, they had limitations related to 

rheological behavior, stability, and shelf life. Foremost, these suspensions would present high 

viscosity (~30 Pa.s) with a limited ceramic loading (<35 vol%). When preparing these 

formulations again, it was possible to notice that such formulations, based on the use of several 

solvents (N-methyl-2-pyrrolidone, xylene, isopropyl alcohol), changed over time and had to be 

used immediately after preparation. Within a few hours after preparation, considerable 

sedimentation could be observed, and a liquid phase separated at the top (Figure 36). After 24 

hours of preparation, the slurry showed a significant loss in its ability to form layers (curing) 

and a significant increase in viscosity. The initial characteristics were not recovered even after 

repeating the preparation process, indicating that some reaction between the raw materials had 

occurred. 

Thus, aiming to overcome the limitations of the previous formulations, solvent-free 

slurries were prepared using the same powder (TZ-3Y-E, Tosoh Corporation, Japan). Several 

dispersants and resins were tested, and a photosensitive suspension with suitable rheological 

behavior and stability was used to 3D print ceramic green parts in the DLP 3D printer prototype 

built. Conversely, the same suspension was not adequate in the commercial 3D printer. The 

samples manufactured in the prototype were debound and sintered, and the ceramic parts were 

characterized, as described next: 
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Figure 36 – Ceramic suspension based on preliminary studies of our research group, after 4 hours of preparation, 

presenting sedimentation and liquid phase separation (yellowish coloring) at the top. 

 
Source: Elaborated by the author. 

 

4.2.1  Choosing the photoinitiator and light source irradiance characterization. 

 

Most related works use either laser (Hinczewski et al., 1998b; Li; Zhao, 2017; Sun et 

al., 2019) or monowaved led [25,33,146] centered at a specific wavelength that overlaps the 

absorption range of the initiator. Conversely, the built prototype uses a standard mercury vapor 

lamp from a commercial projector with most of the emission in visible light, which highlights 

the process of choosing the photoinitiator 

A summary of the photoinitiators used in research related to ceramic VP was presented 

in Table 8 (subsection 2.6.3). Although CQ has a considerable absorption in visible light, it is 

a type 2 photoinitiator [217]. It would need a co-initiator as a tertiary amine [257], making the 

process more complex. Also, it is a relatively slow curing photoinitiator [217]. On the other 

hand, most photoinitiators are type I, and their application varies mainly with the absorption 

spectrum range. Among the most used photoinitiator for ceramic sensitive suspensions, HCPK 

does not respond and TPO has a small absorption in long wave UV. BAPO stands out for its 

effective absorption up to 420 nm [195,217,257], thus justifying its selection for use with the 

mentioned light source.  

 Figure 37 shows the absorbance graph of BAPO [217] and the measured emission 

spectrum of the mercury vapor lamp, which delivers approximately 7.9 mW/cm2 with a broad 

emission spectrum (380-800 nm), of which just 0.5 mW/cm2 is useful irradiance. 
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Figure 37 – Emission spectrum of the used mercury-vapor lamp and absorbance of the photoinitiator selected 

(BAPO). 

 
Source: Adapted from an article resulting from this thesis [41]. 

 

4.2.2 Choosing the dispersant 

 

Choosing an appropriate dispersant is essential for developing ceramic suspensions with 

suitable stability and rheological behavior [28,131,143]. For this test, PEGDA 250 was chosen 

as the monomer, because even though it is a polyethylene glycol diacrylate, like the one used 

in the preliminary formulations (PEGDA 575), it has a considerably lower viscosity, as shown 

in (Table 9, page 79). Ceramic slurries with 15 vol% of ceramic loading were chosen to analyze 

the effects of dispersants on rheological behavior and stability. Although a higher percentage 

of ceramics is desired for the slurries used for DLP additive manufacturing (≥ 40 vol%), 

preliminary analyzes need to be performed at lower concentrations to find proper components, 

otherwise, most of the initial test suspensions would have high viscosity, outside the 

measurement range of the available viscometer, and could not be compared [43]. In addition, 

related works have performed sedimentation tests with ceramic loading below 20 vol%, because 

a higher solid loading would make it difficult to visualize sedimentation 

[106,128,130,131,140]. 

Figure 38a presents the viscosity with different dispersants with varying concentrations 

at a shear rate of 30 s-1, showing that Disperbyk-111 had the lowest viscosity, even in a lower 

concentration. Moreover, Disperbyk-111 presented near-Newtonian behavior while all the 

other dispersants showed a shear-thinning behavior (decreased viscosity with an increase in 

shear rate), as shown in Figure 38b. In addition, Figure 38c shows the flow curve. 
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Figure 38 – Rheological behavior of 3Y-TZP ceramic slurries with 15 vol% solid loadings (a) with different 

dispersants with varying concentrations at a shear rate of 30 s-1. (b) Viscosity curve with different dispersants in 

the concentration which provided the lowest viscosity. (c) Shear stress vs shear rate with different dispersants 

fitted by the Herschel-Bulkley model. 

 
Source: Adapted from an article resulting from this thesis [43]. 
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The rheological parameters were adjusted according to the Herschel-Bulkley model. 

The coefficient of determination (R2) related to all the suspensions was higher than 0.999, 

indicating a good fit for the model. High yield stress is generally considered to be an obstacle 

to the spreading of new layers [26,130] and the yield stress tends to rise with increasing solid 

loading [28,130]. Therefore, Disperbyk-111 and Disperbyk‐2001 have the advantage of having 

a negligible yield stress in 15 vol% suspensions. All the other dispersants had yield stress higher 

than 1.0 Pa, with Triton X-100 reaching the highest value (11.1 Pa). 

The effects of dispersants on the stability of the ceramic suspensions are shown in Figure 

39.  A suspension with each dispersant was tested, picking the amount of dispersant that 

provided the lowest viscosity. The suspension with Disperbyk-111 had the best performance, 

with a retained volume fraction of 98 % after 30 days. For these reasons, Disperbyk-111 was 

chosen as the dispersant for the following tests. 

 

Figure 39 – Sedimentation test of 3Y-TZP ceramic slurries with 15 vol% solid loading with different dispersants. 

(a) Suspensions with different dispersants after 30 days of settling. (b) Retained volume fraction as a function of 

the time. 

 
Source: Adapted from an article resulting from this thesis [43]. 
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4.2.3 Choosing the resin 

 

Once a proper dispersant was chosen, the solid loading could be increased for testing 

different resins. Ceramic slurries with 30 vol% of 3Y-TZP and 2 wt% of Disperbyk-111 were 

chosen to analyze the effects of using different resins on the rheological behavior of the 

suspensions. In this case, solutions with high concentration (e.g. 40 vol%) would still provide 

slurries with viscosity outside the viscometer’s measurement range. 

Figure 40a shows that the slurry using PEGDA 250 had the lowest viscosity (under 0.5 

Pa.s at 30 s-1) even though, on its own, this monomer has a considerably higher viscosity than 

HDDA (see Table 9 in section 3.4). These are two bifunctional monomers with similar molar 

mass; however, HDDA is hydrophobic and PEGDA 250 is hydrophilic with polar groups on 

the polymer chains, which makes it more compatible with ceramic particles with hydroxyl 

groups on their surfaces. Hydrophilic monomers lead to well-dispersed ceramic particles in 

suspensions [129]. Contrarily, nonpolar/hydrophobic monomers do not effectively disperse 

ceramic particles [129,130]. Hydrophobic monomers do not prevent agglomeration [131] and 

tend to provide higher viscosity dispersion [145]. Lastly, Figure 40b shows the flow curve with 

the Herschel-Bulkley model, which again proved to be a good fit (R2>0.999) indicating the 

absence of yield stress for all slurries analyzed. 

Moreover, HDDA presented a poorly curing behavior. While the two polyethylene 

glycol diacrylate formed layers thicker than 100 µm for 20-second light exposure, HDDA did 

not form layers even for light exposure of 100 seconds. Thus, PEGDA 250 was chosen as the 

monomer for the following tests due to its proper rheological and curing behavior. 
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Figure 40 – Rheological behavior of 3Y-TZP ceramic slurries with 30 vol% solid loading (a) viscosity curve 

with different monomers (b) Shear stress vs shear rate with different monomers fitted by the Herschel-Bulkley 

model. 

 
Source: Adapted from an article resulting from this thesis [43]. 

 

4.2.4 Influence of solid loading on the viscosity 

 

Next, ceramic slurries with PEGDA 250 as the monomer and 2 wt% of Disperbyk-111 

were chosen to analyze the effects of solid loading on the viscosity of the suspension. Figure 

41 shows the viscosity at a shear rate of 30 s-1 for suspensions with different ceramic volume 

fractions. The Krieger-Dougherty model was used to estimate the maximum solid fraction. The 

maximum solid volume fraction found 𝜙𝑚= 52.2 %, providing a satisfactory fit (R2 ≅0.999). 

As 𝜙 approaches 𝜙𝑚, any increase in the solid volume fraction of the suspension represents a 

large increase in viscosity. Furthermore, the suspension with 40 vol% of solid loading presented 

a viscosity of 3.3 Pa at a shear rate of 30 s-1. 
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Figure 41 – Influence of solid loading in 3Y-TZP ceramic slurries with 2wt% of Disperbyk-111 at a shear rate of 

30 s-1. 

 
Source: Adapted from an article resulting from this thesis [43]. 

 

4.2.5 Choosing the dispersant concentration 

 

The highest possible solid loading that provides adequate viscosity to the process             

is desired. However, 40 vol% exceeded 3 Pa.s, which is the viscosity limit [9,26,37] respected 

by most related works, as discussed in Section 2.6. Even though a concentration test has already 

been presented for Disperbyk-111 with suspensions of 15 vol% (subsection 4.2.2), in that case, 

the viscosities were very low, and no significant differences could be observed. Therefore, a 

new test was performed for suspensions with higher solid loading, looking for a suspension 

with a viscosity suitable for the process.  

 Ceramic slurries with 40 vol% of 3Y-TZP and PEGDA 250 as the monomer were 

chosen to analyze the effects of the concentration of Disperbyk-111 on viscosity, as shown in 

Figure 42a. The suspension with 1 wt% of Disperbyk-111 was very viscous and could not be 

measured because it was outside the measuring range of the rotational viscometer. An increase 

in the concentration of Disperbyk-111 caused a decrease in viscosity, and 3 wt% of this 

dispersant provided a 40 vol% ceramic slurry viscosity suitable for the DLP additive 

manufacturing (2.3 Pa.s at 30 s-1). The shear-thinning behavior presented by these suspensions 

is characteristic of VP ceramic slurries [3,9,36,65,129,140,146,150,170]. Such behavior is 

desirable in VP [25,141,147] because it avoids sedimentation of the suspension in a stationary 

state, and adequate flow when a shear rate is applied to the slurry [78]. Figure 42b shows the 

shear stress–shear rate curves. According to the Herschel-Bulkley model, the suspension with 
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Disperbyk-111 presented a yield stress of 5.9 Pa (R2>0.9999). Such a moderate value of this 

property has been considered desirable to avoid spontaneous flows [163]. 

 

Figure 42 – Rheological behavior of 40 vol% solid loading 3Y-TZP ceramic slurries with different dispersant 

concentrations. (a) Viscosity curve; (b) Shear stress vs shear rate fitted by the Herschel-Bulkley model. 

 
Source: Adapted from an article resulting from this thesis [43]. 

 

Moreover, all the sedimentation tests with a solid loading of 40 vol% (using BYK-111 

as the dispersant) presented no noticeable sedimentation, indicating well-dispersed slurries with 

stability suitable for DLP additive manufacturing. 

 

4.2.6 Photosensitive parameters 

 

Figure 43 shows the relation between the cure depth and exposure energy. The critical 

energy found (1.78 mJ/cm2) is comparable with the lowest values obtained in the literature for 
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photosensitive ceramic suspensions [143,146]. As presented in section 2.6.3, the cure depth 

should be from 1.10 to 1.35 of the layer thickness to ensure layer integration without impairing 

the accuracy. Thus, for the AM of ceramic parts with 100 μm layer thickness, the exposure time 

was set to 10 mJ/cm2. 

 

Figure 43 – Cure depth vs exposure energy of the 3Y-TZP photosensitive ceramic suspension. 

 
Source: Adapted from an article resulting from this thesis [41]. 

 

4.2.7 Thermal analysis 

 

The thermogravimetric analysis is shown in Figure 44. The total weight loss was 23.4% 

and no mass change was recorded after 600 °C. Decomposition rates are higher between 350 

and 470 °C (18.0% of weight loss) with a maximum peak at 400 °C.  Using the thermal analysis, 

the debinding and sintering program was defined. The heating rate was reduced for higher 

decomposition rates and a hold point was introduced at the maximum peak temperature and 

other at 600 °C to ensure that all the organics were removed before the heating rate increased. 

Therefore, the parts were debound and sintered following the protocol (Figure 44): 1 °C/min 

from room temperature to 350 °C, 0.5 °C/min up to 600 °C with plateaus of 1 h at 400 °C and 

600 °C, 5 °C/min up to 900 °C and 6 °C/min up to the sintering temperature (Tsint) and held for 

2 hours. Different sintering temperatures (1400, 1500, and 1600 °C) were evaluated in this 

work. 
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Figure 44 – Thermogravimetric analysis of the 3Y-TZP green printed parts. b) Post-processing protocol. 

 
Source: Adapted from an article resulting from this thesis [41]. 

 

Table 11 – Post-processing protocol used in this work. 

Temperature 

(°C) 

               Heating rate 

             (°C / min) 

          Holding time 

            (min) 

30-350 1 - 

350-400 0.5 - 

400-440 0.2 - 

440-600 0.5 - 

600 - 60 

600-Tsint 5 - 

Tsint - 120 
.  

Source: Elaborated by the author. 

 

4.2.8 3D printing 

 

Ceramic slurries with 40 vol% of 3Y-TZP, 3 wt% of Disperbyk-111, and PEGDA 250 

were chosen to test the manufacturability of the built prototype and of the commercial 3D 

printer. The DLP 3D printer prototype proved to be able to work with the prepared suspension 

and produced some ceramic green parts, as shown in Figure 45. The post-processing proposed 

in the previous subsection (see Table 11) was successfully performed, resulting in parts with 

no visible warping or delamination.  Figure 46 shows a 3D printed part before and after 

sintering. These figures also represent the tiny details that can be obtained in ceramic parts by 

the manufacturing route used. 
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 Figure 45 – 3Y-TZP green parts manufactured in the built prototype. 

  
Source: Adapted from an article resulting from this thesis [41]. 

 

Figure 46 – 3Y-TZP printed adaptation of Christ the Redeemer Statue (Rio de Janeiro – Brazil). (a) Green part. 

(b) Sintered part. 

 
Source: Adapted from an article resulting from this thesis [43]. 

 

On the other hand, the bottom-up commercial printer failed during the manufacturing 

process. In this case, the first layer sticks to the bottom of the vat, instead of adhering to the 

building platform (Figure 47),  a problem called sticking [258]. This test evidences that different 

3D printers have distinct requirements and that using a suspension with a viscosity lower than 

3 Pa.s is not sufficient for any vat photopolymerization equipment. 
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Figure 47 – Top view of the vat after removal of the 3Y-TZP suspension, indicating a “sticking” printing failure: 

the first layer does not adhere to the building platform and sticks to the transparent bottom of the vat. 

 
Source: Elaborated by the author. 

 

4.2.9 Sintered parts characterization 

 

The relative density of the sintered parts was found to be greater than 95 % and the 

shrinkage was 25.0 % in the X-Y plane and 27.3 % in the Z direction. Despite the significant 

shrinkage difference, such results agree with what has been presented in the literature, in which 

related studies obtained even greater differences [131]. The use of a solvent-free formulation 

provided a significant decrease in shrinkage compared to the parts made with the solvent-based 

formulation previously used by our research group (shrinkage of 34% [39]). 

 The linear shrinkage and relative density of the sintered ceramic parts increased with 

increasing sintering temperature (Figure 48). The shrinkage in the building direction was 

always higher than in the XY plane, evidencing the anisotropic nature of the process. Parts 

sintered at 1600 °C reached a relative density of 95.4% and their microstructure is represented 

in Figure 49. Although there is still residual porosity, abnormal grain growth can be noticed, 

with some grains being considerably larger than others [259]. Thus, a further increase in 

sintering temperature is not indicated, as large grains tend to impair properties such as 

mechanical strength [260]. 
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Figure 48 – Characterization of 3Y-TZP printed parts sintered at different temperatures. a) Relative density. b) 

Linear Shrinkage. 

 
Source: Adapted from an article resulting from this thesis [41]. 
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Figure 49 – SEM images of 3Y-TZP printed part sintered at 1600 oC. 

 
Source: Elaborated by the author. 

 

A tendency of increasing flexural strength with rising sintering temperature in the 

studied range can be observed in Figure 50a. Some parts sintered at 1600 °C exceeded 200 

MPa, which is still significantly less than the value obtained for zirconia produced by 

conventional processes. Some specimens failed at the layers interface (Figure 50b), causing a 

great variation in the flexural strength obtained. Decreasing the layer thickness, adding 

components to the formulation as plasticizers, and variations in the post-processing may be the 

subject of future work and help to improve the properties of ceramic parts manufactured by 

DLP additive manufacturing. 
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Figure 50 – a) Flexural strength of the 3Y-TZP printed parts sintered at different temperatures. b) Specimens that 

failed at the layers interface in the flexural test. 

  
Source: Adapted from an article resulting from this thesis [43]. 

 

Figure 51 shows X-ray diffraction patterns for the raw material and parts sintered at 

different temperatures. The 3Y-TZP raw material presented not only a tetragonal but also a 

monoclinic phase, agreeing with what was presented in works that used the same raw material 

[254,261]. On the other hand, only the tetragonal phase was detected in all samples sintered at 

different temperatures (from 1400 to 1600 °C). This result was already expected, since the raw 

material has Y2O3, which is a doping agent that partially stabilizes zirconia and avoids the 
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tetragonal to monoclinic phase transformation. Such transformation happens to unstabilized 

zirconia during the cooling (after sintering), causing volume expansion and resulting in cracked 

parts [261].  

 

Figure 51 – X-ray diffraction patterns for the 3Y-TZP raw material and parts sintered at different temperatures. 

 
Source: Elaborated by the author. 

 

4.3 Additive Manufacturing of mullite: from coarse electrofused powder to ceramic parts using 

the built prototype and a low-cost commercial 3D printer 

Parts of this subsection have been published as journal papers [44,46] and a conference 

paper [233]. 

 

Aiming to develop ceramic slurries compatible with both equipment (prototype and 

commercial 3D printer), a coarse ceramic powder was processed for use in the development of 

photosensitive ceramic suspensions based on the components (monomer, photoinitiator, and 

dispersant) chosen in the last section. The dispersant concentration was optimized and slurries 

suitable for the two machines were developed. After post-processing, 3D printed parts sintered 

at different temperatures were characterized (density, flexural strength, phase composition, and 

microstructure), as described next: 
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4.3.1 Ground powder characterization 

 

Figure 52 presents the mean particle size as a function of the grinding time in a process 

consisting of sequential grinding in the ball mill and in the vibrating mill. The ball mill, with a 

predominantly impact grinding mechanism, reduced the average particle size by approximately 

100 times on the first day. However, the rate of particle size reduction decreases with time and 

on the seventh day, the mean particle size was already approaching stabilization at around 1.6 

µm, at which point there is a balance between breakage and agglomeration of particles [262]. 

Nevertheless, the particle size reached was still not within the submicron range recommended 

for ceramic vat photopolymerization [24]. Thus, the processing went through a new stage in the 

vibrating mill, with mixed impact and friction grinding mechanisms, also with decreasing 

grinding rates. 

 

Figure 52 – Mullite mean particle size as a function of the grinding time. 

 
Source: Adapted from an article resulting from this thesis [233]. 

 

The obtained mean particle size (0.6 µm) is following the range adopted by most works 

related to ceramics vat photopolymerization [24]. Although finer particles would be more 

reactive during sintering [23,24,132], they would result in higher viscosity and hinder the 

preparation of highly loaded ceramic slurries [24]. Moreover, the measured specific surface 
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area was 15.7 m2/g, like the one from the commercial 3Y-TZP powder used in this work. This 

is another parameter whose increase would also cause an increase in viscosity [107] and favor 

agglomeration [107,131]. Figure 53 presents the SEM images of the ground mullite powder. 

The presence of agglomerates justifies the proposed slurry preparation in a ball mill to break 

them and homogenize the suspension.  

 

Figure 53 – SEM image of the ground mullite powder. 

 
Source: Adapted from an article resulting from this thesis [233]. 

 

The wear analysis of the grinding media indicated a 1.0 ± 0.1 g decrease in the mass of 

zirconia balls during the 14-day grinding process. The presence of this zirconia was confirmed 

in the ground powder by X-ray fluorescence analysis. On the other hand, no peaks associated 

with zirconia were observed in the X-ray diffraction pattern and mullite was the only phase 

detected (Figure 54). The amount of zirconia was probably too small to favor the formation of 

secondary phases. Finally, the measured density of the ground mullite powder was 3.08 g/cm3. 

This value is used for formulations and the calculation of relative densities during 

characterization.  
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Figure 54 – X-ray diffraction pattern for the ground mullite powder. 

 
Source: Adapted from an article resulting from this thesis [233]. 

 

4.3.2 Choosing the dispersant concentration 

First, slurries with 40 vol% of solid loading and dispersant concentration varying from 

1 to 5 wt% (of the ceramic powder mass) were evaluated to find the optimal dispersant 

concentration.  

Figure 55a presents the viscosity of 40 vol% ceramic loading slurries with varying 

concentrations of dispersants at a shear rate of 30 s-1, showing that 3 wt% of Disperbyk 111 

provided the lowest viscosity (0.135 Pa.s). All the prepared slurries showed shear-thinning 

behavior (decreased viscosity with increased shear rate, shown in Figure 55b). This behavior is 

desirable for DLP ceramic slurries [25,141,147] since it avoids the sedimentation of the 

suspension at rest and allows flow when a shear rate is applied [24,78].  

The 40 vol% ceramic loading slurries with dispersant concentration up to 3 wt% 

presented negligible sedimentation in 30 days with retained volume fraction greater than 99%, 

indicating stable slurries suitable for DLP additive manufacturing. On the other hand, 

suspensions with 4 and 5 wt% of dispersant, presented up to 2 vol% of the liquid at the top of 

the suspension, which may indicate an excess in the amount of the dispersant.  

 

 



107 
 
 

Figure 55 – Rheological behavior of mullite slurries with 40 vol% solid loading (a) varying dispersant 

concentrations at a shear rate of 30 s-1. (b) Viscosity curve with 3 wt% of dispersant (concentration which 

provided the lowest viscosity). 

 
Source: Adapted from an article resulting from this thesis [44]. 

 

4.3.3 Influence of solid loading on the viscosity 

 

The influence of the solid loading suspensions was considered by characterizing the 

rheology of slurries with the optimum amount of dispersant (3 wt%) and different ceramic 

loadings (from 35 to 50 vol%). 

Figure 56 shows the viscosity of mullite suspensions with different ceramic volume 

fractions and with the found optimum amount of dispersant (3 wt%). The Krieger-Dougherty 

Model (Equation 4, subsection 2.6.2.1) [173] was used to relate viscosity and solid loading and 

to estimate the maximum solid fraction as 55.1 vol% (R2 ≅0.999). 
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Figure 56 – Influence of solid loading in mullite slurries at a shear rate of 30 s-1. 

 
Source: Adapted from an article resulting from this thesis [44]. 

 

4.3.4 Photosensitive parameters 

 

Figure 57 shows the relation between the cure depth and exposure energy of the mullite 

photosensitive suspensions with different solid loading. The critical energy found increased 

with an increase in the solid loading, varying between 1.21 and 1.35 mJ/cm2, being comparable 

with the values obtained in the literature for photosensitive ceramic suspensions [143,146]. 

 

Figure 57 – Cure depth vs exposure energy of the mullite photosensitive suspensions with different solid loading. 

 
Source: Adapted from an article resulting from this thesis [233]. 
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4.3.5 Thermal analysis 

 

The thermogravimetric analysis is shown in Figure 58. Since the organic components 

are the same as the zirconia formulation, the decomposition is similar (happening mostly 

between 350 and 600 °C, with the maximum peak around 400 °C). Thus, the same post-

processing protocol was used (see Table 11 in subsection 4.2.7). 

 

Figure 58 – Thermogravimetric analysis of a green mullite printed part.  

 
Source: Adapted from an article resulting from this thesis [44]. 

 

4.3.6 3D printing 

 

Ceramic slurries with a solid loading of 40, 45, and 50 vol% were chosen to test the 

manufacturability on the built prototype and in the commercial 3D printer. The DLP 3D printer 

prototype proved to be able to work with all these suspensions, which was expected since it had 

already 3D printed using the zirconia slurry, which was even more viscous. Figure 59  shows 

some parts manufactured in the prototype. 

 

Figure 59 – Mullite green parts manufactured in the DLP 3D printer prototype.  

 
Source: Elaborated by the author. 
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The commercial equipment was also able to manufacture parts with the mullite 

suspensions with the different solid loadings. Figure 60 shows sintered parts manufactured in 

the commercial 3D printer. Figure 60b is a pictorial reference to the high-temperature resistance 

and good thermal insulation of mullite, while Figure 60d shows a part with a complex internal 

structure. 

 

Figure 60 – Mullite sintered 3D printed parts. a) Miscellaneous components. b) Torch. c) Pyramid. d) Scaffold 

with a complex internal structure.  

 
Source: Adapted from an article resulting from this thesis [44]. 

 

4.3.7 Comparison between built prototype and commercial 3D printer 

 

Although both devices have proven capable of printing with mullite suspensions, it is 

important to point out some differences between them. The great advantage of the prototype is 

related to its dedicated recoating system, which allows it to deal with more viscous suspensions 

(over 2.0 Pa.s), as previously discussed in the subsection 4.2.8. On the other hand, the 
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commercial 3D printer stands out for its ability to print larger parts and reduce light emission 

time per layer. 

The commercial equipment has a large print volume (130x82x160 mm3). This is 

possible, since the “bottom-up” approach, with the formation of layers, always occurring at the 

bottom of the vat, allows the equipment to operate without it being full, reducing the costs of 

experiments and waste [14,35,69]. In this way, such equipment is capable of manufacturing 

ceramic pieces that exceed 100 mm in height (as illustrated by the Eiffel Tower, in Figure 61). 

 

Figure 61 – Green mullite parts manufactured in the commercial 3D printer. 

  
Source: Elaborated by the author. 

 

On the other hand, the formation of layers on the transparent bottom of the vat in the 

“bottom-up” approach requires a periodic detachment of the component being manufactured, 

which is aggravated for suspensions with high viscosity, which cause high adhesion of the part 

to the bottom of the vat [71] and also for parts with large cross-sections [263]. For example, in 

this work, parts with cross-sections greater than 1000 mm2 failed even with the least viscous 

slurries. Large cross-sections increase the separation force between the newly cured layer and 

the bottom of the vat, which may cause the first layer to be stuck in the bottom of the vat 

(sticking fail, shown in Figure 47 in subsection 4.2.8) or part of the piece detaches from the 

build platform as shown in Figure 62. Trying to avoid such a problem, the part to be 
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manufactured can be rotated (decreasing the maximum printing section) and supports added, as 

illustrated in Figure 63, which shows the part being printed successfully. However, the 

anisotropic shrinkage, characteristic of the process [7,8,43,131], generates post-processing 

cracks, as shown in Figure 64. 

 

Figure 62 – 3D printing fail of a mullite green part: partial detachment from the build platform. 

  
Source: Adapted from an article resulting from this thesis [46]. 

 

Figure 63 – Successful 3D printing of mullite part with inclined orientation. a) 3D printed part with the support. 

b) 3D printed part after support removal. c) 3D printed part and support. 

  
Source: Adapted from an article resulting from this thesis [46]. 



113 
 
 

Figure 64 – Mullite sintered part from 3D printing with inclined configuration. 

 
Source: Adapted from an article resulting from this thesis [46]. 

 

Meanwhile, the “top-down” prototype, with the formation of layers occurring on the top 

of the vat, needs the vat to be full for the manufacture of parts to occur [264]. Therefore, the 

equipment has a lower printing volume (50x20x25 mm3) to enable experiments to be carried 

out without the use of a large amount of raw material, which restricts its application only to 

smaller pieces (Figure 59) than those produced by commercial equipment. It is possible to 

overcome this limitation by increasing the vat and the build platform, which, on the other hand, 

would increase the amount of material needed for fabrication. 

 The light emission time per layer of the prototype (20 sec) is more than 10x longer than 

the exposure time required in the commercial 3D printer. This is explained by the different light 

sources. The commercial printer has a monochromatic light source with a wavelength that 

corresponds to the photoinitiator's range of higher light absorption. On the other hand, the 

prototype uses a commercial slide projector with a mercury vapor lamp with emissions 

occurring predominantly in the visible light range and thus having only a small portion of useful 

irradiance, as previously discussed in section 3.2. Such a disadvantage would be overcome by 

using a projector with emission in the UV band. 
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4.3.8 Post-processing challenge 

 

Although complex parts with tiny structures can be printed (Figure 65a), some 

submillimetric features may present distortion issues during post-processing. It might even 

make the part break (Figure 65b and c). The influence of solid loading, feature size, aspect ratio, 

and deposition direction on distortion may be the subject of future work.  In addition, pieces 

with large wall thickness would lead to cracks in the debinding of thick sections [11,79]. Major 

suppliers of equipment and feedstock related to ceramic VP specify 10 mm as the maximum 

wall thickness to be produced [79,222]. 

 

Figure 65 – Mullite 3D printed part with tiny structures.  a) Green part (Eiffel Tower). b) Base of the tower after 

breaking during post-processing. c) Piece of the tower after breaking during post-processing. 

 
Source: Adapted from an article resulting from this thesis [44]. 
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Finally, it is important to point out that the interface between the layers remains a region 

of concern even after sintering, as illustrated in Figure 66. This finding corroborates the 

anisotropy of mechanical properties reported in related works  [6,265–268]. 

 

Figure 66 – SEM images of sintered mullite 3D printed parts showing the interface between the layers. 

 
Source: Elaborated by the author. 

 

4.3.9 Influence of solid loading and sintering temperature on final parts 

 

In this subsection, the influence of solid loading and sintering temperature on linear 

shrinkage, density, flexural strength, phase composition, and microstructure is discussed. 

Considering the large number of samples needed for this study, the commercial 3D printer was 

chosen to manufacture the specimens from suspensions of 40, 45, and 50 vol% of solid loading, 

since it has a larger building area and printing speed. In addition, the fact that the printer used 

is commercially available at a low cost makes it easier for research to be continued elsewhere. 

Finally, the samples were debound and sintered at different temperatures (1500, 1550, 1600, 

and 1650 °C) and characterized, as described next: 

As expected, the linear shrinkage increased with increasing sintering temperature and 

decreased with an increase in the solid loading, as shown in Figure 67. It can also be observed 

that the shrinkage in the building direction was significantly higher than in the XY plane. For 

example, for parts with 50 vol% sintered at 1650 °C, the Z-direction linear shrinkage was 23.3 

± 0.6 % while it was 18.7 ± 0.5 % in the XY plane. Such anisotropy has been presented in 

related works [7,8,43,131] and is associated with layered manufacturing of the process. 
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Figure 67 – Influence of sintering temperature and solid loading on linear shrinkage of mullite 3D printed parts.  

a) Linear shrinkage in the building direction. b) Linear shrinkage in the XY plane. 

 
Source: Adapted from an article resulting from this thesis [44]. 

 

Figure 68 presents SEM images illustrating the decrease in porosity of parts sintered at 

the same temperature with increasing solid loading. Figure 69a and b show an increase in the 

average value of both, relative density and flexural strength with increasing sintering 

temperature and solid loading. The subsequent sintering step at 1650 °C made a big difference 

in relative density and even greater in the flexural strength. For example, parts with 40 vol% 

increased density from 85.5 ± 0.5 to 92.8 ± 0.6 % and flexural strength from 47.9 ± 4.3 to 65.0 

± 4.7 MPa when the sintering temperature increased from 1600 °C to 1650 °C. Moreover, solid 

loading also had a huge influence on these properties, and parts with 50 vol% sintered at 1650 

°C reached 97.7 ± 0.3 % and 95.2 ± 5.0 MPa of relative density and flexural strength, 

respectively. The flexural strength obtained is greater than that obtained in other works related 
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to the additive manufacturing of SiO2–Al2O3 refractories [269,270] and comparable to mullite 

obtained by conventional processes [271–273]. 

 

Figure 68 – SEM images of mullite parts sintered at 1600 °C from suspensions with different solid loading. a) 45 

vol%.  b) 50 vol%. 

 

 
Source: Elaborated by the author. 
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Figure 69 – Influence of sintering temperature and solid loading on properties of mullite 3D printed parts.  a) 

Relative density. b) Flexural strength. 

 
Source: Adapted from an article resulting from this thesis [44]. 

 

In general, commercial fused mullite may contain a low amount of glass phase owing 

to incomplete crystallization or by the presence of impurities such as calcium oxide, sodium 

oxide, etc. However, the liquid phase is significant just for Al2O3/SiO2 ratios below 2.85 or a 

high amount of impurities. The electrofused mullite used in this work has an Al2O3/SiO2 ratio 

of around 3.0 and a negligible amount of impurities. Thus, the densification of this work is 

predominantly related to “solid-state sintering” [238]. The SEM images (Figure 70) indicate 

that the primary mechanism of densification is grain boundary diffusion, similar to what was 

presented by Sacks  [274]. After the initial sintering stage with neck growth, porosity from 

continuous open channels (Figure 70a and 70b) evolves into closed pores (Figure 70c). Lastly, 



119 
 
 

Figure 70d illustrates the coarsening with grain growth coupled with pore growth, consistent 

with what has been presented in related works [238,274,275]. 

 

Figure 70 – SEM images of mullite parts sintered from 50 vol% suspensions at different temperatures. a) 1500 

°C.  b) 1550 °C. c) 1600 °C. d) 1650 °C. 

 
Source: Adapted from an article resulting from this thesis [44]. 

 

Figure 71 shows X-ray diffraction patterns for the raw material and parts sintered at 

different temperatures, indicating no significant crystallinity change during sintering, with 

mullite being the only phase detected in all samples. The use of a crystalline mullite powder is 

the reason why high temperatures are required in the sintering process [238,276], given the low 

diffusion rate of aluminum and silicon ions, which justifies the demand for a fine powder with 

a high specific surface area [238,277] and the grinding protocol adopted in this work. 

Nevertheless, high temperatures (above 1600 °C) were required to obtain the best results, which 

restricts its application. Sintering additives such as Y2O3 [278] and MgO [279,280] decrease 

the sintering temperature of mullite due to the liquid phase formation, and their use in 

photosensitive ceramic suspensions may be the subject of future works. 
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Figure 71 – X-ray diffraction patterns for the mullite raw material and parts sintered at different temperatures. 

 
Source: Adapted from an article resulting from this thesis [44]. 

 

4.4 Additive manufacturing of in situ mullite-zirconia composites 

Parts of this subsection have been published as a journal paper [47]. 

 

Aiming to manufacture in situ mullite zirconia composites parts, a coarse zircon ceramic 

powder was processed for use with calcined alumina in the preparation of photosensitive 

ceramic suspensions. The commercial 3D printer was chosen to 3D print the green parts. The 

parts sintered under different temperatures were characterized and the reaction sintering was 

analyzed, as described next. 

 

4.4.1 Powder characterization 

 

Figure 72 presents the SEM images of the powders used in the ceramic suspensions. 

According to the analysis of the Laser Particle Sizer, the commercial alumina powder presented 

a mean particle size of 0.8 µm. The zircon powder reached the same mean particle size after 

being processed in a ball mill for 7 days and subsequently in a vibrating ball mill also for 7 

days. Such value is similar to what has been used in related works [24]. Finer particles would 
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be desirable to improve sintering reactivity [23,24,132], but they would increase the suspension 

viscosity, limiting the solid loading that could be added to prepare a ceramic slurry suitable for 

DLP additive manufacturing [24,44]. 

 

Figure 72 – SEM images of the ceramic powders used in the preparation of the photosensitive suspensions. a) 

Calcined Alumina. b) Ground Zircon. 

 
Source: Adapted from an article resulting from this thesis [47]. 

 

4.4.2 Slurry rheological Behavior and Stability 

 

Figure 73 shows the viscosity curves of the prepared slurries. All the suspensions show 

similar viscosity in the operation range of the process (shear rate above 30 s-1 [24,142]), which 

is associated with the similar particle size of the powders.  The low viscosity of the ceramic 

suspensions (<0.25 Pa.s) is favorable to the formation of uniform micrometric layers [28]. Also, 

their moderate shear-thinning behavior (decreased viscosity with increased shear rate) is 

desirable to avoid the sedimentation of the suspension at rest and allows adequate flow when a 

shear rate is applied [24,78]. Differences in the rheological behavior of suspensions may be 

associated with the geometry of the ceramic powders used.  

Moreover, the prepared ceramic suspensions presented negligible sedimentation during 

the 30 days test with the retained volume fraction greater than 95%, indicating slurries suitable 

for the considered AM process. 
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Figure 73 – Viscosity curves of the prepared ceramic suspensions made of alumina, zircon, and the 

stoichiometric mixture. 

 
Source: Adapted from an article resulting from this thesis [47]. 

 

4.4.3 3D printing 

 

 Figure 74 shows printed parts, indicating the ability to manufacture parts with detailed 

and tiny structures, which would be unfeasible or even impossible to be produced by other 

manufacturing processes. 

 

Figure 74 – 3D printed parts made of a stoichiometric mixture of zircon and alumina with tiny structures. a) 

Green. b) Sintered at 1600 °C. 

 
Source: Adapted from an article resulting from this thesis [47]. 
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4.4.4 Reaction Sintering 

 

Figure 75 shows X-ray diffraction patterns for the initial powders and parts sintered at 

different temperatures. No significant crystallinity change occurred at parts sintered at 1400 °C. 

On the other hand, the parts sintered at 1500 °C present not only the initial phases, but also 

mullite formed in situ and dissociated monoclinic zirconia. Finally, the reaction is completed at 

1600 °C, creating mullite-zirconia composites.  

 

Figure 75 – X-ray diffraction patterns for the alumina and zircon raw materials and parts sintered at different 

temperatures made of a stoichiometric mixture of zircon and alumina. Peaks of zircon are marked with ♦, 

alumina with ■, monoclinic Zirconia with ●, and mullite with ★. 

 
Source: Adapted from an article resulting from this thesis [47]. 

 

The reaction sintering is also evidenced in the density of the powders from parts sintered 

at different temperatures (Figure 76). The true density of parts sintered at 1400 °C is similar to 
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that of the initially mixed powders. The mullite and zirconia formation decreases the true 

density, and the powder density reached 3.740 ± 0.004 g/cm3 at 1600 °C. On the other hand, 

the bulk density increases with increasing sintering temperature. Thus, the relative density 

increased from 64 ± 1 to 88 ± 1 % when the sintering temperature increased from 1400 °C to 

1600 °C. In addition, a summary of open and closed porosity is presented in Table 12, indicating 

that open porosity is predominant in the 3D printed parts sintered at all temperatures studied. 

 

Figure 76 – Influence of sintering temperature on true density and bulk density of 3D printed parts made of a 

stoichiometric mixture of zircon and alumina. 

 
Source: Adapted from an article resulting from this thesis [47]. 

 

Table 12 – Influence of sintering temperature on open and closed porosity of samples made of stoichiometric 

mixture of zircon and alumina. 

Sintering 

Temperature (°C) 

Open 

Porosity (%) 

Closed 

Porosity (%) 

1400 31±1 4.9±0.9 

1500 19±1 4.6±0.8 

1600 11±1 1.4±0.5 

.  

Source: Adapted from an article resulting from this thesis [47]. 

 

The flexural strength of the mullite-zirconia composites after the completed reaction 

sintering (1600 °C) reached 84 ± 13 MPa. This value is significantly higher than the flexural 

strength presented by mullite parts (48 MPa) with alike relative density (86%) and 

manufactured under similar conditions [44]. On the other hand, research about mullite-zirconia 

composites produced by conventional ceramic processing has reported quite varied flexural 
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strength. For example, Aydin and Tokatas [281] reported a remarkable improvement in the 

flexural strength by using a sintering additive (colemanite), and the flexural strength improved 

from 52-94 MPa to 106-187 MPa (depending on the solid concentration and sintering 

temperature). Also, Lian et al. [282] obtained up to 285 MPa of flexural strength with mullite-

zirconia composites. However, such a value was obtained for parts with open porosity smaller 

than 1%, being much denser than those reported in the present work. 

Both relative density and flexural strength could be improved by increasing the solid 

loading of the suspension [66,76,78,283,284], which was limited, in this work, by the ordinary 

bottom-up 3D printer used. A higher ceramic loading would result in higher viscosity and 

demand a 3D printer specialized in ceramics [24]. Also, sintering additives have been used to 

improve densification in the fabrication of mullite-zirconia composites by conventional 

processes [281,285–288] and may be used in future developments of photosensitive 

suspensions to 3D print these materials. 

 The SEM images with element mapping of parts sintered at different temperatures are 

shown from Figure 77 to Figure 79. The glassy phase plays an important role in the reaction 

sintering. The dissociation of zircon is already happening at 1500 ºC (Figure 78), but the glass 

composition is not evident in the general EDS element mapping. However, a greater amount of 

impurities (Na and K) could be found in the boundaries of Zr-rich regions, as indicated in Figure 

78b, suggesting the existence of a glassy phase in the area [289]. Finally, Figure 79 shows the 

microstructure for parts sintered at 1600 ºC, in which the formation of in situ mullite and 

monoclinic zirconia was completed. The rounded morphology of the monoclinic zirconia 

corroborates the formation of the glassy phase around Zr-rich regions during the reaction 

sintering, as indicated in related work [281]. The formation of monoclinic rather than tetragonal 

zirconia was already expected since dopants were not added in this work. 
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Figure 77 – SEM-EDS elemental mapping of a sample made of a stoichiometric mixture of zircon and alumina 

sintered at 1400 °C. a) Scanning Electron Microscopy. b) Element mapping of Zr. c) Element mapping of Al. d) 

Element mapping of Si. 

 
Source: Adapted from an article resulting from this thesis [47]. 
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Figure 78 – SEM-EDS elemental mapping of a sample made of a stoichiometric mixture of zircon and alumina 

sintered at 1500 °C. a) Scanning Electron Microscopy (SEM). b) Magnified view of the SEM image with an 

indication of an impurity-rich region. c) Element mapping of Zr. d) Element mapping of Al. e) Element mapping 

of Si. 

 
Source: Adapted from an article resulting from this thesis [47]. 
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Figure 79 – SEM-EDS elemental mapping of a sample made of a stoichiometric mixture of zircon and alumina 

sintered at 1600 °C. a) Scanning Electron Microscopy. b) Element mapping of Zr. c) Element mapping of Al. d) 

Element mapping of Si. 

 
Source: Adapted from an article resulting from this thesis [47]. 

 

In situ formation of mullite and zirconia can also be evidenced by SEM analysis with a 

backscattered electron detector (BSD). SEM-BSD images show high sensitivity to differences 

in atomic number. Higher atomic numbers generate a brighter appearance in the image [290]. 

Thus, Figure 80 presents the microstructure of a sample sintered at 1600 °C with the mullite 

grains being darker and the rounded shape zirconia grains being brighter due to the Zirconium 

chemical element having a higher atomic number (Z=40) than aluminum (Z=13) and Silicon 

(Z=14). 
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Figure 80 – SEM-BSD image of a sample made of a stoichiometric mixture of zircon and alumina sintered at 

1600 °C. 

 
Source: Elaborated by the author. 

  

4.5 Final considerations 

 

This work is a proof of concept that advanced ceramics can be produced by vat 

photopolymerization using economical 3D printers. Ceramic parts were produced not only in 

the developed prototype but also in an ordinary commercial 3D printer that costs less than 

US$500, enabling the dissemination of the technique. Thus, the additive manufacturing 

technology that allows the manufacture of tiny structures with excellent dimensional precision 

and good surface quality can be applied in the manufacture of ceramic materials without the 

need for high investments. In addition to the most direct applications (industry and health), this 

allows the artistic production of ceramic pieces to be integrated with digital fabrication 

originating from 3D models. For example, Figure 81 shows the 3D caricature of the author of 

this thesis made of mullite. The 3D modeling was done by the artist Raul Tabajara, and 

manufacturing was made with the 40 vol% mullite suspension in the commercial 3D printer 

and sintered at 1600 °C. 
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Figure 81 – 3D caricature of the author of this thesis made of mullite (3D model created by the artist Raul 

Tabajara, manufactured from the 40 vol% mullite suspension in the selected commercial 3D printer and sintered 

at 1600 °C) 

   
Source: Elaborated by the author. 

 

 

4.5.1 Summary of  the best results obtained in this work 

 

Table 13 summarizes the best results obtained with the photosensitive ceramic 

suspensions developed in this work. The nanometric powder provided suspensions with higher 

viscosity (>2 Pa.s) and, therefore, could only be processed using the top-down built prototype 

with a dedicated recoating system. On the other hand, the submicrometric powders allowed the 

development of lower viscosity suspensions, which could be used also in the ordinary 

commercial bottom-up printer. In addition, this type of powder allowed the development of 

suspensions with up to 50 vol%, which is close to the best presented in the state-of-the-art and 

produced mullite parts with flexural strength comparable to those obtained by conventional 

processes. 
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Table 13 – Summary of the best results obtained with the photosensitive ceramic suspensions developed in this 

work. 

Ceramic 

raw 

material 

Mean 

Particle 

Size      

(µm) 

Solid 

Loading 

(vol%) 

Viscosity 

at 30 s-1 

(Pa.s) 

Suitable 

for 

prototype 

Suitable for 

commercial 

3D printer 

Mean 

relative 

density 

(%) 

Flexural 

strength 

(MPa) 

3Y-TZP 0.04 40 2.30 Yes No 95.4 169 ± 74 

Mullite 0.6 

40 0.14 Yes Yes 92.8 65 ± 5 

45 0.25 Yes Yes 95.7 79 ± 6 

50 0.79 Yes Yes 97.7 95 ± 5 

Zircon  

+  

Alumina 

0.8 40 0.20 Yes Yes 88.0 84 ± 13 

Source: Elaborated by the author. 

 

4.5.2 General guideline for future developments in ceramic vat photopolymerization. 

 

Successful ceramic manufacturing by vat photopolymerization depends on several 

factors and the feedstock requirements will depend on the 3D printer to be used. A general 

guideline based on the experiences of this work for future developments related to vat 

photopolymerization of ceramic materials is presented next: 

 Select a monomer (or a mixture of them) based on the literature. Viscosity and 

functionality must be considered, and the review article [24] resulting from this thesis may be 

useful. 

 Select a photoinitiator whose absorbance spectrum is compatible with the light 

source of the 3D printer to be used. For detailed information on the most used photoinitiators 

for ceramic vat photopolymerization, see subsection 2.6.3.1. 

 Select a suitable dispersant. First, search the literature [24] for dispersants 

already used with materials similar to the suspension to be developed. Pick a few and compare 

them concerning rheological behavior (especially viscosity at a shear rate of 30 s-1) and 

sedimentation. For that, prepare suspensions with a predefined solid loading (e.g., 40 vol%) and 

a fixed amount of the tested dispersants (e.g., 3 wt% of the ceramic powder mass). 

 Determine the dispersant concentration. Once the monomer(s) and dispersant 

have been selected, prepare suspensions with a predefined solid loading (e.g., 40 vol%) and 

different amounts of dispersant (e.g., from 0 to 5 wt% of the ceramic powder mass). Then, 

compare their sedimentation and rheological behavior (especially viscosity at a shear rate of 30 

s-1). 
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 Determine the solid loading. Prepare suspensions increasing the solid loading 

using the optimized amount of dispersant and characterize their rheological behavior. In 

general, the highest possible ceramic loading is desired. However, the limits of the 3D printer 

to be used must be considered. If the equipment is not dedicated to ceramics, such limits may 

be discovered empirically. 

 Set the process specifications. The main printing parameters for vat 

photopolymerization are thickness and the light exposure time per layer. Unless there is a 

specific reason, the thickness may be the equipment default. For defining the light exposure 

parameter, expose the suspension to different light times and measure the thickness of the 

created layers (see section 3.7). The light exposure selected must provide a cure slightly thicker 

than the selected layer thickness (1.10 and 1.35 times [3]). 

 Prepare the 3D printer. In addition to the usual vat photopolymerization 

precautions such as leveling the building platform, using ceramic suspensions as feedstock may 

require additional steps to prevent printing failures. For example, sanding the building platform 

(with 180 grit sandpaper) may prevent failures related to part detachment from the platform 

[258]. 

 Define your debinding protocol. A piece of a 3D printed part should be subjected 

to thermogravimetric analysis to study its thermal decomposition. Temperature ranges with 

higher thermal decomposition should have reduced heating rates in the debinding protocol. See 

subsection 4.2.7 for a practical example of how to use a TGA curve to define post-processing. 

 Analyze the geometry of the parts to be manufactured. First, ceramic vat 

photopolymerization has limitations regarding maximum wall thickness (see section 2.7). Also, 

bottom-up 3D printers tend to fail when manufacturing parts with large cross-sections (see 

subsection 4.3.7). Finally, the anisotropic shrinkage during the post-processing must be 

considered. 
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5 CONCLUSIONS 

 

In this work, advanced ceramic parts were produced by DLP additive manufacturing 

using a designed top-down prototype and an ordinary bottom-up 3D printer. The process proved 

to be able to produce ceramic detailed and tiny structures, which would be unfeasible or even 

impossible to be produced by other manufacturing processes. Furthermore, some manufactured 

parts presented flexural strength similar to the ones obtained by conventional processes. It was 

found that there is a strong dependence between raw materials, slurry, and the 3D printer to be 

used. Thus, the main findings and limitations are presented in this conclusion. 

For that, a top-down DLP 3D printer with an innovative recoating system was designed 

and built, and photosensitive ceramic suspensions were developed, aiming to test their 

compatibility with the 3D printers considered. After the additive manufacturing, the green 

ceramic parts were subjected to debinding under appropriate heating hates and sintering to 

successfully obtain parts made of zirconia, mullite, and in situ mullite-zirconia composites. 

The prototype built proved to be more versatile, due to its ability to work with different 

suspensions. Its top-down approach with an innovative recoating system composed of two 

blades with distinct and sequential actions allows the formation of uniform micrometric layers 

with constant thickness even with viscous suspensions. On the other hand, this device was 

designed only for the manufacture of smaller parts, since its use requires that the vat is always 

full and thus a large volume of printing would imply a large amount of raw material needed to 

carry out experiments. Still, the prototype has lower productivity, which is mainly explained by 

the need for a long time of light emission for the formation of layers due to the use of a 

commercial light projector with a small portion of useful irradiance. These prototype 

disadvantages can be overcome by replacing the vat and the build platform depending on the 

part to be printed and using a dedicated UV light projector for the purpose. 

Although the ordinary bottom-up 3D printer has a large printing volume, such 

equipment also has restrictions on the size of the printed parts. Large cross-sections increase 

the separation force between the newly cured layer and the bottom of the vat, which may cause 

printing failures. On the other hand, it is important to note that the ceramic vat 

photopolymerization is not suitable for the manufacturing of parts with large wall thickness, 

not even with the use of the costly 3D printers specialized in ceramic manufacturing. Such a 

problem is associated with the high amount of organic materials used in the feedstock that has 

to be eliminated during the debinding. 
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Furthermore, several photosensitive ceramic suspensions were developed in this work, 

pointing out suitable components (PEGDA 250 as monomer, BAPO as photoinitiator, and BYK 

111 as dispersant) and creating slurries based on distinct groups of ceramics powders: 

nanometric powders (3Y-TZP), submicrometric powders (electrofused mullite), and a 

combination of a natural raw material (zircon) with alumina. The 3D printing tests of these 

slurries showed the following: 

The nanometric 3Y-TZP powders generated suspensions with higher viscosity, which 

limited the solid loading to 40 vol%. Only the top-down DLP 3D printer prototype was able to 

process this slurry. Zirconia (3Y-TZP) parts sintered at 1600 °C presented a density of 95.4% 

and some of these parts exceeded 200 MPa in flexural strength.  

The submicrometric mullite powder was able to generate suspensions with up to 50 

vol% solid loading. All the suspensions could be successfully used in both pieces of equipment 

considered. The study of the additive manufacturing of mullite from electrofused powder 

showed that density and flexural strength increased with increased sintering temperature and 

solid loading. Mullite parts from slurry with 50 vol% of solid loading sintered at 1650 ºC 

reached a relative density of 97.7% and flexural strength of 95.2 ± 5.0 MPa.  

Also, in situ mullite-zirconia composites parts were produced from alumina-zircon 

photosensitive slurries.  The reaction sintering was studied at different temperatures, and it was 

completed at 1600 ºC, which is evidenced by the X-ray diffraction patterns, true density, and 

SEM images. The printed parts from 40 vol% solid loading suspensions and sintered at 1600 

ºC reached a relative density of 87.7 ± 0.9 % and a flexural strength of 84 ± 13 MPa.  

Finally, it is believed that the present study contributes to a new niche within the ceramic 

manufacturing industry, making the technique accessible to laboratories and small ceramic 

manufacturers and presenting an alternative to the traditional commercial link between 

equipment and raw material that raises the price of both. 

 

5.1 Suggestions for future works 

 

The studies of the following topics concerning ceramic vat photopolymerization are 

recommended: 

 Influence of components such as plasticizers and sintering additives on the 

properties of sintered parts. 

 Precision of the ceramic parts produced in the built prototype and in a low-cost 

DLP printer. 
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 Influence of the solid loading on the maximum wall thickness. 

 Optimization of debinding under different atmospheres. 

 Optimization of slurry processing using other equipment (SpeedMixer, 

planetary ball mill, etc.). 

 Optimization of the recoating system (material and geometry of the blades, 

working speed, etc.). 

 Development to reduce the operator's exposure to resin when using the built 

prototype. 

 Influence of building direction on the properties. 

 Development of dedicated dispersants instead of the off-the-shelf ones currently 

used. 
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