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In ceramic additive manufacturing, it is important to fabricate parts with high solid contents to guarantee 
defect-free sintered parts. In stereolithography, low viscosity and especially shear-thinning behavior of the 

ink are the key factors in producing ceramic-resin parts. Therefore, there should be a correlation between 
solid loading and viscosity. In this study, Alumina-glass inks were printed using bottom-up and top-down 

approaches, and the rheological properties were investigated. The main objective of this study was to print 

a highly filled ceramic-resin part with a viscosity suitable for DLP printing. While use of suspensions with 
low viscosity was recommended for top-down digital light processing (DLP) printing, a new setup was 

designed to study the feasibility of the top-down approach for pastes for the top-down approach. According 

to the findings, ceramic-resin pastes with the solid content of maximum 75 wt% and viscosity of 47.64 Pa.s 
at the shear rate of 30 s-1 were easily printable via our hand-made top-down DLP printer. However, it was 

not possible to print inks with solid contents more than 60 wt% using the bottom-up DLP, mainly because 

the detachment force grew dramatically with an increase in viscosity. 
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1. INTRODUCTION 
 

Additive manufacturing is best known as an alternate 

shaping method for ceramics that ovecomes several 

problems in conventional shaping methods. In additively 

manufactured ceramic parts, the design of molds for 

complex-shaped structures is rejected and often, there is 

no need for mechanical process for sintered ceramic 

parts. Moreover, additive manufacturing provides 

fabrication of complex geometrical shapes with high 

dimensional accuracy [1,2]. In stereolithography, 

functioning based on the photopolymerization of the 

resin, the ceramic parts are formed by solidifying the 
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ceramic-resin suspension. In each layer, the suspension 

is exposed to UV light according to a 3D pattern and 

photocurbale resin is polymerized for making a solidified 

layer. Finally, solidified layers consistute the final 

ceramic-resin part. In stereolithography, there is another 

method for printing called digital light processing (DLP) 

in which the laser light source is replaced by a UV 

projector, and each layer is cured all at once [3–5]. 

Depending on the light source position, 

stereolithography process is categorized into two 

approaches. The light source can be positioned either on 

the top (top-down approach) or at the bottom (bottom-up 

approach) of the suspension vat [6]. The bottom-up 
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approach is beneficial due to the higher resolution of the 

ceramic parts; however, the detachment force applied to 

each layer is its main disadvantage, which causes 

deformation and increases the possibility of removing the 

sample from the build plate. In top-down, there is no need 

for any detachment force, since the light is exposed from 

the top. On the contrary, the layer thickness control is one 

of the challenging issues in the top-down approach which 

highly affects the resolution of the printed parts. 

Therefore, for top-down DLP printers, low-viscosity 

suspensions are recommended [7,8]. Generally, in DLP 

printing, self-levelling property is of singinificance in 

fabricating ceramic parts with minimized defects. As 

reported previously, ceramic suspensions suitable for 

stereolithography should have viscosities about <5 Pa.s 

with a shear rate of 30 s-1 and a non-Newtonian shear-

thinning behavior [9]. In sintering, however, high solid-

filled parts are required to develop a part with the lowest 

shrinkage and deformation, simultaneously characterized 

by acceptable mechanical properties [10]. Generally, the 

minimum solid loading is recommended to be 50 vol% to 

avoid further problems in sintering [11–14]. High solid 

loadings increase the viscosities and intensify the light 

scattering effect, both making the stereolithography 

process difficult. Therefore, the rheological properties 

and printability should be optimized for ceramic printing. 

Printing pastes with high viscosities can also be a 

solution to the aforementioned problems [14–16]. 

The present study uses a simple top-down DLP 

printing setup and high-viscosity paste for 3D print 

alumina parts. The effect of alumina solid load on 

rheology and printability of samples is also evaluated. 

Moreover, the thickness of the printing layer and curing 

time are changed to obtain the best green strength and 

interlayer bonding. 

 

 
2. MATERIALS AND METHODS 
 
2.1. Ink Preparation And DLP Printing 

As initial ceramic powder, Alumina-glass mixture was 

produced by fast-milling of 70 g α-Alumina powder 

(d90=5 μm and 99.99% purity) and 30 g soda-lime glass 

frit for 10 minutes and then, sieving by 270 meshes. The 

printable inks were prepared by mixing Alumina-glass 

powder with methacrylate-based photocurbale resin 

(Maan Polymer), as illustrated in Table 1. In order to 

prepare the inks, mechanical homogenizer (10,000 rpm 

speed) was used for the suspensions (H50 and H60) and 

for the pastes (U70 and U75). The resin and ceramic 

powder were firstly mixed mechanically and then, they 

were put in ultrasonic bath for two minutes to ensure the 

homogeneous preparation of the paste.  

The suspensions were printed using Parsa 3D bottom-

up DLP Printer with Vivitek 4000 Lumen projector. To 

print the pastes, a hand-made top-down DLP setup was 

designed with a UV projector light source (365 nm 

wavelength), and the printing pattern was changed to a 

cylinder as a simple pattern so that the feasibility of the 

top-down approach to paste printing could be examined. 

The curing time and the layer thickness were considered 

constant for both approaches, as shown in Table 1. The 

schematic of DLP printer approaches is shown in Figure 

1. 

 

TABLE 1. Alumina-resin printable inks’ properties 

Label 

Powder Curing 

Time 

(s) 

Layer 

Thickness 

(μm) 

Printing 

Approach 
wt% vol% 

H50 50 23 2.3 30 Bottom-up 

H60 60 31 2.3 30 Bottom-up 

U70 70 42 45 200 Top-down 

U75 75 48 45 200 Top-down 

 

 
Figure 1. Schematic of DLP 3D printer approaches; a) 

bottom-up and b) top-down [7] 

 

 

2.2. Characterization 
The rheological properties of the inks were measured 

at room temperature using MCR301 and (Anton Parr, 

Austria) rheometer at shear rates of 0.1 to 1000 s−1.  

 
2.3. Sintering 

Sintering was done in two steps. First, the ceramic-

resin samples were heated to 400 °C at a rate of 5 °C/min 

and maintained for one hour for resin burn-out. Then, the 

samples were heated up to 1400 °C at a rate of 10 °C/min 

and sintered for 1.5 hours. The microstructure of the 

sintered samples was observed through scanning electron 

microscopy (Tescan, Czech Republic) images. 

 

 

3. RESULTS AND DISCUSSION 
 
3.1. Rheological Properties 

Figure 2 shows the viscosity of the printable inks. Upon 

increasing the solid content from 50 wt% to 75 wt%, the 
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viscosity of the inks would significantly increase, varying 

from 0.52 to 47.64 Pa.s at a shear rate of 30 s-1. In addion, 

upon increasing the solid content to 70 wt%, the pastes 

exhibited different behaviors at low and high shear rates. 

In H50 and H60, the viscosity of suspensions gradually 

decreased with an increase in the shear rate, exhibiting a 

shear-thinning behavior. Viscosity would also decrease 

due to the presence of agglomerates, broken down by the 

shear stress, thus allowing the suspension to flow. 

Further, as observed, the shear-thinning behavior was 

attentuated and the viscosity became more stable as the 

shear rate increased, indicating the reconstruction of the 

suspension structures damaged at lower shear rates. 

However, H60 as the more viscose suspension has a 

viscosity of 1.45 Pa.s at a shear rate of 30 s-1, 

characterized by suitable rheological behavior and 

acceptable viscosity for DLP printing [9,17,18]. 

For pastes, U70 and U75 exhibit shear-thickening 

behavior at low shear rates due to high solid loading and 

steric repulsion of the Alumina particles. In other words, 

the particls formed a 3D structure in which the paste 

resisted flowing. Of note, the rheological behavior 

changes to shear-thinning beahavior as the shear rate 

increases. This can be attributed to the destruction of the 

3D structures. In fact, the newly formed 2D structures 

increase the flowability as the shear rate increases [19]. 

As observed in both pastes, the viscosity dropped down 

drastically at a shear rate of 100 s-1. In other words, the 

paste is formed at this shear rate, thus helping a paddle 

spread the viscose paste by applying an appropriate force 

easily to form new layer. When removing the force, an 

increase in viscosity makes the layer stand still during the 

photocuring [8,15,20]. 

 

 

Figure 2. Viscosity variations of the inks; H50 and H60 

exhibiting shear-thininng behavior, U70 and U75 showing 

shear-thickening and shear-thining behavior at low and high 

shear rates, respectively 

 

3.2. DLP Printing 
Figure 3a shows the H50 and H60 printed samples 

using the bottom-up DLP approach. In this approach, 

however, adhesion of the first layer was the main 

difficulty. As shown in Figure 3, H50 and H60 

suspensions were printed with relatively high 

dimensional accuracy and layer thickness of 30 μm. It 

was not possible to print inks containing solid contents 

more than 60 wt% as the viscosity increased and 

exceeded the recommended viscosity range for DLP 

printing [21] (see Figure 2). Consequently, high viscosity 

and weakened self-flowing ability of the pastes made the 

bottom-up DLP process almost impossible due to the 

high detachment force required for each layer. The 

bottom-up DLP enjoys many advantages such as 

flexibility in layer thickness, high resolution, and surface 

quality, hence no detachment force is required. On the 

contrary, the top-down DLP is an interesting approach 

used in DLP printer [7,22]. In addition, in the top-down 

approach, the application of low viscosity suspension is 

recommended due to the difficulties in thickness control 

and spreading thin layers, hence making it a time-

consuming process [8]. In the present study, printing of 

the pastes was made possible by applying the top-down 

DLP approach. In other words, the top-down setup 

designed in this study was totally appropriate for the 

printing pastes. Figure 3b shows the samples printed by 

the top-down approach. Accordingly, U70 and U75 

Alumina-glass pastes were printed with an optimized 

layer thickness of 200 μm using this approach. By 

applying the top-down approach, the thickness of this 

layer increased up to 200 μm while maintaining 

acceptable dimensional accuracy. The thickness of this 

layer is significantly greater in value than that in studies 

that have previously targeted top-down approaches and 

printing pastes with high solid loadings [15,23,24]. 

In addition, the curing time reached 45 s since in the 

top-down approach, the photosensitive paste is directly in 

contact with oxygen which delays the 

photopolymerization [7]. In fact, besides the advantage 

of high solid print in the top-down approach, higher 

exposure time and lack of constant layer thickness are 

referred to as disadvantages, which reduce the printing 

accuracy and increase the printing duration, respectively. 

Moreover, it is mentioned that in the top-down approach, 

much more amount of ink is usually needed than that in 

the bottom-up approach [6,7]; however, the setup 

designed in this study requires a small amount of ink 

preparation. About five g of paste is printed on a cylinder 

with a diameter of about 1.4 mm and height of 5 mm, as 

shown in Figure 3. Hence, the material waste is 

minimized. 

According to the findings, in case the powder amount 

increases to more than 75 wt%, the powder and resin do 

not mix well and the excess powder will remain unmixed 

and agglomerated, which indicates a saturation point in 

75 wt% solid content for the methacrylate-based resin 

used in this work. This amount of solid content is equal 

to 48 vol%, which can be considered an acceptable solid 

load for sintering to obtain fully dense parts [4,25]. 
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Therefore, the top-down approach to DLP printing can be 

employed as a method for developing high-filled 

ceramic-resin composites. 

 

3.3. Sintering 
The printed samples containing 70 and 75 wt% 

Alumina-resin, with the highest solid loadings, were 

sintered at 1400 °C. Figure 4 shows the microstructure of 

the 70 wt% sample. As expected, due to the existence of 

glass powder in the composition and high solid content, 

the sample with 75 wt% was fully densified at 1400 °C, 

resulting in 97% relative density, 2% open porosity, and 

1.3% shrinkage. 

 

 

Figure 3. Printed samples via a) top-down and b) bottom-up 

approaches 
 

 

Figure 4. Cross-sectional SEM image of 70 wt% sample 

printed via top-down approach and sintered at 1400 °C 
 

 

4. CONCLUSION 

 
In this study, investigation of solid content and its 

effect on rheology indicated that the bottom-up DLP 

printer was suitable for the printing of the Alumina-glass 

suspensions containing maximum 60 wt% solid. As the 

solid content increased and the suspensions were 

converted to pastes, the bottom-up DLP printing was not 

doable since the detachment force highly increased. 

However, by employing our hand-made top-down DLP 

setup, the high-solid loading pastes were printable. 

Despite the recommendations about low viscosity in top-

down approach, we were able to print highly-filled 

Alumina-glass samples with acceptable dimensional 

accuracy and high layer thickness and without any 

material waste. 
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