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Abstract. Digital light processing (DLP) is an additive manufacturing (AM) process that can produce high-performance
ceramic parts with tiny structures, high dimensional precision, and outstanding surface quality. Curing the suspension
to form the layers and the post-processing are important aspects to generate parts with good geometrical accuracy and
mechanical properties. In this work, the photosensitive parameters and the thermal decomposition of a recently
developed photosensitive ceramic suspension were investigated, creating a foundation for the manufacture of zirconia
parts. It was found that the absorbance of the photoinitiator BAPO fits the exposure irradiance of a standard mercury
vapor lamp from a commercial projector. Finally, ceramic test specimens were manufactured in a custom-built DLP 3D-
printer, debound, and sintered at different temperatures (1400, 1500, and 1600 °C) for 2 hours to compare shrinkage,
relative density, and flexural strength. For all temperatures, the shrinkage in the Z direction was found to be higher than
in the XY plane. Parts sintered above 1500 °C presented a relative density greater than 95%. There is a tendency of
increasing flexural strength with increasing temperature in the studied range and some parts sintered at 1600 degrees
exceeded 200 MPa. However, a few specimens failed at the layers interface, causing a great variation in the flexural
strength obtained.
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1. INTRODUCTION

Additive manufacturing (AM) can produce small series complex ceramic parts without the high costs of molds
(Schwentenwein; Homa, 2015; Zhang et al., 2020). Although several AM processes can manufacture ceramic parts, few
of them can produce them with good mechanical properties, among which the vat photopolymerization processes (VP)
can be highlighted (Wang, 2013). This type of AM, in which photosensitive liquid in a vat is selectively cured by light-
activated polymerization (ISO, 2015), also stands out for its ability to produce tiny structures with high dimensional
precision and good surface quality (Lian et al., 2017; Santoliquido et al., 2019). In addition, Digital light processing (DLP)
is a VP process that produces the entire layer at once by projecting the section, being faster than VP processes based on
the scanning of the region to be polymerized (Gibson et al 2015; Lian et al., 2017).

The VP of ceramics parts starts with the formulation and slurry preparation. It must have a high ceramic loading to
avoid cracks (Griffith; Halloran, 1996) and delamination during post-processing (Jang et al., 2019) and proper rheological
behavior and stability to allow uniform and homogeneous layers to be formed and so specifications of the ceramic
particles, monomers and dispersants should be considered (Camargo et al., 2021a). Also, a suitable photoinitiator,
compatible with the chosen monomers and light source must be selected (Gonzalez et al., 2019; Park et al., 2018).

Also, 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 (Wei et al., 2019). The
photopolymerizable ceramic suspensions generally follow the Beer-Lambert Law (Chen et al., 2019; Griffith; Halloran,
1996; Hinczewski et al., 1998a; Sun et al., 2019), described by Eq. 1
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Where C, is the cure depth, S, is the sensitivity of the suspension, also called penetration depth, E is the incident
light energy density, and E. is the critical energy (the minimum energy density 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 (Chen et al., 2019). They can be determined, using Eg. 1, by fitting experimental
data 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 (Borlaf et al., 2019; Hu et al., 2018; Komissarenko et al.,
2018; Li; Zhao, 2017). Therefore, delamination is avoided (Borlaf et al., 2019; Chen et al., 2019; Wei et al., 2019) and
parts with good mechanical properties can be generated (Wei et al., 2019). On the other hand, excessive energy exposure
lead to over-polymerization and a decrease in the process accuracy (Borlaf et al., 2019; Wei et al., 2019).

Moreover, the post-processing of the green printed parts is a key factor in the success of manufacturing these parts.
The debinding is a critical step in the VP additive manufacturing of ceramics and adequate heating rates during this stage
are necessary to avoid cracks (Johansson et al., 2017; Komissarenko et al., 2018) as well as the sintering temperature has
an important influence on the properties of the final parts (Azarmi; Amirl, 2019; Liu et al., 2020; Varghese et al., 2018;
Wou et al., 2018; Xing et al., 2020).

In this work, the photosensitive parameters and the thermal decomposition of a recently developed photosensitive
ceramic suspension (Camargo et al., 2021b) were investigated, ceramic test specimens were manufactured in a custom-
built DLP 3D-printer, debound and sintered at different temperatures and shrinkage, relative density, and flexural strength
of these parts were investigated.

2. MATERIALS AND METHODS

A ceramic photosensitive slurry was prepared and its photosensitive parameters and thermal decomposition were
evaluated. Next, ceramic pasts were manufactured by DLP additive manufacturing and post-processed and finally
characterized, as described next.

2.1 Slurry preparation

The photosensitive ceramic slurry was prepared based on the formulation proposed by Camargo et. al. (2021b). Thus,
partially stabilized zirconia powder (TZ-3Y-E, Tosoh Corporation, Japan), the monomer Poly(ethylene glycol) diacrylate,
(PEGDA 250, Sigma Aldrich, USA), the photoinitiator Phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (PPO, Sigma
Aldrich, USA), and the dispersant DISPERBYK-111 (BYK-Chemie, Germany) were mixed and ball-milled for 24 hours
to break up agglomerates and homogenize the suspension with 40 vol% ceramic loading. Such slurry presents rheological
behavior and stability suitable for the process (Camargo et al., 2021b).

2.2 Additive manufacturing and light source irradiance

Ceramic parts with 100 um layer thickness were manufactured in a custom-built top-down DLP 3D printer which uses
a recoating system for DLP 3D Printers composed of two blades with sequential action (Camargo et al., 2020) and a
commercial projector with a mercury vapor lamp that had its UV filter removed. In order to check compatibility with the
chosen photoinitiator and calculate the useful irradiance, 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.

2.3 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 equipment. The slurries were cured with different exposure times.
The layers were rinsed with isopropyl alcohol (IPA) and their thickness was measured using a caliper, similar to what is
described in the literature (Chen et al., 2019; Hu et al., 2018) and the photosensitive parameters were determined by fitting
the experimental data to the Beer-Lambert Law.

2.4 Thermal analysis
In order to define the debinding process, the thermal decomposition of the ceramic green parts was analyzed by

thermogravimetric analysis (SDT Q600, TA Instruments). The parts were heated (10°C/min) from room temperature to
1000 °C in air (50 mL/min).
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2.5 Post-processed parts characterization

The printed parts were rinsed with isopropyl alcohol (IPA) and dried on the oven for 12 h at 100 °C. The samples
were debound and sintered at different temperatures (1400, 1500, and 1600 °C) for 2 hours in a box furnace (Blue M,
Lindberg) in air environment. The density of the sintered parts was measured based on Archimedes’ Principle using an
analytical balance with resolution 0,01 mg (AUW220D, Shimadzu). Flexural three-point strength tests were performed
on printed bars (25 mm x 2 mm x 1.5 mm) using a universal testing machine (Bionix, MTS®) with a load cell of 15 kN,
a span of 20 mm, and a crosshead speed of 0.2 mm/min

3. RESULTS AND DISCUSSION

The investigation of the photosensitive parameters and thermal decomposition of the photosensitive ceramic
suspension created a foundation for the successful additive manufacturing and post-processing of zirconia parts, as
described in this section.

3.1 Light source irradiance

Most related works use either laser (Hinczewski et al., 1998b; Li; Zhao, 2017; Sun et al., 2019) or monowaved led
(Johansson et al., 2017; Komissarenko et al., 2018; Wu et al., 2019) centered at a specific wavelength that overlaps the
absorption range of the initiator. Conversely, this works 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. Among the most
used photoinitiator for ceramic sensitive suspensions, 1-Hydroxycyclohexyl phenyl ketone (Irgacure 184 or HCPK) does
not respond and Diphenyl(2, 4, 6-trimethylbenzoyl) phosphine oxide TPO has a small absorption in long wave UV. On
the other hand, phenylbis(2,4,6-trimethyl benzoyl)phosphine oxide (Irgacure 819, BAPO, or PPO) stands out for its
effective absorption up to 420 nm (Bertolo et al., 2017; Green, 2010; Wei et al., 2020), thus justifying its selection for use
with the mentioned light source. Figure 1 shows the absorbance graph of BAPO (Green, 2010) and the measured emission
spectrum of the mercury vapor lamp, which delivers approximately 7.9 mW/cm? with a broad emission spectrum (380-
800 nm), of which just 0.5 mW/cm?is useful irradiance
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Figure 1. Emission spectrum of the used mercury vapor lamp and absorbance of the photoinitiator selected (BAPO)
3.2 Photosensitive parameters

Figure 2 shows the relation between the cure depth and exposure energy. The critical energy found (1.78 mJ/cm?) is
comparable with the lowest values obtained in the literature for photosensitive ceramic suspensions (Chen et al., 2019;
Wu et al., 2019). In the DLP AM, the cure depth is a key factor for the interlayer combination (Li; Zhao, 2017) and it
should be higher than the layer thickness to provide sufficient layer integration (Borlaf et al., 2019; Johansson et al., 2017;
Wei et al., 2019). On the other hand, if cure depth is too high the accuracy will be impaired and so it should be at 1.1 to
1.35 times the layer thickness (Wei et al., 2019). Thus, for the AM of ceramic parts with 100 um layer thickness, the
exposure time was set to 10 mJ/cm?.
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Figure 2. Cure depth vs exposure energy of the photosensitive ceramic suspension

3.3 Thermal Analysis

The thermogravimetric analysis is shown in Figure 3a. The total weight loss was 23.4% and no mass change was
recorded after 600 °C. It can be seen that 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 increase. Therefore,
the parts were debound and sintered following the protocol (Figure 3b): 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 and held for 2 hours. Different sintering temperatures (1400, 1500, and 1600 °C) were evaluated in this work.
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Figure 3. a) Thermogravimetric analysis of the green printed parts. b) Post-processing protocol
3.4 Post-processed parts characterization

DLP was used to manufacture not only specimens but also parts with tiny details as illustrated in Figures 4 and 5.
Further, dense parts were obtained. The linear shrinkage and relative density of the sintered ceramic parts increased with
increasing sintering temperature (Figure 6), and parts sintered at 1600 °C reached a relative density of 95.4% and their
linear shrinkage exceeded 25% in all directions. The shrinkage in the building direction was always higher than in the
XY plane, evidencing the anisotropic nature of the process.
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Figure 5. Adaptation of Christ the Redeemer Statue (Rio de Janeiro — Brazil) printed and sintered at 1500 °C.
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Figure 6. Characterization of printed parts sintered at different temperatures. a) Relative density. b) Linear Shrinkage
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Finally, a tendency of increasing flexural strength with rising sintering temperature in the studied range can be
observed in Figure 7a. Some parts sintered at 1600 degrees 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
7b), 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 7. a) Flexural strength of the printed parts sintered at different temperatures. b) Specimens that failed at the
layers interface in the flexural test.

4. CONCLUSIONS

In this work, a photosensitive ceramic suspension was prepared and characterized and its photosensitive parameters
and the thermal decomposition were investigated in order to create guidelines to the manufacturing of ceramic parts such
as the exposure energy per layer and the post-processing protocol. The selection of BAPO as the photoinitiator allowed
ceramic parts to be manufactures in a custom-built DLP 3D-printer whose light source is a standard mercury vapor lamp
from a commercial projector with most of the emission in visible light. The printed parts were sintered at different
temperatures (1400, 1500, and 1600 °C). The shrinkage in the building direction was always higher than in the XY plane,
evidencing the anisotropic nature of the process. The parts sintered at 1600 °C presented a density of 95.4% and some of
these parts exceeded 200 MPa in flexural strength. However, some specimens failed at the layers interface and an
investigation of how to alleviate this problem should be done in future works. The influence of changing layer thickness
and the addition of components as plasticizers on the properties of ceramics parts fabricated by DLP additive
manufacturing may also be subject of future works.
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