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The digital light processing (DLP) 3D printing method can be used to achieve continuous ceramic laminations during additive
manufacturing. However, it has limited applications because its green body, which is photocured by adding a resin and
photoinitiator to the ceramic powder, cracks during the debinding process. In this study, we used four types of acrylic resins
with low functional groups and mixed 82 wt% zirconia powder with the photoinitiator and dispersant to prepare a slurry.
Under a certain content of photoinitiator, the photocured zirconia green body was prepared by controlling the light intensity
conditions of 32 W/m* and 38 W/m’ and the light exposure time of 3s and 7s, respectively. Furthermore, we conducted
experiments focused on the condition of photocuring green body according to the printing approach based on the UV light
position, as well as cracking of the green body after the debinding process. The position of the UV light influenced the
continuous lamination behavior and intervention of oxygen during photocuring, and based on these results, we investigate
the differences in the laminated layer interphase of the photocured green body and its relationship to cracking with the
debinding behavior.
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Introduction layer samples with complex shapes [9].

Acrylates, which are photoreaction polymers, have a

Ceramics have almost no ductility and are very brittle, wide range of application in the ceramic layer by layer
making them fragile. Furthermore, their low plasticity process owing to their fast curing speed and ability to
makes continuous layer by layer fabrication difficult, in control the properties according to the type of monomer
particular, as for precision in shape [1, 2]. To overcome and oligomer and number of reactive groups. However,
these limitations, a digital light processing (DLP) method the conversion rate is low because it is difficult to
was introduced wherein photocurable, liquid-type achieve full curing because of the effect of oxygen in the
resins were mixed into a ceramic powder, and cured. air during radical curing [10-12]. Ceramic layer by layer
In the slurry-based DLP process, a slurry prepared by fabrication based on DLP process requires a debinding
mixing a photoinitiator and ceramic powder with a process to remove the acrylate-type binder present in the
photocurable resin, as shown in the schematic diagram photocured green body through heat treatment [13-18].
in Fig. 1, absorbs and scatters light with wavelengths In previous research, a very slow heating rate (0.2 to 0.5
in the ultraviolet (UV) range, thereby accelerating the °C/min) was set during the debinding process to prevent
decomposition of the photoinitiator and generating free cracking of the green body, which had the disadvantage
radicals. These free radicals break the double bonds of requiring a long debinding process. Despite the long
of the monomers and cause cross-linking bonding. In debinding process, cracks were generated during the
short, the DLP method is used to solidify and stack pyrolysis-removal process of the cured resin. These
the ceramic slurry instantaneously by triggering a problems were also reflected after sintering, causing
polymerization reaction [3-8]. The resulting multilayer serious defects in the sintered body accompanying
ceramic photocured green body exhibits a high degree of sintering shrinkage [3, 5, 19, 20]. Owing to these
precision and reasonable handling strength through the postprocessing issues, ceramic materials are utilized less
relatively simple process. For this reason, it is the most than plastics and metals in additive manufacturing, and
appropriate method for manufacturing ceramic layer by the sintering-based manufacturing of ceramics in the 3D

printing process has not been studied widely.

*goﬁejggﬂfioiﬂsgsz%ﬂgig Process variables in the DLP process that affect
F§x§ +8-61-450-2498 debinding include the types and contents of the acrylic
E-mail: lee@mokpo.ac.kr resin and photoinitiator used, light intensity and light

91



92

So-Young Ko, Kyoung-Jun Jang and Sang-Jin Lee

.':.'..

Monomer and oligomer

Photo-initiator Ceramic powder

O O

UV exposure (A ~395nm)

[ : ] 5
Light scattering |% 5 ’ ‘ol

Limit of
penetration depth

.€_______
é_______

Photopolymerizable ceramic suspensions

Diffusion of free radical and cross linker

Fig. 1. Photocuring mechanism of DLP ceramic 3D printing process.

exposure time during the printing process, heating
conditions for debinding, and printing approach method
[3, 5,9, 16, 17, 21]. Controlling these process variables
including heat-treatment is a prerequisite for a crack-
free debinding process. Although previous studies
established the conditions under which DLP could be
used for printing, the problem of cracking during the
debinding process still exists. Although the process
variables can be controlled to prevent the cracking,
this paper focuses on a printing approach based on the
position of the UV light. In the case of ceramic layer by
layer fabrication applying DLP, top-down and bottom-
up printing approaches depending on the position of
the UV light source are of interest. Considering this,
we studied the differences in photocuring mechanism
based on the position of the light source with the effects
of light intensity and light exposure time for crack-free
debinding zirconia 3D printing output.

Experimental Procedures

Slurry preparation

A photocurable slurry was prepared by mixing zirconia
powder (3Y-TZP, D5=0.4 um), 0.05 wt% photoinitiators
(Irgacure TPO, Ciba Specialty Chemicals, Inc.,
Switzerland) and 0.3 wt% dispersant [22] in a liquid-

Table 1. Physicochemical Properties of Materials in Zirconia
Slurry.

Masrias  Demiy ()
Zirconia 6.05 .
HDDA* 1.02
IBA® 0.98 ]
PEGDA® 1.12 57
PNPGDA‘ 1.00 15
Photoinitiator 1.12 .
Dispersant 1.08 )

Table 2. Composition of Zirconia Slurry Based on Weight
Fraction.

Zirconia Acrylate Photoinitiator Dispersant (:v(:‘[;l)
82 29.65 0.05 0.3- 100

type resin containing four types of photocurable acrylic
materials including 1,6-Hexanediol diacrylate (HDDA).
The physicochemical properties of each material are
summarized in Table 1 and the composition of the slurry
is summarized in Table 2 based on weight fraction.
Mixing was performed by ball milling using zirconia
balls at 120 rpm for 12 h to prepare the slurry. Resins
with low viscosity were used to maximize the content of
zirconia powder, which was mixed up to 82 wt%. And,
the four kinds resin system were designed for staged
thermal decomposition. After milling, the zirconia balls
were removed by 230 mesh sieving to finally prepare
the slurry for DLP 3D printing.

Layer by layer fabrication process

DLP 3D printing methods are applied to top-down
and bottom-up approaches depending on the position of
the UV light source, and a schematic diagram of both
approach methods is shown in Fig. 2. In the top-down
method, curing is performed by exposing the UV light
source from the top to bottom. After curing, the building
platform is moved downward by an amount equivalent
to the cured thickness. The top-down method, similar
to tape-casting, supplies slurry on the uniform surface
through the repeated left and right movements of the
blade whenever a layer is added to the platform. The
speed of the blade and the shear stress occurring between
the blade surface and the slurry affect the layer thickness.
The viscosity of the slurry also affects the layer thickness
[23]. As the building platform moves downward, the
printed object is immersed in the slurry, and the cured
layer is continuously exposed to air during the curing
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Fig. 2. DLP 3D printing methods: (a) top-down (use of blade), (b) bottom-up.

process. In the bottom-up method, the UV light source
is positioned at the bottom, below the plate containing
the slurry. The building platform is moved downward
to obtain a certain thickness of slurry on the plate
containing, and the slurry between the lower film (FEP
film, Si-based composite film) and building platform is
cured using UV light. The cured layer is then removed
from the film, attached to the building platform, and
moved upward. These processes are repeated to perform
3D printing lamination [14, 24, 25]. In the process of
separating the film and adhering to the building platform,
the printed object is periodically under stress. This
causes unwanted stress and deformation of the printed
object during printing [3], and this is characterized by the
absence of contact with air because the curing process

takes place inside the slurry.

In this study, two kinds of printing equipment, TD6
(3DCONTROLS, Korea) for top-down system and IMC
(Carima, Korea) for bottom-up system, were used. The
specification of each equipment is listed in Table 3.
During curing, the absolute value of light intensity varies
depending on the printing approach method. Therefore, to
maintain the same light intensity, we measured the light
intensity using a light intensity meter (BLUEWAVE,
StellarNet, Inc., USA) and adjusted the power. The
printing conditions were the same for both the top-down
and bottom-up approach methods. Under light intensity
conditions of 32 W/m* and 38 W/m? the exposure time
was changed to 3 s and 7 s, respectively, to proceed
with the printing. The detailed printing conditions are
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Table 3. Specification of Equipment.

TD6 IMC
(Top-down) (Bottom-up)
Build size (mm) 120x68x45 110x61x130
Layer thickness (um) 25~100 25~100
Product size (mm) 515x510x1655 391x405x589
Light intensity (W/m?) 26~50 17~125
Exposure time (sec) 1~120 1~no limit

Table 4. Printing Conditions for Each Approach.

Top-down*
Light intensity (W/m?) Exposure time (s)
Tl 32 3
T2 32 7
T3 38 3
T4 38 7

*layer thickness: 0.025 mm

Bottom-up ©
Light intensity (W/m?) Exposure time (s)
Bl 32 3
B2 32 7
B3 38 3
B4 38 7

“layer thickness: 0.025 mm

summarized in Table 4.

Debinding & sintering

The debinding process conditions for the printed
object are presented in Fig. 3. Debinding was performed
in air, at a heating rate of 1 °C/min, the temperature
was maintained at 120, 320, 400, 500, and 600 °C,
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Fig. 3. Heating schedule for debinding process of zirconia green
body photocured by DLP method.
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Fig. 4. Thermal analysis result of zirconia green body photocured
by DLP method.

respectively, for 30 minutes. The heating schedule
was determined based on the temperature of thermal
decomposition of each resin and also based on the
results of a thermogravimetric analysis (Fig. 4). For the
sintering of the sample after debinding, the temperature
was raised to 1,500 °C at a heating rate of 3 °C/min and
maintained for 2 h, followed by furnace cooling.

Characterization

To examine the debinding behavior, photocured
green body samples were prepared by changing
only the zirconia solid content to 55 wt% in order
to clearly measure the degree of weight loss. Using
a thermogravimetric analyzer (TGA, STA 409PC,
Netzsch, Korea), measurements were conducted in air
at a heating rate of 5 °C/min in a range of 30 to 1200
°C. To examine the difference in the molecular bonding
of the photocured green body according to the printing
method, each sample was powdered and subjected to a
Fourier transform infrared (FT-IR, VERTEX 80v, Bruker,
USA) analysis in a wavelength range of 4000~500 cm'™.
The hardness of each green body was measured using
a hardness tester (GS-702N, TECLOCK, Japan). And
Vernier Calipers (CD-20CP, Mitutoyo, Japan) was used
to measure the size of green body in order to compare
the size difference with the program size (10 mm by 10
mm). Microstructural analyses of the photocured green
body and green body after debinding were performed
using a scanning electron microscope (SEM, EM-30N,
Coxem, Korea). After fixing the sample with carbon
tape on an aluminum holder, it was coated via Au-
Pd sputtering. Because it was difficult to handle the
sample after debinding, the sample was prepared by
sintering the green body after debinding by increasing
the temperature to 1,150 °C at a heating rate of 3 °C/min
and maintaining it for 2 h. The density of the sintered
zirconia body was measured by the Archimedes method.
To calculate relative density, the measured density was
compared with the theoretical density of 3Y-TZP (6.05
g/cm’). The flexural strength of the sintered body was
measured to determine the presence of microcracks.
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Bend bar samples for the measurement were prepared by
polishing the surfaces of the samples using abrasive SiC
paper no. 2000, and the flexural strength was measured
by a four-point flexural strength test with a universal
testing machine (Instron 4461, Norwood Co., USA) at
a cross-head speed of 0.5 mm/min using a fixture with
an inner span of 10 mm and an outer span of 20 mm.

Results and Discussion

A thermogravimetric analysis was performed to
observe the debinding behavior of the photocured green
body, and the results are presented in Fig. 4. As the
temperature increased, weight loss was detected owing
to the removal of the photocured resin. The weight
loss occurred in stages, at 120, 320, 400, and 500 °C.
Weight loss was not detected beyond 600 °C. The four
step weight loss is due to the four kinds of resin having
deferent thermal decomposition temperature. Maintaining
the weight loss in stages by adjusting the type of resin

T2 (32W/m’, 7s)

T4 (38W/m’, 7s)

m lamination

100um

Fig. 5. SEM micrographs of top surface of zirconia green body
photocured by DLP top-down method.

is one way to inhibit cracking of the green body. The
analysis results of the printed objects obtained by the
different printing approaches were almost identical.
The microstructures of the top surface of the photocured
green body depended on the printing approach, light
intensity, and exposure time, and are presented in
Figs. 5 and 6. Slight changes were observed in the
microstructures of the top surfaces with increase in the
light intensity and exposure time. These changes were
more noticeable in the bottom-up approach method than
in the top-down method. In the green body prepared
by the top-down method, shown in Fig. 5, pores and
incomplete laminations were observed as the light
intensity and exposure time increased. In the bottom-up
method, these defects were more extensive, as shown
in Fig. 6. These defects were believed to have been
caused by overcuring. In particular, in the case of the
bottom-up method, which caused severe defects, the
incomplete lamination phenomenon was more severe.
The reason for this was that the photocured green body

B1 (32w/m’, 3s)

incomplete lamination

o=

B2 (32W/m’, 7s)

incomplete lamination

100gm

B4 (38W/m’, 7s)

incomplete lamination

Fig. 6. SEM micrographs of top surface of zirconia green body
photocured by DLP bottom-up method.
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Table 5. Hardness of Printed Green Body.

So-Young Ko, Kyoung-Jun Jang and Sang-Jin Lee

Sample T1 T2 T3 T4 B1 B2 B3 B4
Hardness (HRC) 65 67 69 72 80 82 85 88
Table 6. Measured Size of Printed Green Body.
Sample T1 T2 T3 T4 Bl B2 B3 B4
a (mm) 10.0 10.0 10.0 10.0 10.28 12.71 15.17 17.82
b (mm) 10.0 10.0 10.0 10.0 10.39 12.70 15.11 17.79

layer to be laminated was strongly cured on the FEP
film during the printing process. It did not completely
adhere to the building platform, but remained on the film
and was not properly bonded to the previous laminated
layer. Incomplete lamination caused unwanted defects
and deformations by overcuring in the printed object,
resulting in uneven density of the photocured green body
because of micro delamination between layers.

The hardness of the photocured green body at each
condition is listed in Table 5. As the light intensity and
exposure time increase, the hardness was increased. And
the samples photocured by bottom-up process showed
higher hardness value. Table 6 shows the final size of
photocured green body. In case of the top-down process,
the sample size was same with the program size (10 mm
by 10 mm). However, the samples prepared by bottom-
up process showed over size. The light intensity and
exposure time more increased, the degree of oversize
also more increased. Photographs of the representative
printed objects under top-down and bottom-up conditions
are presented in Fig. 7. It is generally believed that the
presence of solid ceramic powder in the slurry can cause
UV light scattering because of the large refractive-index
difference between the ceramic powder and photocurable
resin, which can affect the printing accuracy. The green
body can be cured beyond the exposure area by the light
scattered from the interface of the resin and powder
particles because of the different refractive indices of the
materials [17]. When comparing these effects according

()

10mm

to the printing approach, it could be seen that the printing
accuracy was inferior with the bottom-up method. In
the top-down method, there was almost no difference
between the designed area and the size of the printed
object, regardless of the exposure time. In the bottom-
up method, on the other hand, there was a deviation
depending on the exposure time, and as the exposure time
increased, the overcuring became more severe, resulting
in a larger printing size. This indicated that more UV
light scattering occurred in the bottom-up method than in
the top-down method. Therefore, it is recommended that
the printing conditions such as exposure time be adjusted
according to the printing approach method.

The microstructure of the laminated layer of the
photocured green body is presented according to the
printing method, light intensity, and exposure time in
Figs. 8 and 9. The microstructure of the laminated layer
exhibited clear differences depending on the printing
method. In the case of the top-down approach (Fig.
8), the microstructure of the laminated layer was more
uniform compared to that obtained with the bottom-
up method. The laminated layer was also more clearly
visible as the light intensity and exposure time increased.
In the case of the top-down method, the cured layer
interphase was not clearly visible under conditions of 32
W/m? and 3 s, which indicated uniform mixing between
the laminated layers during the photocuring lamination
process, similar to a powder compact prepared by press
forming. Furthermore, the laminated thickness was set

(b)

'

10mm

Fig. 7. Photographs of zirconia green body photocured under 38 W/m? and 7 s, printed by top-down, (b) bottom-up method.



Layer by layer fabrication of zirconia by different UV light position approaching in digital light processing method

T1 (32W/m’, 3s)

laminated layer

- 100um

T2 (32W/m’, 7s)

laminated layer

T3 (38W/m’, 3s)

laminated layer

T4 (38W/m’, 7s)

laminated layer

Fig. 8. SEM micrographs of laminated layer of zirconia green body photocured by DLP top-down method.
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Fig. 9. SEM micrographs of laminated layer of zirconia green body photocured by DLP bottom-up method.
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to 25 um for printing, but the SEM microstructure
analysis showed that the laminated layers were at 50
um intervals. This was considered to be a result of the
equipment characteristics such as moving blade [23].
In the case of the bottom-up method (Fig. 9), despite
applying the same light intensity and exposure time in
printing, the laminated layer was found to be highly
irregular in thickness and shape under all conditions,
compared to that yielded by the top-down method. The
layers were not laminated with a set laminated thickness
of 25 pm. Instead, the thickness of each output layer was
different, and the horizontality of the layer interphases
was also uneven. The cracks seen in the bottom-up
method were believed to be the result of defects caused
by the phenomenon of the printed object adhering to and
remains on the FEP film. The inconsistent and uneven
shape of the laminated layer of the photocured green
body was determined to be the result of overcuring,
which led to inconsistent thickness of the laminated
layer.

The microstructure of the laminated layer of the printing
green body after debinding is presented according to the
printing method, light intensity, and exposure time in Figs.
10 and 11, respectively. In the case of the photocured
green body sample printed under conditions of 32 W/m?
and 3 s by the top-down method, no cracks are observed
after debinding. As overcuring of the printed object
was prevented by using a low light intensity and short
exposure time, the interphases of the laminated layers
were not clear, resulting in an effect similar to that of

T1 (32W/nt, 3s)
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pressing ceramic powder, and cracks did not occur even
after debinding. In the case of the top-down method,
cracks did not occur after debinding even in the samples
where the laminated layer interphase was observed.
On the contrary, when the sample was printed with a
relatively high light intensity and long exposure time of
38 W/m? and 7 s, cracks occurred horizontally along the
interphase of the laminated layer after debinding. This
indicated that the cause of cracking during debinding
was the strong physical bonding between the zirconia
powders and the resins (high hardness) by overcured
printed zirconia green body. Figure 11 presents images
of the samples prepared by the bottom-up method. It
can be seen that when the light intensity is low and
the exposure time is short, cracking of the green body
after debinding occurs along the interphase. On the other
hand, when the light intensity is high and the exposure
time is long, we observed not only cracks horizontal to
the laminated layer, but also transverse cracks. In the
case of conditions of 38 W/m* and 7 s, many cracks
are clearly observed. It is believed that the higher the
light intensity and longer the exposure time are, the more
the printing zirconia green body will be overcured. This
makes it difficult to burn out the resins in the photocured
green body during the debinding process and causes
cracking during debinding. The degree of overcuring is
also thought to be affected by the printing method, as
relatively more cracks occur in the case of the bottom-up
method under the same printing conditions.

The occurrence of more cracks in the bottom-up

T2 (32W/m, 7s)

100um

T4 (38W/m’, 7s)

Fig. 10. SEM micrographs of laminated layer of green body printed by DLP top-down method after debinding process.
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Fig. 11. SEM micrographs of laminated layer of green body printed by DLP bottom-up method after debinding process.

method than in the top-down method is attributed to with wavelength in the UV region is absorbed, which
oxygen intervention during the printing process. Oxygen accelerates decomposition of the photoinitiator to produce
is reported to inhibit the polymerization reaction, thereby free radicals. These free radicals break the double bonds
interfering with curing [3, 10]. In the DLP process, light of the monomers and cause cross-linking, which leads to
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Fig. 12. FT-IR results of printed green body photocured by DLP method under a condition of 32 W/m? and 3 s. C=C peaks (1616
and 1635 cm™) for the bottom-up method are smaller in size, that is the double bonds (C=C) of the acrylic monomer are consumed
to form crosslinks through free radical polymerization in the absence of oxygen.
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Table 7. Relative Density and Flexural Strength of Sintering Zirconia.

Sample T1 T2 T4 B1 B2 B3 B4
Relative density (%) 98.7 98.3 98.2 crack crack crack crack crack
Average flexural strength* (MPa) 512 510 512 - - - - -

*average value of five samples at each condition

the curing phenomenon. When curing in air, the presence
of oxygen leads to incomplete curing and surface
tackiness by consuming free radicals and inhibiting the
photo-polymerization process [5, 26-28]. Oxygen reacts
with carbon-centered radicals in the diffusion step to
form peroxyl radicals, and these radicals do not readily
participate in the reaction of acrylate monomers and do
not break the double bond, thus reducing the efficiency
of photocuring [26, 29, 30]. In the top-down method,
the interface where photo-polymerization occurs is in
direct contact with oxygen, and the curing time is longer
compared to that of the bottom-up method. In the bottom-
up method, when UV light is irradiated, a vacuum is
maintained between the slurry and the film. This leads
to the absence of oxygen and increases photocuring
accompanying the bonding force with the film. Due to
the absence of oxygen, curing tends to occur more easily
and quickly compared to curing in the top-down method
[17]. Therefore, even if the same light intensity is used
for printing, the curing effect in the bottom-up method
is better than that of the top-down method, which may
result in overcuring. Figure 12 shows the FT-IR results
of the photocured green body. When comparing the
printed zirconia green body of the top-down and bottom-
up methods, it is found that the peak positions are not
significantly different; however, the C=C peaks (1616
and 1635 cm™) for the bottom-up method are smaller in

(a)

size, for the same light intensity and exposure time. As
photocurable acrylic resin progresses, the double bonds
(C=C) of the acrylic monomer are consumed [31]. After
the UV polymerization, the C=C bonds are converted
to a C-C bonds, and the size of the C=C peak becomes
smaller. These results show that crosslinks are more
actively formed through free radical polymerization,
causing overcuring in the bottom-up approach method
[12, 31-35].

The relative density and flexural strength of the sintered
zirconia are listed in Table 7. As a result of debinding
the printed green bodies photocured using the top-down
method, we obtained dense sintered zirconia without
cracks. The measured average flexural strength also
showed reasonable value. However, the sample T4 and
the printed green bodies photocured using the bottom-up
method were fractured with cracks, so the measurement
was impossible. Figure 13 shows a photograph of a
sintered dental-shaped zirconia sample fabricated by
the DLP top-down method on the printing condition of
32 W/m® for 3 s, as well as the microstructure of the
sintered dense body with no cracks.

Conclusions

To address the problem of cracking during the
debinding process of zirconia photocured green body

Fig. 13. (a) Photograph of sintered zirconia fabricated by DLP 3D printing using top-down method under 32 W/m? 3 s condition,

and (b) its SEM micrograph.
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produced by DLP 3D printing, this study was focused
on finding the optimal conditions for a crack-free
debinding process by controlling the process variables
that affect debinding. We tested the top-down and
bottom-up approachs according to the position of the UV
light source, and the results showed that the top-down
method inhibited overcuring relatively more, resulting in
fewer cracks during debinding. Light intensity of 32 W/
m’ and exposure time of 3 s in the top-down method
resulted in a crack-free green body after debinding
and a dense sintered zirconia body with no laminated
layer interphases. In the case of the bottom-up method,
overcuring occurred in all printing conditions, resulting
in irregular laminated layers in the photocured green
body, and cracks occurred in all green bodies after
debinding. The occurrence of relatively fewer cracks
in the top-down method than in the bottom-up method
may be due to oxygen intervention during the printing
process. This oxygen intervention inhibited overcuring by
consuming free radicals and generating peroxyl radicals.
This decelerates conversion of C=C bonds to C-C bonds,
which generates crosslinks. Finally, the printing_ method
based on the position of the UV light source had a strong
influence on the photocuring mechanism, and thus it is
necessary for successful 3D printing of another ceramic
powder to control the amount of photoinitiator and the
kind of acrylic resin according to the printing approach
method.
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