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a b s t r a c t

A dense defect-free alumina cutting tool was fabricated via stereolithography process. Different drying
processes and debinding profiles were then tested and compared to find the optimal way for the pre-
paration of the sintered body. The experimental results showed that using PEG400 as a liquid desiccant
results in a lower deformation of the body compared to the natural drying process. Compared with
vacuum debinding or air debinding, a two-step debinding process, which consisted of both a vacuum
pyrolysis step and the following air debinding, is allowed to control the pyrolysis rate while suppressing
the formation of defects in the alumina body. After optimization of the postprocessing, the relative
density of the sample as high as 99.3%, and the Vickers hardness ∼17.5 GPa. These properties are similar
to the properties of alumina bodies prepared via the conventional shaping method.

& 2016 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
1. Introduction

Additive manufacturing (AM), also referred to as three-
dimensional (3D) Printing, describes a class of technologies in
which a part is directly produced according to a digital model by
gradually printing two-dimensional (2D) layers of material to
eventually form the part [1]. Today, AM technologies are the state
of the art in the plastic processing and metalworking industry [2].
However, the general properties of polymers or metals are not
sufficient for some applications, and there is a high demand for 3D
ceramic structures for the fabrication of advanced devices that can
be operated at high temperatures or in harsh, corrosive environ-
ments, as well as for applications requiring high tribological, me-
chanical, and chemical resistance [3].

Current approaches to realize the AM of ceramic materials
can be divided into two categories, i.e., direct and indirect fab-
rication techniques. Direct techniques immediately yield the
sintered ceramic parts but may have a large number of defects
due to internal stresses induced by temperature gradients or the
very rough surfaces. Indirect AM methods require a subsequent
process to obtain the sintered ceramic objects. This includes all
.l. All rights reserved.
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techniques where the shaping of the objects involves a combi-
nation of ceramic powder and an organic binder. So far, ceramics
shaped by stereolithography (SL) have been applied, e.g., in the
semiconductor industry and for the fabrication of microelec-
tromechanical systems, investment casting molds, photonic
crystals, dental resins and scaffolds for tissue regeneration
[3–7].

Recent studies on the stereolithography of ceramic materials
generally focused on improving the rheological and curing prop-
erties [8–13]. For instance, the cure depth has been modeled by
employing a modified Beer–Lambert law, and fully dense ceramic
stereolithography parts were obtained from a 40 vol% alumina
suspension in a diacrylate system by Griffith and Halloran, who
were the first to adopt stereolithography for ceramic freeform
fabrication [8]. Since then, a number of novel stereolithography
methods have been developed [2,14]. For instance, an alumina
body with a relative density of 93.2% has been fabricated using a
novel mask-image-projection-based (MIP) stereolithography
method combined with tape-casting [14]. Dense alumina ceramics
have also been fabricated via the lithography-based ceramic
manufacturing (LCM) technology developed by the Lithoz GmbH
[2]. However, for both the MIP-SL and the LCM approach, it is
difficult to fabricate large-sized parts due to the limitations of the
digital micro-mirror device (DMD). Furthermore, for stereo-
lithography in general, post-processing techniques, such as drying
and debinding, have rarely been addressed, although they are vital
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Fig. 1. The schematic illustration of the stereolithography process.
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for the successful fabrication of ceramics via stereolithography
based on the aqueous acrylamide system.

Alumina based ceramics have been widely used as cutting tools
due to their excellent hardness and abrasive resistance, good
chemical stability, and high-temperature performance. The typical
mechanical properties is as follows: bending strength from 700 to
900 MPa, rockwell hardness from 92 to 95 HRA, and fracture
toughness from 4.9 to 8.5 MPa m1/2. Besides, Typical sintering
methods for fabricating alumina cutting tools are pressureless
sintering, hot pressing sintering, spark plasma sintering, and mi-
crowave sintering, etc. In this study, stereolithography was adop-
ted to fabricate a defect-free alumina ceramic cutting tool by op-
timizing the drying and debinding processes. Regarding the drying
process, a novel drying method based on immersing the compact
body into a liquid desiccant is compared with the traditional
natural drying method. Regarding the debinding process after
drying, three different approaches – pyrolysis in air, pyrolysis in
vacuum, and a two-step debinding profile consisting of a vacuum
pyrolysis step followed by pyrolysis in air – were compared in
order to find a balance between process efficiency and safety.
2. Material and methods

2.1. Preparation of the ceramic suspension

The ceramic suspension was prepared as follows: first, an
aqueous acrylamide solution was prepared by mixing acrylamide
with methylene-bis-acrylamide (MBAM) in a 19:1 ratio in 75 wt%
water. Then, 30 vol% alumina powder (TAIMEI CHEMICALS, TM-
DAR, D50¼200 nm) was added to the aqueous acrylamide solution
after the dispersant was mixed into the solution. Afterwards, the
ceramic suspension was ball-milled for 18 h. In this study, 0.4 wt%
polyvinyl pyrrolidone K15 (PVP K15) was used as the dispersant.
After the ball-milling process, the bubbles in the ceramic sus-
pension were removed by stirring and vacuum pumping. Then, the
photoinitiator 1173 was mixed into the ceramic suspensions to
produce a UV-curable ceramic suspension. The photoinitiator mass
fraction was selected to 1 wt% of the aqueous acrylamide solution.

2.2. Ceramic forming by stereolithography

The 3D model was created using the UG software. Then the
Magics software was used to generate the supporting structure
and to slice the parts. The final data was then imported into the
stereolithography machine. The alumina green body was obtained
by stereolithography using aforementioned the ceramic suspen-
sion. The schematic illustration of the stereolithography process is
shown in Fig. 1.

Each single pattern layer was cured by the ultraviolet laser that
selective scans on the ceramic suspension. After the first layer has
been cured, the supporting platform was moved down, and the
ceramic suspension was recoated on the cured surface with a
blade. Then, the second layer was cured using the same process.
These steps were repeated until the whole green body of the
alumina cutting tool was fabricated.

2.3. Post processing of the alumina green body

2.3.1. Drying
After the green body is obtained, the residual water in the

sample has to be removed by drying. A deformation of the sample
can occur quite easily during the drying process. Hence, it is cri-
tical to control the drying process to protect the sample from
deformation. A novel drying approach based on using PEG 400 as
the liquid desiccant was adopted. The approach was compared
with the traditional natural drying method. For the PEG-based
extraction process, the sample was first immersed in PEG 400,
which results in a uniform extraction rate in all directions. When
applying the natural drying process, the sample was placed in air
to allow the water to evaporate in a natural environment.

2.3.2. Debinding
A suitable debinding process can prevent the sample from

having defects. Three different debinding profiles were employed
to find the optimal debinding process. The air pyrolysis debinding
and the vacuum debinding profile are shown in Fig. 2(a), and the
two-step debinding profile is shown in Fig. 2(b).

2.3.3. Sintering
The samples were sintered in a furnace (Thermconcept, HTK

16/18, Germany) according to the sintering schedule as shown in
Fig. 3.

2.4. Characterization

The density of the prepared alumina bodies was measured by
applying the Archimedes’ principle using a balance with an ac-
curacy of 0.0001 g. The theoretical density of the alumina used in
this study is 3.96 g/cm3 according to the information provided by
TAIMEI CHEMICALS. The Vickers-hardness was tested using a
Vickers hardness testing machine (HVS-30Z, Shanghai Precision
Instrument Co., Ltd., China) by applying a load of 49N. The mi-
crostructure of the sintered sample was characterized by scanning
electron microscopy (SEM, Nova NanoSEM 430, FEI, Holland).
3. Results and discussion

3.1. Influence of the drying method on the shape and density of the
alumina object

To investigate the effect of the drying process on the shape and
density of the fabricated alumina body, the green bodies were
dried via a natural drying process and a liquid desiccant (PEG)-
assisted drying process, respectively. As shown in Fig. 4(a) and (b),
an obvious deformation of the body occurred if the sample was
allowed to dry naturally. This is attributed to the anisotropy of the
water evaporation rate, which results from the inhomogeneity of
the air flow on the different surfaces (Fig. 5(a)). In contrast, the



Fig. 2. (a) The air pyrolysis debinding and the vacuum debinding profile and (b) the two-step debinding profile.

Fig. 3. The sintering schedule of the samples.

Fig. 4. (a) The green body dried via a natural drying process and (b) the green body
dried via a liquid desiccant (PEG)-assisted drying process.
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application of the liquid desiccant results in a more uniform water
extraction rate, which leads to a much more homogeneous
shrinkage, as shown in Fig. 5(c) and (d).

Except for the shape of the green body, it is also interesting to
compare the relative density of the bodies obtained through the
two different drying approaches. The relative density of the sam-
ple dried via the PEG-based approach is 99.3%, while the relative
density of the sample dried in air is 96.2%. The reason for this
difference is as follows: during the natural drying process, the
surface of the sample always dried and shrunk first, which pre-
vented the water inside the body from escaping, as shown in Fig. 5
(b). The pores generated by the trapped water during sintering
would then lower the density of the resulting product.

3.2. Influence of the debinding process on the defect density

Three different debinding profiles were applied and compared
in this study: air debinding, vacuum debinding and a two-step
profile debinding. The sample that is debound in air exhibits a
large number of defects, as shown in Fig. 6, which is attributed to
the very high pyrolysis rate of the organic compound. The gas
generated during the pyrolysis cannot escape from the body in
time. Thus, a partial pressure is generated inside the body, re-
sulting in the formation of defects.

Next, vacuum debinding was employed to control the pyrolysis
rate, because the pyrolysis rate is much lower in a vacuum environ-
ment. The gas generated during the vacuum pyrolysis process can
escape more easily from the channels between the particles in the
body. However, the residual carbon in the debound body would
produce gas during the following sintering process, leading to the
formation of cracks in the body during sintering, as shown in Fig. 7(b).

Therefore, a two-step debinding process was adopted to protect
the sample from having any defects. The first step of the debinding
process was the aforementioned vacuum debinding. Then, as a
second step, an air debinding process was applied, as shown in
Fig. 2(b). The second step allows the elimination of the residual
carbon before sintering, consequently preventing the generation
of cracks can be prevented. The above debinding mechanism is
similar to the two step debinding method which is solvent de-
binding followed by rapid thermal debinding in injection molding.
For this debinding approach in ceramic injection molding, soluble
binder is firstly removed while the interconnected pore channels
are formed from exterior to interior, leaving the insoluble binders
in the contact region, and the pore channels could serve as escape
paths for decomposed gas during subsequent thermal debinding
for insoluble binders. The binder system for solvent debinding



Fig. 5. The drying schematic program of (a, b) the natural drying sample and (c, d) the PEG-assisted drying sample.

Fig. 6. The compact sample debound in air.
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mainly consists of solvent soluble components, which dissolve in
solvent and insoluble backbone binder which keeps the strength
of the green body in the whole debinding process. Therefore,
binder removal of solvent-based binder system is much easier
than that of wax-based one since the pore channels originated
from solvent-based binder could serve as escape paths for the
following thermal pyrolysis as indicated above [15].

The sample obtained after the two-step profile sintering is
shown in Fig. 7(a). There is no visible deformation, and the re-
lative density was as high as 99.3%. The microstructure of the
polished surface of the body sintered at 1650 °C is shown in
Fig. 8. A relatively dense microstructure with only a small num-
ber of pores was obtained by combining the liquid desiccant-
assisted drying with the two-step debinding process. The Vickers
hardness of the obtained alumina cutting tool was determined to
be ∼17.5 Gpa. A systematic comparasion of the hardness in the
present study with other forming and sintering conditions is
shown in Table 1.
4. Conclusions

The liquid desiccant-based drying process is an efficient way to
decrease the deformation of the green body during drying and
improve the density, whereas a two-step profile debinding process
is helpful to ensure the integrity of the sample. A dense defect-free
alumina cutting tool with a relative density of 99.3% was fabri-
cated via stereolithography followed by a combination of liquid
desiccant drying and a two-step debinding process. The Vickers
hardness of the sintered body was determined to be ∼17.5 GPa,
which is similar to the hardness of alumina prepared via the
conventional shaping method.



Fig. 7. The sintered body obtained from (a) a two-step profile debinding;
(b) vacumm debinding.

Fig. 8. The microstructure of the polished surface of the sintered body at 1650 °C
via the combination of liquid desiccant drying and a two-step debinding profile.

Table 1
A systematic comparasion of hardness via 3D printing with other forming and
sintering conditions.

Reference Forming method Sintering process Hardness
(GPa)

Homemade Automatic press
and CIP

1450 °C, 1 h, air ∼17.8

[16] Gel-casting 1800 °C, air 10.66
[17] Injection molding 1425 °C, 2 h, H2 20.87
[18] Tape casting 1680 °C,1 h and 1600 °C,

2 h, air
15.91

[19] Slip casting 1700 °C, 2 h, Ar 15.1
[20] Uniaxially pressed Pressureless in air and

then HIP in Ar
418
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