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1 Introduction 

Additive Manufacturing (AM) is a relatively 
new technique for manufacturing complex 
ceramic components directly from a CAD 
fi le. A major advantage of this technique is 
to respond quickly to new designs of next 
generation parts. 
Development started in the 1990ies when 
AM was used mainly to produce form study 
prototypes. Later on porous ceramic com-
pon ents were produced by AM, e.g. biocer-
amics or fi lters. Due to the rapid improve-
ment of AM technologies within the last 
decade it is now possible to produce dense 
ceramic functional prototypes or even small 
series. With ceramic components the intrin-
sic disadvantage of all AM technologies, 
the long production time, is compensated 
by the elimination of moulding tools, which 
are especially costly and time consuming if 
made for ceramic production.    
To obtain high-level mechanical properties 
of AM components, the same basic require-
ments are to be met as with customary cer-
amic production: 
1)  The microstructure, i.e. particle arrange-

ment and pore distribution, in the green 
state has to be homogenous and porosity 
has to be suffi ciently small.

2)  During the heat treatment, temperature 
and pressure gradients, which lead to 
stresses and cracks, are to be avoided. 

3)  Surfaces must be smooth and may not 
have fl aws or notches.  

The fi rst requirement gives a strong argu-
ment to start from suspensions or pastes 
in the AM process and to avoid dry pow-
ders. The latter are used in the widespread 
powder bed printers. Van der Vaals forces 
between dry powder particles lead to par-
ticle sticking and inhomogeneous particle 
arrangement in a powder bed printer when 
particle diameters are below 20 µm. 
Different from dry pressing processes, where 
the problem of insuffi cient powder fl ow is 
overcome by using granules, granules do 
not help in powder bed AM processes. Since 
no signifi cant pressure can be applied in the 
powder bed, the granules remain essentially 
spherical. During sintering the granules 
achieve full density, but the intergranular 
pores prevent full densifi cation of the com-
pacts. If coarse ceramic powders are used as 
raw material, their fl owability is fi ne, but the 
large pores between the coarse particles in-
hibit complete densifi cation as well. 
The second requirement urges to separate 
the forming process from the heat treat-
ment. Local heating is used in AM tech-
niques like Selective Laser Melting (SLM) or 
Selective Laser Sintering (SLS). 
Although a tremendous effort was taken in 
SLM/SLS processing of ceramics during the 
last two decades by many groups, the out-
come was rather poor showing incomplete 
densifi cation and cracks. This can be ex-
plained by the short time periods avail able 
for the local heating process preventing suf-

fi cient material transfer by diffusion – as it 
is usually required for the densifi cation of 
crystalline ceramics. In addition, strong tem-
perature gradients occur during local laser 
heating. 
To avoid cracks the laser treatment is limit-
ed to very small components or thin surface 
layers (compare e.g. [1]). Improvements 
were obtained using extensive preheat-
ing of the entire components to decrease 
temperature gradients. In addition, spe-
cial sintering additives were introduced to 
shorten densifi cation time by utilizing melt 
phases. However, both measures create so 
many restrictions that we do not see a large 
potential for AM of ceramics by SLM/SLS 
techniques. 
The third requirement is often diffi cult to 
be fulfi lled by AM processes using pastes. 
Pastes are applied either as layers or as fi la-
ments. 
The most important AM technique based 
on layers, i.e. ceramic green tapes, is Lamin-
ated Object Manufacturing (LOM) and the 
one based on fi laments is fi lament extrusion 
3D printing. The latter comprises techniques 
like robocasting, direct ink writing and 
fused deposition modelling. 
In spite of an intensive research work car-
ried out worldwide to reduce temporarily 

Additive Manufacturing of Ceramics: 
Stereolithography versus Binder Jetting
S. Nachum, J. Vogt, F. Raether

Sarig Nachum, Joachim Vogt, 

Friedrich Raether

Fraunhofer Institute for Silicate Research 

ISC, Center for High Temperature Materials 

and Design HTL

95448 Bayreuth

Germany

Corresponding author: S. Nachum

E-mail: sarig.nachum@isc.fraunhofer.de

www.htl.fraunhofer.de

Keywords: additive manufacturing, 

 stereolithography, binder jetting, 

powder bed printing, 3D printing

Stereolithography and Binder Jetting are two promising Additive 
Manufacturing techniques for the fabrication of complex ceramics 
components. The Fraunhofer Center for High Temperature Material 
and Design HTL/DE has experience in the fabrication and develop-
ment of ceramic and metallic components with both technologies. 
This paper describes and compares the respective process setups as 
well as the advantages and disadvantages of both techniques, and 
discusses future challenges and developments expected in Additive 
Manufacturing methods of ceramic components. 



E 28 cfi/Ber. DKG 93 (2016) No.  3

PROCESS ENGINEERING

IJP and AJP directly deposit the ceramic 
suspension on a substrate in the desired 
shape. They suffer from poor dimensional 
control – especially in the direction per-
pendicular to the substrate – and/or from 
small solid content of the inks respect-
ively aerosols. The remaining SL process 
will be described in more detail in the 
following chapter. 
In spite of the difficulty to achieve full 
densification by sintering we have select-
ed a powder bed printing technique to be 
compared with SL. This is due to the large 
success of powder bed techniques using 
other materials than ceramics. 
Taking into account the second require-
ment, a binder jetting technique – also 
termed 3D Printing (3DP) – is chosen 
among the numerous powder bed based 
AM methods. Details of 3DP are given in 
chapter 3. The reader is referred to recent 
reviews on AM techniques for more in-
formation about the other AM methods 
[2–3].    

2 Stereolithography 

In the SL process, a ceramic green part 
is manufactured by layer-wise curing of a 
light-sensitive ceramic slurry through se-
lective irradiation and photopolymeriza-
tion. After removing the excess slurry, the 
green part is debinded and sintered to an 
almost fully dense ceramic part. 
At Fraunhofer Center HTL, a Cera-
Fab 7500 printer manufactured by Lithoz 
GmbH/AT is used for SL printing (Fig. 1a). 
The setup of the CeraFab is illustrated in 
Fig. 1b. It consists of a building platform 
(1) on a vertically movable axis (2), a ro-
tatable slurry vat (3) with a transparent 
base plate and a doctor knife (4). The 
slurry vat holds the slurry (5) which is se-
lectively cured upon light irradiation. 
In order to form a layer of a green body 
(8), the building platform is lowered into 
the slurry until a defined gap of slurry is 
left, and an LED unit (6) irradiates a mi-
cro-mirror-array (7). The latter projects the 
pattern of the respective slice onto the 
base plate of the slurry vat, which causes 
the slurry to selectively cure and thus 
form a layer on the building platform. 
By iterating this process, various filigree 
and complex parts can be fabricated 
simultan eously and with only little waste 
of material. The parts are subsequently 

AM processes for ceramic manufacturing 
are based on suspensions. 
There are three suspension based AM pro-
cesses, which have achieved the commer-
cialization state: 
• Inkjet Printing (IJP)
• Aerosol Jet Printing (AJP) 
• Stereolithography (SL or SLA). 

the viscosity of the pastes during the form-
ing process, the minimal diameters of the 
layers respectively filaments are still in the 
order of some hundred microns. 
Therefore, texturing of the surfaces is un-
avoidable and leads to deterioration of 
mech anical and other properties. It be-
comes apparent that the most interesting 

Fig. 1 Stereolithographic printer (CeraFab 7500) at Fraunhofer HTL (l.) and its building 
chamber (r.)

Fig. 2 Examples of high purity alumina parts manufactured via the stereolithography 
process
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Despite the simple setup and the excellent 
properties of the fabricated parts, the SL 
technique requires support structures which 
have to be attached to largely overhanging 
areas of the part. 
These support structures have to be re-
moved manually after the printing process, 
which leaves a rough surface and ridges 
on the joints. However, this issue can be 
mitigated by optimizing the part orientation 
during the printing process focusing on the 
functionality of the surfaces. 
Another problem related to the SL technique 
is the high volume fraction of binder in the 
green parts (up to 40 vol.-%). To avoid dam-
ages during binder burnout, the heating 
process must be conducted very carefully. 
It can take up to 8 days, depending on wall 
thickness and geometry of the green parts. 
Speeding up the debinding cycle is crucial 
for obtaining higher fabrication rates and 
lower production cost. For that, at Fraun-
hofer HTL the method of maximum safe 
debinding rates [4] is used, which is based 
on thermal analysis and thermooptical 
measurements of the debinding process. In 
this way, the authors managed to reduce 
the debinding time of SL printed green 
parts, 1 cm³ cubes and 1 cm diameter cy-
linders, from about 6,5 days to only 2 days. 

3 Binder Jetting

In the Binder Jetting (3DP) process, liquid 
binder droplets are selectively deposited 
by a print-head into a powder-bed to join 
loose powder particles. The interaction of 
the binder droplets and the powder forms 
primitives (smallest building elements creat-
ed by the interaction of a single droplet and 
loose powder) which are bonded together 
to form a cross-sectional layer. 
At Fraunhofer HTL, a 3D printer of type 
M-Flex manufactured by company ExOne/
US is used (Fig. 4a). Once a layer has been 
printed, the deposited binder droplets are 
partially cured (at ~60 °C) for a short time 
by an infrared heater to give the printed 
layer sufficient strength. The powder-bed 
is then lowered and fresh powder is spread 
on top of the previous layer followed by 
level ing through a rotating roller. This step 
is called recoating process. It provides some 
improvement in particle arrangement by 
 applying small vertical pressure. 
The print-head consecutively deposits bind-
er to form the subsequent layer and to bond 

The light intensity exponentially decreases 
by scattering and absorption processes 
within the suspension. A large difference in 
refractive index of ceramic particles and sol-
vent or a small size of the ceramic particles 
drastically increases scattering. The result-
ant decrease of penetration depth of the 
light leads to poor adhesion of the layers 
and delamination during drying or binder 
burnout. 
Up to now only few suspensions are com-
mercially available for SL printing: alu-
mina, zirconia and tricalcium phosphate. 
Parts manufactured via the SL process ex-
hibit nearly full theoretical density (up to 
~99,4 % theoretical density for high purity 
alumina and 99,1 % for partly stabilized 
zirconia). 
Fig. 3 shows an SEM image of an SL printed 
and sintered alumina part, demonstrating a 
dense corundum microstructure. The nearly 
dense state of the printed parts results in ex-
cellent mechanical properties, e.g. 430 MPa 
for high purity alumina, determined by four-
point bending tests [2]. Furthermore, the 
parts show an exceptionally low surface 
roughness of ~1 µm in the direction per-
pendicular to the layer plane, which reduces 
post-processing cost on functional surfaces 
of the part. 
Good dielectric and tribological properties 
and a high creep resistance are also a con-
sequence of the high density of the sintered 
parts. These are the reasons why the SL pro-
cess is a favourable AM technique for the 
fabrication of prototypes for both design 
and high technical performance purposes. 

relieved from the fundamental layer, cleaned 
and finally debinded and sintered. Fig. 2 
shows a selection of parts made of high 
purity alumina fabricated by this technique. 
The building volume in the CeraFab is 
76 mm × 43 mm × 150 mm (x, y, z). The 
printing resolution is ~40 µm in the x- and 
y-axis, and between 25–100 µm in the ver-
tical z-axis, depending on the parameters 
used. The layer thickness is usually set to 
25 µm in order to maximize the cohesion 
between the layers and the stability of the 
part. Minimum and maximum wall thick-
nesses are ~0,15 mm and 10 mm respect-
ively. Depending on the settings used, the 
production speed per green layer varies 
between 30–90 s, or considering green part 
height between 2–12 mm/h. 
A major advantage of this fabrication 
method besides the high resolution result-
ing from stereolithographical processing, 
is based on the use of a suspension which 
provides a homogenous arrangement of 
small ceramic particles. The photo-polymeric 
binder is burnt off before the ceramic pow-
der particles are sintered and does not af-
fect end product properties. 
As suspensions are used, no flowability 
 issues have to be addressed, which restrict 
powder-based fabrication processes to 
large particle sizes. On the other hand, the 
suspensions used in the SL process require 
a careful design of colloidal, rheological and 
optical properties. The penetration of the 
UV light into the suspension must ensure 
sufficient photo polymerization in a layer of 
at least 25 µm. 

Fig. 3 Cross-section of a stereolithography-printed alumina part, illustrating an almost 
fully dense microstructure
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large particle size and relatively low green 
density, sintering activity is poor and sinter-
ed densities of ceramic parts are usually 
below 90 % of theoretical density. 
If a fully dense part is required, the green 
part can be infiltrated with a lower melt-
ing point material. As an example, Fig. 6 
shows a polished and etched cross-section 
of a part printed with a martensitic stain-
less steel powder, which was then infiltrated 
with bronze. 
An additional advantage of the melt infiltra-
tion route is the absence of shrinkage. So, 
net shape forming is already achieved in the 
green state. Note that unlike SLS/SLM print-
ing, 3DP offers the opportunity for melt in-

printing envelope – which can be easily ex-
tended to produce even larger parts – and 
it offers a high throughput due to the large 
number of nozzles in the print-head. Conse-
quently large and complex parts are easily 
created. 
Fig. 5 illustrates a number of complex parts 
printed with the M-Flex using martensit-
ic stainless steel powder. In comparison to 
other AM technologies, like for example 
stereolithography, the unprocessed powder 
in the binder jetting method supports the 
printed part. 
The primarily challenge in 3DP is to produce 
dense components during the heat treat-
ment of the porous green parts. Due to the 

it to the previous layer (Fig. 4b). This layer-
by-layer process is repeated until the part 
is completed. 
Once the parts have been printed, the 
powder-bed (including printed parts and 
loose powder) is then placed in a furnace at 
~200 °C to cure the binder and to give the 
parts sufficient strength for handling when 
the loose powder is removed. Debinding 
and sintering are then performed like in 
customary ceramic processing. 
The Binder Jetting technique, like other pow-
der-bed AM techniques, requires a flowable 
powder typically of a spherical shape and of 
size above 20 µm. The powder-bed density 
following the recoating process of a flow-
able powder is typically >50 %. 
The powder-bed size of the M-Flex is rela-
tively large with dimensions of 400 mm × 
250 mm × 250 mm (x, y, z). The lateral 
reso lution is approximately 60 µm and 
the resolution in the building direction (z) 
depends on the layer thickness. The layer 
thickness is commonly set to above 50 µm. 
It should be larger than the largest particle 
in the powder and smaller than the primi-
tive size. The minimum stable wall thickness 
is about 1 mm and depends on the dimen-
sions of the part. 
Depending on the printing parameters, the 
maximum printing speed of the M-Flex is 
approximately 1000 cm3/h corresponding 
to a thickness of 1 cm/h. 
The main advantages of this method are 
that it is adaptable to a wide-range of me-
tallic and ceramic powders; it has a large 

Fig. 4 Binder Jetting printer (M-Flex) (l.), and a view on its print-head and powder-bed during operation (r.) 

Fig. 5 Examples of a number of printed components using martensitic stainless steel 
powder fabricated using the binder jetting technique
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parts in large and/or customized furnaces 
independent from the AM process. 

4 Future challenges

Stereolithography and binder jetting are 
two complementary and successful AM 
techniques. Nevertheless, both require fur-
ther development in order to be able to 
compete with the performance, reliability 
and material composition of parts made 
by traditional ceramic manufacturing tech-
niques. 
In stereolithography, R&D is mainly focused 
on expanding the spectrum of materials 
which can be processed. Developments 
of new materials have been recently pub-
lished, which show that this technique is 
not only restricted to the commercially pro-
vided materials [5]. 
In order to extend the processable material 
spectrum for the SL process, we follow a 
systematic approach of matching the sus-
pension’s optical, colloidal rheological and 
drying properties. Furthermore, a significant 
enlargement of the printing envelope would 

nels. Both techniques, SL and 3DP, obtain 
significant improvement in throughput and 
flexibility, because the heat treatment can 
be performed simultaneously with many 

filtration because forming process and heat 
treatment are clearly separated. 
Compared to SL the melt infiltration is 
easier in 3DP due to the larger pore chan-

Fig. 6 Cross-section of a part printed by binder jetting using stainless steel powder 
infiltrated by bronze (stainless steel – blue, bronze – orange) 
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While the material structure on the micro-
scale controls sintering behaviour and over-
all material properties, defects on the meso-
scale deteriorate strength and reliability and 
density gradients on the macroscale led to 
shape deviations during thermal process-
ing. Specific methods are required for these 
measurements, which have already been 
described in a previous publication in this 
journal [7]. 
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The advantage of the densification by melt 
infiltration is that it is already well estab-
lished in ceramic manufacturing. Besides 
SiSiC, also cermets and cemented carbides 
have been produced by melt infiltration. 
Even oxide ceramics like dental crowns are 
produced by this process using a crystalliz-
ing glass for the infiltration of alumina or 
zirconia preforms [6]. 
Due to the large porosity of 3DP preforms, 
the melt fraction is rather high after melt 
infiltration. Melt infiltration can be com-
bined with crystal forming reactions within 
the melt or between melt and solid re-
actants, already present in the preform, 
to increase the amount of crystalline  
ceramics. 
Also a well-aimed pre-sintering before infil-
tration can be used to reduce the pore frac-
tion. Careful control of process parameters 
is required to obtain the desired microstruc-
tures without flaws. To ensure proper con-
trol of the reaction kinetics and the micro-
structure the authors use in situ monitoring 
of the relevant process parameters during 
melt infiltration and pre-sintering, as well as 
performing 3D computer simulations of the 
entire process. 
It is worth pointing out that the careful 
control of the quality of the green parts 
manufactured by AM techniques is the 
key to obtain proper end product proper-
ties  after sintering or melt infiltration. This 
control requires quantitative measurements 
of particle and pore arrangements on the 
micro-scale, identification of flaws on the 
meso-scale and detection of density gra di-
ents on the macroscale. 

improve the possible uses of SL. This should 
not be a principal problem considering the 
large waver diameters used in microlitho-
graphic processing of semiconductor com-
ponents. 
With Binder Jetting, the main challenge is to 
obtain either better sintering activity of the 
green parts or to identify other strat egies for 
achieving full densification. The former is re-
alized by sintering additives which form melt 
phases and lead to liquid phase sintering. 
However, end product material composition 
and properties are modified by the additives. 
An interesting new idea is the combination 
of powder bed and colloidal processing. 
Slurries can be deposited layer-wise upon 
a powder bed by wet chemical techniques 
like spraying or doctor blade methods. The 
dried powder beneath the slurry provides 
rapid drying of the slurry by absorbing the 
solvent. Thereafter a local binding of the 
new layer can be performed [3]. 
Challenges with these routes are the homo-
genous distribution of the slurry on the 
powder bed and the subsequent removal 
of excess slurry. Thus, other strategies have 
to be investigated in order to achieve full 
densifications.
The combination of Binder Jetting with melt 
infiltration is actually the most promising 
route to obtain dense components from 
3DP. Melt infiltration is already well estab-
lished in 3DP of metal components. 
With ceramics, a successful development 
was presented recently by company Schunk 
using liquid silicon infiltration (LSI) into 3DP 
preforms of silicon carbide for manufactur-
ing complex SiSiC parts. 
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