
Introduction
Thermoplastic binder systems can be used 
to manufacture ceramic components. The 
thermoplastic shaping of ceramic com-
pon ents has great advantages. In com-
parison to dry pressing, the green density 
can be set more precisely and reproducibly, 
therefore geometrical size deviation after 
sintering is significantly lower. Compared 
to water-soluble binder extrusion, there is 
less contamination due to lower abrasion 
of the metal parts (e.g. barrel, screw, die, 
etc.). Compared to dry pressing, slip cast-
ing, tape casting or other ceramic manu-
facturing processes, green ceramic bod-
ies after thermo plastic shaping result in a 
significantly higher green strength. Besides, 
thermoplastic-based ceramic feedstocks 
can be easily recycled and reused. Disad-
vantages of thermoplastic shaping are the 
relatively long debinding times, compared 
to aqueous ceramic binder systems, and 
limited wall thicknesses due to diffusion-
limiting debinding processes. Ceramic in-
jection moulding is a widely well-known 
thermoplastic processing method. In the 

beginning of this century this production 
method has been transferred into indus-
try, and it is now one of the indispensable 
manufacturing processes for large mass 
production of ceramic components. Fig. 1 
shows different thermoplastic moulding 
processes that have been developed and 
investigated at Empa in the past decades.
A major disadvantage of injection mould-
ing is the cost of the moulds. Typically, 
several ten thousands of euros have to be 
paid for a slightly complex injection mould. 
Economically wise, this is not of interest for 
the production of small series production of 
ceramic parts. The thermoplastic extrusion 

is interesting to produce parts with a con-
stant cross-section. Thermoplastic pressing 
is interesting for research activities, how-
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Fig. 1 
Thermoplastic based shaping processes for ceramic materials

CERAMICAPPLICATIONS   8 (2020) [2] 27

COMPONENTS AM SPECIAL



28 CERAMICAPPLICATIONS   8 (2020) [2]

creates the porous structure during the 
first step of binder burn out. Because of 
its low molecular weight, this component 
also decreases the viscosity of the feed-
stock.

•  Plasticizer: the role of this component is 
to decrease the viscosity of the feedstock 
and thereby enable easy flow of the ma-
terial.

•  Surfactant: this component promotes 
wetting of the ceramic powder by the 
binder.

In practice, it is often difficult to assign the 
individual binder components to one of the 
above categories. Stearic acid is often used 
as a surfactant to achieve a better bond 
between the hydrophilic surface of cer amic 
particles and the more hydrophobic poly-
mer chains. However, it is well known, that 
stearic acid acts as a plasticizer in thermo-
plastics. Generally, the same thermo plastic 
binder components, known for ceramic 
injection moulding, are often used for the 
shaping of ceramics by the FDM/FFF pro-
cess. POM, PA, HDPE, LDPE or EVA have 
been already used in different studies. A 
summary of thermoplastics used for FDM/ 
FFF printing of ceramics has been reported 
by Gonzalez-Gutierrez et al. [4].  
In contrast to injection moulding, so-called 
tackifiers are often used as a thermoplastic 
additive for the FDM/FFF process. They in-

ever, it is not competitive to the simpler and 
cheaper dry pressing process. At the end of 
the 1990s, the freeform fabrication of cer-
amics was investigated in the US using the 
FDM (Fused Deposition Modeling), which 
is also known as FFF (Fused Depos ition 
Fused Filament Fabrication) process. Be-
cause of the patent situation, research ac-
tivities stopped, but due to expiring  patents, 
this manufacturing process shows a high 
growth rate for a few years [1]. 

Thermoplastic-based binder systems 
for the FDM/FFF process
A large number of binder systems that can 
be used for the thermoplastic shaping of 
ceramic are known from the literature. In 
general, in comparison to injection mould-
ing, the same polymers, plasticizers, sur-
face additives and lubricants can be used 
for FDM/FFF technology. A good overview 
of thermoplastic additives for ceramic pro-
cessing have been reported by Edirisinge et 
al. [2]. 
The binder components used for thermo-
plastic feedstocks are often divided into 
four different categories [3]:
•  Major binder component: this component 

determines the general range of the final 
binder properties.

•  Minor binder component: this component 
can be easily removed and its removal 

crease the tack, which helps to retain the 
flexibility of the highly loaded thermoplastic 
filaments. Tackifiers also cause additional 
bonding between the deposited filaments. 
So-called Thermoplastic Elastomers (TPEs) 
are also discussed as binder additives for 
the ceramic-based FDM/FFF process. TPEs 
are thermoplastics with high elastic proper-
ties that help to retain the flexibility of the 
highly loaded thermoplastic filaments too.

FDM/FFF printers
The manufacture of plastic components 
through the deposition of thermoplastic 
filaments layer by layer goes back to the 
development by S. Scott Crump [1]. The 
process for metallic and ceramic materials 
was further developed in the 1990s [5–8]. 
FDM/FFF process is based on the thermo-
plastic extrusion process of plastics. A 
polymer is heated above its melting or 
glass transition temperature and extruded 
into a fine filament with a diameter of 0,2– 
0,8 mm via a nozzle. A similar process has 
been used for years to shape rotationally 
symmetrical ceramic structures by thermo-
plastic extrusion method [9]. 
A filament with a constant cross-section is 
fed to the extruder via a mechanical drive, 
melted in the subsequent print head (hot 
end) and extruded through a nozzle. The 
print head is controlled in a defined pro-
gram in the X-Y direction and the extruded 
fine filament is precisely placed on the 
printing plate. After the orifice of the nozzle, 
the fine filament cools down and solidifies. 
If the programmed path of a layer is printed, 
the printing plate is lowered in the Z-dir-
ection in order to print a new layer. When 
the new extruded fine filament is deposited 
on the top of the printed layer, the surface of 
the previously printed filament is re-melted 
and the two layers fuse together. 
For the filament extrusion process, two me-
chanical driver gear systems can be used: 
the direct drive and the Bowden extruder. 
The operation of both extruders is very 
simi lar. With the direct drive, the mech an-
ic al feeding of the filament is directly above 
the print head in which the filament is melt-
ed (hot end). A Bowden extruder has the 
mechanical feeding system nearby the fila-
ment spool and the filament is transported 
to the printing head via a plastic tube.
Two different filament diameters are used 
as a standard for both gear drives. On the 
one hand, filaments with a diameter of 

Fig. 2  
Flow chart of the ceramic manufacturing using FDM/FFF processing technique
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diameter or cut into pellets. Depending on 
the thermoplastic binder system used for 
the FDM/FFF printing of ceramic parts, first 
and second debinding process methods will 
be used. The so-called debinding step, in 
which the thermoplastic binder is removed, 
and the subsequent sintering are standard 
procedures, well known for existing injec-
tion moulding and thermoplastic extrusion 
process of ceramic parts [9–10].

the 3D-objective must be divided into 2D-
cross-section layers. The digital data are 
sent directly to the printer, which then 
moves the print head according to the 
specified coordinates. 
In the beginning, a mixture of ceramic 
powder, thermoplastic and organic addi-
tive is mixed above the melting point of the 
organic additives. The so-called feedstock 
is extruded into a filament with a precise 

1,75 mm are used. Such filaments are used 
for small and medium-sized 3D printers. 
With this filament diameter, it is possible to 
dossier more precisely and print finer struc-
tures. On the other hand, filaments with a 
diameter of 2,85 mm are used, to print a 
high quantity of materials in a short time. To 
ensure that the filaments are melted cor-
rectly, these printers generally also work at 
higher temperatures.
For a few years, FDM/FFF printers based on 
screw extruders have also been developed, 
so-called pellets printers. Using a screw ex-
truder, expensive filament production with 
a precise diameter can be avoided. In add-
ition, thermoplastic-based ceramic pellets 
for injection moulding can be used directly. 
However, controlled retraction to retreat the 
material from the nozzle is still a big chal-
lenge for this kind of printers. Additionally, 
while changing the printing speed a screw 
extruder shows no linear material output. 
Therefore, a specially calibrated procedure 
for each ceramic feedstock at individual 
printing speed has to be done to avoid 
stringing. Due to the higher pressure in a 
screw extruder, phase separation of binder 
components can occur too.

Ceramics parts by FDM/FFF
The FDM/FFF process can be described 
by the flow chart in Fig. 2. In the first step, 

Fig. 3 a–d 
Al2O3 crucible after printing (a) and after sintering (b), ZrO2 crucible after sintering (c)  
and comparison of small Al2O3 and big ZrO2 crucible  (d) (Source: Empa)

Fig. 4  
Distance rings for sintering based on SSiC (black), Si3N4 (grey)  
and Al2O3 (Source: SiCeram)

Fig. 5 a–b  
ZrO2 substrate for sintering 50 mm ! 50 mm ! 3 mm (a) and  
Al2O3 substrate 100 mm ! 50 mm ! 5 mm with 4,5 mm holes  
to fix fine MIM parts during sintering (b) (Source: SiCeram)
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Thermoplastics such as polyolefin, ethyl-
ene-vinyl acetate and polyamide have al-
ready been used as thermoplastic binders 
for the FDM/FFF process. Filaments made 
of hydroxyapatite Ca5(PO4)3(OH), aluminium 
oxide (Al2O3), zirconium oxide (ZrO2), lead 
zirconate titanate (PZT), barium titanate 
(BaTiO3), preceramic polymers as well as 
2–2 and 3–3 based ceramic-composites 
have already been successfully manufac-
tured using the FDM/FFF technique [11–15].

Applications
FDM/FFF process is particularly interest-
ing for the production of prototypes, small 
series and the production of individual 
components. At Empa, for example, Al2O3 
and ZrO2 crucibles for sintering are made 
by FDM/FFF process (Fig. 3). The size of the 
crucibles can be individually adjusted.
The company SiCeram GmbH/DE was 
founded in 1996 and specialised in the 
production of high-performance ceramics. 
To achieve a noticeable cost reduction and 
high product quality, the ceramic parts are 
manufactured by injection moulding. 

Fig. 6 a-b 
WC cemented carbide knives for granulator mill (source: SiCeram)

Fig. 7 a–b 
SiC microreactor with an inlet of two reactants and product outlet as well as a channel for (cooling 
or heating media (a), design of the microreactor (green part), and the channel for the cooling or 
heating media (red, b) (Source: SiCeram)

This means that the subsequent processing 
of the surfaces  after sintering can be mini-
mised or, depending on the customer’s re-
quirements, elim in ated. Due to the high level 
of expertise in the field of injection moulding 
of ceramics, activities in FDM/FFF printing 
has been started several two years ago. 
Fig. 4 shows different distance rings, made 
as sintering aids. These kinds of products 
are made of different ceramic mater ials, 
namely SSiC, Si3N4 and Al2O3. Typically 
three different moulds are required for the 
ceramic injection moulding process to 
achieve the same diameter after sinter-
ing. Using FDM/FFF process the dimension 
of the geometry is simply adjusted during 
printing to achieve the same diameter af-
ter sintering. Sintering substrates based 
on Al2O3 and ZrO2 have been already suc-
cessfully fabricated of the sintering fine 
MIM com pon ents. Fig. 5 a–b show a ZrO2 
sintered plate with a honeycomb structure. 
By reducing the thermal mass, the energy 
costs for sintering small parts can be re-
duced. The holes in the Al2O3 parts are used 
to fix MIM parts during sintering. 

Fig. 6 a–b show the production of a sta-
tionary and rotating cemented carbide  
(WC/Co 90/10) knife for granulator mill. 
Due to the printed honeycomb structure, 
the weight can be significantly reduced and 
unbalance at high speeds can be reduced. 
These cutting knives are successfully ap-
plied at SiCeram in the cutting mills. Si-
Ceram has also successfully produced indi-
vidually hollow structures for micro reactor 
applications (Fig. 7 a–b). Due to the layer by 
layer fabrication microreactor and cooling 
or heating channels can be combined in one  
structure. 

Discussion and outlook
FDM/FFF printing is particularly suitable for 
the production of ceramic structures with 
a large-volume. There are already sev-
eral manufacturers for different kinds of  
FDM/FFF based printers. The newest devel-
opment of screw extruder-based printers 
allows to use ceramic pellets made for the 
injection moulding process. Generally, the 
same thermoplastic binder components, 
known for ceramic injection moulding, have 
been used for the shaping of ceramics by 
the FDM/FFF process. Therefore, post-
treatment after the printing process is very 
similar to the standard procedures, well 
known for existing injection moulding and 
thermoplastic extrusion process of ceramic 
parts. Applications for FDM printed ceramic 
parts are already existing. Sintering cru-
cibles, substrates and distance rings seem 
to be interesting for the industry because of 
the simple, fast and low-cost individual ad-
justment of the geometry. It is worthwhile to 
mention that FDM/FFF printed rotation and 
stationary knives for the granulator mill at 
SiCeram have been already used success-
fully. However, the mechanical properties of 
FDM/FFF printed parts are not well explored 
nowadays.
Commercial and industrial FDM/FFF print-
ers are already equipped with multifilament 
nozzles. Therefore, the development of 
ceramic composites will play an im port-
ant role in the near future [15]. With such 
further development, this technology can 
become more widespread in the ceramic 
shaping of industrial components.
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