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ABSTRACT: Material hybrids allow for property combinations like electrically 
conductive/electrically insulating, magnetic/non-magnetic, ductile/hard, porous/non-porous or 
metallic gloss combined with different colors. Furthermore, as known from MEMS (Micro 
electromechanical systems), hybrid components can get sensor or actor functions. Hybridization of 
processes offers the opportunity to combine shaping technologies which are especially suited for 
dense or porous structures, small or large series numbers, 2D or 3D applications, individualization 
or mass production, etc. 
However, combining different materials or powder technological processes requires adjustment of 
material properties for co-processing. The article focuses on combinations of different ceramic 
components with different pore structures or colors and ceramics with stainless steel by Additive 
Manufacturing methods. 
 
KEYWORDS: Thermoplastic 3D Printing, T3DP, Fused Filament Fabrication, FFF, Metal 
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Introduction 
A remarkable advantage of Additive Manufacturing (AM) methods is derived from the fact that 
AM is a digital manufacturing. Because in all AM technologies components are built up layer by 
layer, AM provides a completely new freedom in design. By using this shaping route extremely 
complex geometrical solutions can be offered for ceramic components which never could be 
achieved by conventional techniques. AM can be seen as a tool-free technology leaving all the 
limitations connected with tooling known from other shaping routes like ceramic injection 
molding technology behind. Thus AM becomes attractive for single component or small series 
production. Furthermore, AM technologies work very resource efficient, because only this amount 
of material is used which is necessary for the component or, if required, for supporting structures. 
Although ceramic materials have been studied in AM processes ab initio with the development of 
the different AM technologies since about 25 years1,2 AM of ceramic components is not state of 
the art in contrast to AM of polymer or metal components. Despite the differences in chemical 
composition, component structure and size, or property spectra all ceramic components are made 
using a powder technological route. This material specific law is also valid for additive 
manufacturing (AM) processes  and it makes AM of ceramics different from most AM processes 
for metals or polymers. When the AM process for a ceramic part is finished, the ceramic 
component must be debindered and sintered in additional processing steps as common for other 
conventional ceramic shaping processes.  
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A comprehensive overview about the AM technologies used for ceramic components are given by 
Chartier et al.3, Travitzky et al.4 and Zocca et al.5, which can be classified according to the state of 
the material that is used  powder materials, liquid materials and solid materials3,4 or according to 
the kind of material deposition and solidification5. First AM devices are available, which allow the 
AM of dense and high quality ceramic components6-10. Most AM technologies used for ceramic 
components are only suited for single material applications so far. The reason is that in powder-
bed based technologies the single material powder-bed cannot be simply changed. So it is for 
lithography-based AM where a change of the light curable ceramic suspensions would cause an 
contamination of the following suspension. Nevertheless, there are first publications regarding 
multi material approaches in AM. Kollenberg11 describes multi-material 3D printing by using 
particle-filled inks for dense microstructure, locally reinforced microstructures, and combination 
of different properties or colors.   
Multifunctionalization mostly requires a hybridization  either by combining different materials or 
by chaining different technologies or at least technological steps. In established production 
processes, hybridization is realized for instance by coating or assembling techniques. 
Hybridization of different materials and structures usually takes place starting from the green state 
followed by co-processing or from the sintered state followed by post-processing (e.g. post-
functionalization of AM-components)12. 
The co-processing of two materials from the green state to the sintered state involves a number of 
challenges and demands. Choosing a suitable material couple is one key issue for a successful co-
sintering process because chemical and physical properties cannot be simply changed (or only very 
limited) by process adjustments. The following material properties need attention: 
 coefficient of thermal expansion (CTE) 

Differences in CTE lead to stresses in the interface during thermal treatment, especially during 
cooling if thermal contraction deviates too much.  
 chemical compatibility 

During co-sintering chemical reactions in the interface between the different materials may cause 
the formation of instable or brittle phases which may limit the long-term stability of the interface.  
 sintering conditions 

Both materials should sinter within the same temperature range and atmosphere without melting or 
decomposition of one partner but still reach desired densities. 
In addition to the above-mentioned material properties subjected to chemical/physical properties, 
the process technologies each have their individual requirements, which include: 
 suitable processability of slurries or feedstocks 
 compatibility of binder systems 
 sufficient green strength 
 similar solid loading for same total shrinkage 
 close on-set sintering temperature. 

In this article two feedstock-based AM methods have been chosen for combining either porous and 
dense ceramic components, black and white zirconia or stainless steel and zirconia. 
 
Experimental 
Direct AM technologies are more suitable for the AM of multi-material components than indirect 
AM technologies because of the selective deposition of the used material instead of the selective 
solidification of material deposited all over the entire layer13.  
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Fused Filament Fabrication (FFF) 
In the FFF process, initially developed by Stratasys called FDMTM, filaments of thermoplastic 
polymers are molten and selectively extruded by the action of two counter rotating elements. Once 
the material is extruded through the nozzle, it solidifies enabling the production of components 
layer-by-layer. To produce final ceramic and metallic components, a variant of the process has 
been developed14. The polymeric compounds, known as binder, are highly filled with a powder of 
the final ceramic or metallic material. Once the shaping of the components have been conducted 
using the conventional FFF approach, two additional steps are required. First, the polymeric 
components must be completely removed out of the specimens in the debinding stage, generating a 
highly porous structure. To attain the final properties, the powder compacts are sintered 
subsequently. Generally, the FFF technology works using a plastic filament which is unwound 
from a spool or coil and supplying material to an extrusion nozzle which can turn the flow on and 
off. The nozzle is heated to melt the thermoplastic material and can be moved in both horizontal 
and vertical directions. The object is produced by extruding melted material to form layers as the 
material solidifies immediately by cooling.  
A big challenge for the production of metal-ceramic components is selection of powders which 
allow a co-processing during thermal debinding and sintering (comparable coefficient of thermal 
expansion (CTE), temperature regimes and atmosphere) as well as the adjustment of the shrinking 
behavior of both materials during the sintering step as mentioned above.  
 

  
Figure 1: Spools with several filaments made 
of different ceramic and stainless steel powders 
 

Figure 2: Printing had applying a filament on 
the building platform 
 

Zirconia TZ-3YS-E from Tosoh Europe B.V. and special stainless steels like 17-4PH (UNS17400) 
-38 m from Sandvik Osprey Ltd. have a comparable CTE (approx. 11*10-6 / K) and can be 
sintered at the same conditions (reducing atmosphere, sintering temperature: 1350 °C  1400 °C). 
But for adjusting the shrinking behavior a special milling procedure for the metallic powder is 
required15,16. In a first step during attrition milling the spherical steel particles are re-shaped into 
thin and brittle flakes with an extremely high dislocation density. In a second high energy milling 
step (planetary ball milling, PBM) the brittle flakes will be broken into very fine-grained particles 
with an increased sintering ability. In this way an increased sintering activity of the metallic 
powder could be reached and the shrinking curve could be adjusted to the curve of zirconia 
showing finally only small difference15,16.  
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mixed gas atmosphere (80 % argon and 2 0% hydrogen) up to 1365 °C the samples densified and 
formed a good material bond in the interface (Figure 3). The sintered samples are shown in Fig. 4. 
 
Thermoplastic 3D Printing (T3DP) 
The conventional fused filament fabrication (FFF) uses a thermoplastic ceramic feedstock that is 
melted by heating and pressed dropwise through a fine nozzle. However, the efforts for the 
preparation of the thermoplastic ceramic feedstock in form of spooled filaments constrains the FFF 
application for ceramics. Moreover, attainable resolution is relatively low, whereas the surface 
roughness is quite high by using this AM method. Thermoplastic 3D-Printing combines the 
advantages of FFF, Robocasting and Inkjet Printing taking advantage of a dropwise deposition of a 
low viscous thermoplastic feedstock for building up a ceramic component. The method uses 
molten, thermoplastic feedstocks that are handled in a dispensing unit with xyz-positioning. The 
feedstocks bases on compositions that are known from low-pressure ceramic injection molding 
(LP-CIM)18,19. In contrast to the inkjet methods, the solid content of ceramic powders in the 
thermoplastic binder for T3DP is much higher resulting in a higher viscosity of the suspension 
compared to inks. The melting temperature of the thermoplastic binder is relatively low (approx. 
100°C) as well as the viscosity compared to typical thermoplastic feedstocks for high-pressure 
injection molding or for FFF. Thus, the feedstock can be dispensed via a thin nozzle 
discontinuously as droplets by micro-dispensing technology which allows the realization of very 
fine structures with smaller tolerances (see Fig. 5). The suspension immediately solidifies due to 
cooling because of the fast heat transfer from the printed suspension to the underlying layer or to 
the surrounding atmosphere. This thermoplastic 3D-printing concept has several outstanding 
advantages:  
 Almost no restrictions concerning the applied powder material, because the consolidation of 

the droplets occurs by increasing the viscosity during cooling.  
 Composite materials or multi material approaches can be realized by using two or more 

dispensing heads.  
 By using a pure thermoplastic binder solution in one dispensing head, supporting structures 

can be built up in parallel to the real component. 
 Due to the high packing density in the green component completely dense ceramic 

components can be produced by T3DP. 
 Small droplets enable a high resolution in critical volumes.  
 Combining precise deposition of small droplets with the option of fast jetting of molten 

suspensions is one of the main advantages of T3DP. The latter guarantees a high production 
speed for filling of hollow volumes where no change in material occurs. 

For our experiments zirconia suspensions were prepared by using nanoscale zirconia powder 
TZ3YE (Tosoh) with d50 = 0.37 m. The partially stabilized ZrO2 contains 3 mol.-% Y2O3. The 
powder content in the suspensions varied between 79.8 wt.-% (36 vol.-%) and 84.3 wt.-% (44 vol.-
%)20. To realize black-and-white components another suspension was prepared basing on TZ-
Black powder of Tosoh (d50 = 0.5 m)21. 
As binder system a mixture of paraffin and beeswax was used. The binder system and a dispersing 
agent were heated up to 100 °C and homogenized for 30 min in a heatable dissolver. Then powder 
and if necessary pore forming agents (PFA) like polysaccharide were added and the suspensions 
were homogenized by stirring for 2 h at 100 °C. For the T3DP building process we used a heatable 
micro dispensing system (Vermes, Germany), a system for single drop deposition, which can work 
with a frequency up to 3000 Hz. For the deposition of the ceramic suspensions we used a 
frequency of 100 Hz. This system consists of a piezo actor which is actuated by a control unit, a 
needle inside a small chamber, which opens and closes a nozzle, and a lever system connecting the 
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