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Abstract

We present a process flow for the development of functional polymer-ceramic composite filaments and test structures
using the fused deposition modeling (FDM) 3D printing process. Thermoplast-ceramic composites were developed 
using acrylonitrile butadiene styrene (ABS) as the polymer matrix, filled with volumetric ratios of 10- and 20% barium 
titanate (BaTiO3) microparticles. These composites were rheologically and thermogravimetrically analyzed and 
structured into structural and functional test specimens using a commercially available FDM 3D printer. Structural
characterization of the composites revealed exceedingly brittle behavior with increasing filler content, with the ultimate 
tensile strength falling from 32.7 MPa for pure ABS to 21.3MPa for the ABS- 20 vol. % BaTiO3 composite. Functional
characterization revealed an increase in the dielectric constant from 3.2 to 6.8 with increasing BaTiO3 content. The 
ABS-BaTiO3 composites show promise as functional dielectric layers that can be printed using a well-established and 
cost-effective rapid prototyping method. Further analysis of the filler particle distribution and increase of filler ratios is 
ongoing, leading to the possibility of obtaining pure dielectric layers and structures after sintering.

Keywords: Rapid prototyping, polymer-ceramic composite, fused deposition modeling, thermogravimetry, rheology, 
mechanical characterization, dielectric characterization

1. Introduction

Fused deposition modeling (FDM) has, in recent 
years, emerged as a very versatile rapid prototyping 
(RP) technology, with application areas as diverse as 
metal casting [1], human tissue engineering [2] and
food manufacturing [3]. First developed by Stratasys 
Inc. in the late 80’s, FDM uses heat-assisted 
structuring of polymer filaments into 3D parts in a layer-
by-layer manner. In recent years, several studies have 
looked at the material characteristics of the parts 
produced by FDM [4,5] as well as preparation and 
characterization of composite materials, including 
polymer-metal [6] and polymer-ceramic [7] composites.

For the development of functional microstructures
integrating several different composite materials, their 
structural as well as functional properties need to be 
looked at in detail. Combining composites that exhibit 
good electrical, dielectric and magnetic properties, 
simple systems such as passive circuit elements, 
sensors and actuators of different kinds can be 
realized.

This paper describes a process-chain for the 
development of a polymer-ceramic functional 
composite based on acrylonitrile butadiene styrene
(ABS) as the polymer matrix, filled with up to 20 vol. % 
(58.2 wt. %) barium titanate (BaTiO3) particles.
Structural and functional test probes for mechanical 
and dielectric characterization were prepared using an 
unmodified, commercially available FDM 3D printer. 
The process chain, starting from filament production, 
through printing and characterization, shows 
repeatable and reliable results at each stage, and is 
only limited by the material and flow properties of the 
composite, such as dynamic viscosity and brittleness.
These limitations could be overcome by slightly 

modifying the devices used in the process, to 
accommodate for the appropriate materials.

2. Composite development

2.1. Kneading and extrusion

ABS-BaTiO3 composites were prepared in ratios of 
10- and 20- vol. %. The composites were prepared for 
FDM in a 2-step process. The first step involved the 
BaTiO3 powder (Fluka, Sigma-Aldrich, Germany) with a 
size distribution of d10 = 1.95 μm, d50 = 5.99 μm and d90
= 10.24 μm, (Beckman Coulter LS-230 particle counter,
California, USA), kneaded together with ABS beads
(Terluran GP-22, Styrolution, Frankfurt, Germany) in
the Brabender W50-EHT kneader (Duisburg, 
Germany). The components were mixed for 60 minutes 
at 180°C.

The prepared composites were then cut into small 
chunks and pellets, and fed to a modified single barrel
extruder (originally procured from EWE Industries, Italy,
screw diameter = 25 mm, screw length = 170 mm,
nozzle diameter = 1.75 mm). Temperature control 
within ±0.5°C was achieved using PI control of a 
thermistor. Extrusion of all three material variants was 
carried out at 210°C. Extrusion speed was set to 4 
cm/s, which was found to be prone to variation, 
depending on the amount of material in the extruder 
screw. Filament diameters in the range of 1.75±0.2 mm 
were realized by adjusting the spooling speed between 
0.1 and 0.5 rpm (spool diameter = 23 mm) for each 
composite. Figure 1a illustrates the filament extrusion 
process. Pure ABS beads were also extruded for 
comparison.

The FDM printing process was carried out using 
the MakerBot Replicator 2X (Brooklyn, New York, 
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USA). Figure 1b illustrates the principle of FDM 3D 
printing.  
 All structural and functional probes discussed in 
this work were printed using a nozzle diameter of 0.4 
mm, at 100% infill, with a 45° raster angle and a layer 
thickness of 0.2 mm, set using the MakerBot software. 
 
 

 
Fig. 1. (a) A schematic depiction of the filament extrusion 
process. The material chunks are forced down a heated barrel 
using a screw, extruded through a nozzle of a defined diameter 
and spooled. (b) The FDM printing process: A motor drive 
forces the filament into the temperature-controlled print-head, 
mounted on an XY stage. After being forced through a nozzle, 
the material is deposited on to a build plate, which moves down 
to allow for the structuring of the next layer. 

 
2.2. Probe design and characterization methodology 
 
2.2.1. Structural probes 
 
 Tensile test were designed based on the ASTM-
D638 (Type IV) standard, as shown in Figure 2a. 
   

 
Fig. 2. (a) A printed mechanical probe based on the ASTM-
D638 (Type IV) standard. (b) A schematic of the tensile testing 
method. The probe is clamped on both ends and pulled at a 
constant velocity, while the force and displacement are 
measured simultaneously. 

 The probes were mechanically characterized in the 
Instron 4505 (Norwood, Massachusetts, USA) tensile 
test machine. Figure 2b shows a schematic of the 
testing process. 
 
2.2.2. Functional probes 
 
 Functional probes were printed as discs with a 
radius of 11mm and thickness 2mm. To analyze the 
dielectric properties of the composites, the top and 
bottom surfaces of the probes were first polished in the 
Buehler Phoenix 4000 polisher (Buehler, Illinois, USA), 
followed by sputtering of 50 nm-thick gold electrodes 
on both sides. Figure 3a shows a photo of the finished 
dielectric probe.  

 

 
Fig. 3. (a) A test probe for dielectric analysis, with sputtered 
gold electrode on top. (b) Schematic of the dielectric 
characterization method, using a parallel plate capacitor model. 

 
 Dielectric characterization was carried out using 
the Hameg HM8018 LCR meter (Mainhausen, 
Germany). The probes were approximated to parallel 
plate capacitors, as shown in Figure 3b, with edge 
effects ignored due to the high surface-to-volume ratio 
of the probes. Capacitances were measured for each 
composite probe at different frequencies, which were 
then calculated back to the dielectric constant using the 
relation, 
                            εr = C · d /  εo · A. (1) 
 
      where, εr is the relative permittivity of the composite 
material, C is the measured capacitance, εo  is the 
permittivity of free space, d is the probe thickness and 
A is the probe cross-section area. 
 
 
3. Material characterization 
 
3.1. Rheology 
  
 Rheological analysis was carried out in the 
Goettfert Rheograph 25 capillary rheometer (Buchen, 
Germany) to investigate compatibility of the composites 
with the FDM printer. All tests were performed at 180°C 
for shear rates between 0.5 s-1 and 5000 s-1. In Figure 
4, the shear thinning behavior of the composites can 
be seen to decrease with increasing volumetric content 
of BaTiO3 in the composite.  
 

Fig. 4. Results obtained from the rheological analysis of the 
ABS-BaTiO3 composites. The viscosity can be seen to 
decrease with increasing shear rate, indicating shear thinning 
behavior. This effect is less sharp for composites with higher 
BaTiO3 content. 

 The addition of BaTiO3 particles increased the 
viscosity of the composite, with the ABS-  20 vol. % 
BaTiO3 composite being 52% more viscous than pure 
ABS at a shear rate of 1000 s-1. 
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3.2. Thermogravimetry 
 
 Thermogravimetric tests were performed in the 
Netzsch STA-409 (Selb, Germany) differential 
calorimeter. Pure and composite samples were heated 
at 10 K/min to 1000°C in the presence of air. 
 Figure 5 shows that for all materials, ABS 
vaporizes between 400°C and 600°C, which is 
expected due to its organic nature. The 10- and 20 vol. 
% BaTiO3 samples had leftover masses of 39.4- and 
58.2 wt. % respectively. This agrees quite well with 
theory, considering the density of BaTiO3 (6.02 g/cm³) 
is around six times that of ABS (1.04 g/cm³). The 
curves remained consistent for the composite filament 
as well as for samples taken from the printed 
mechanical probes, indicating negligible thermal 
influence of the processing steps on the polymer-
ceramic ratio. 
 

 
Fig. 5. Thermogravimetric behavior of pure ABS compared to 
the 10- and 20 vol. % BaTiO3 composite. The remaining 
ceramic mass was 39.4- and 58.2 wt. % respectively. 

 
4.  Structural characterization 
 
4.1. Print parameter optimization 
  
 Structural probes made of pure ABS were 
mechanically characterized to investigate the optimum 
print parameters. The load was set to 5kN with a travel 
speed of 2mm/min. The composite probes were printed 
based on these results. 
 
4.1.1. Part orientation 
 
 Mechanical probes were printed in a longitudinal or 
transverse orientation, resulting in the tensile force 
being either perpendicular or parallel to the print layers 
of the probe (see Fig 2b). Preliminary tests showed that 
intermediate print orientations, such as 30° and 45°, 
were found to be more challenging to print without 
supports due to their overhanging shape.  
  Figure 6 shows that the longitudinally printed 
probes exhibit a relatively large region of plastic 
deformation. The ultimate tensile strength (UTS) of 
these probes agrees well with literature [4]. 
Transversely printed probes, on the other hand, 
exhibited a comparatively brittle characteristic. This is 
due to dislocations at the print layer boundaries, which 
lie perpendicular to the direction of the applied force. 
   

 
Fig. 6. The influence of print orientation on the mechanical 
strength of the tensile specimen. Probes with longitudinally 
oriented print-layers (red) showed a relatively large region of 
plastic deformation. Transversely printed probes (blue), on the 
other hand, fractured at much lower forces due to the lack of 
adhesive strength between the print layers. Inset: Illustrations 
of the print layer for the two print orientations. 

 Owing to their mechanical stability, longitudinally 
printed probes were chosen as the standard for further 
experiments. 
 
4.1.2. Print temperature 
 
 The mechanical strength of the ABS at different 
print temperatures within the manufacturer-
recommended temperature range for ABS. Figure 7 
shows that this influence is negligible in the 
temperature range between 210°C and 230°C.  
 

 

Fig. 7. The influence of print temperature on the ultimate 
tensile strength (UTS) of the tensile probes is negligible. The 
blue dotted line shows a linear fit obtained from the 
measurement points. 
 
 As a result, the ABS-BaTiO3 composite probes 
were printed at 230°C, to accommodate for the higher 
heat absorption that was to be expected due to the 
presence of the ceramic particles. 
 
4.2. Influence of filler concentration 
 
 The structural composite probes (see Sec. 2.2.1) 
were analyzed for the influence of the ceramic content 
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on the UTS. Figure 8 shows that the UTS decreases 
linearly from 32.7 MPa for pure ABS to 21.3 MPa for 
the composite with 20 vol. % BaTiO3.  
 

 
 

Fig. 8. Behavior of the UTS (σmax) with increasing BaTiO3 filler 
concentration. A linear decrease in UTS can be seen, arising 
due to dislocations in the polymer matrix proportional to the 
number of ceramic particles. The linear fit suggests further 
decrease in the UTS with increasing filler concentration. 
 
 This linear trend can be expected to extend to 
higher filler ratios, as the increase of ceramic particles 
act as imperfections in the polymer matrix, reducing the 
bulk ductility. 
 
 
5.  Functional characterization 
 
 Dielectric characterization was performed for the 
functional probes (see Sec. 2.2.2) at 0.1 kHz, 1 kHz, 10 
kHz and 25 kHz, at room temperature (20°C). The 
relative permittivity (εr) was then back-calculated using 
(Eq. 1). Figure 9 shows the results from the dielectric 
analysis. 
 

 

Fig. 9. The dielectric behavior of pure ABS and the ABS-
BaTiO3 composites over frequencies up to 25 kHz. εr is seen to 
remain constant over frequency, with the ABS- 20 vol. % 
BaTiO3 composite showing the highest εr of 6.8.  

 The dielectric constant for pure ABS at 3.2 agrees 
well with literature [9]. For the composites, it rises to 
6.8 for the ABS-20 vol. % BaTiO3 probe. The dielectric 
constant can be expected to show a sharp, non-linear 
increase at higher filler ratios. 

6.  Conclusions 
 

In this work, a functional polymer-ceramic 
composite was prepared in different filler ratios and 
analyzed for its material, structural and functional 
properties. The preparation process showed 
repeatability through the various process steps without 
affecting the quality of the final probes. The process 
was additionally shown to be compatible with an 
unmodified, commercially available FDM printer. 
Structural analysis revealed an expected decrease in 
mechanical strength (UTS) with increasing ceramic 
content. Functional characterization showed higher 
filler concentration to cause an increase in the 
dielectric constant (εr).  

Further work with composites containing 
higher ceramic filler ratios will reveal process 
limitations occurring due to the rheological properties of 
the composites. Additionally, the ceramic particle size 
and distribution inside the test probes is also expected 
to influence their structural and functional properties. 
Investigations are also ongoing to prepare pure 
ceramic layers by sintering of highly filled composites. 
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