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A B S T R A C T   

Material Extrusion (MEX) is an advanced technology for polymer 3D printing and countless printers are 
commercially available. MEX has also been demonstrated for ceramics. For that purpose, thermoplastic binders 
are filled with high loads (>40 vol%) of a ceramic powder. The printed parts are subsequently debound and 
sintered. In contrast to most MEX printers, the ceramic printer presented herein works with granulated feedstock 
instead of filaments. Therefore, the development of novel feedstocks is faster and more straightforward since the 
challenges associated with filament production are omitted. Furthermore, commercial ceramic injection molding 
(CIM) feedstocks can be used which allows fast prototyping with the same material that is later used in high- 
quantity industrial production by CIM. 

In this study, a method to fabricate multi-material ceramic parts using a granulate-fed printer is presented. 
Examples of multi-material printing include colored ZrO2 parts as well as ceramic high-temperature heating 
elements in various shapes consisting of an electrically conductive and a non-conductive component. Light- and 
electron microscopy confirms that the layer adhesion before and after sintering is flawless, even between 
different materials if the material combination is chosen carefully. All feedstocks are based on a commercially 
available CIM binder filled with the desired ceramic powder. Consequently, the feedstock preparation as well as 
optimizing of debinding and sintering conditions are simple and reproducible.   

1. Introduction 

Material extrusion (MEX) 3D printing, also referred to as fused fila-
ment fabrication (FFF) or fused deposition modelling (FDM), is a 
widespread 3D printing technique for polymeric thermoplastic mate-
rials. The printing filament is fed through a heated extrusion nozzle and 
complicated parts are built-up layer by layer by moving the extruder 
head or the printing bed in horizontal and vertical direction. Due to the 
low prizes and simple handling of commercial printers, MEX is the most 
popular 3D printing technique for private users and a wide range of 
thermoplastic materials in different colors are available commercially. 

MEX has also been demonstrated for a wide range of ceramics [1–7]. 
Therefore, a ceramic powder is mixed with a thermoplastic material 
called the binder. Typically, a binder is composed of four or more ma-
terials, each fulfilling for a certain purpose: The backbone binder with 
high molecular weight is responsible for structural strength, the lubri-
cant ensures flowability, the surfactant links the binder to the ceramic 
particles and a plasticizer decreases viscosity and improves plasticity. 
All crucial properties for successful MEX like rheology, melting 

behavior, layer adhesion can be tailored by optimizing the amount and 
composition of the binder [8]. Debinding of printed parts is done ther-
mally, sometimes after a pre-debinding in a solvent bath and the final 
parts are obtained by sintering. 

One limiting step for ceramic MEX is the intricate filament fabrica-
tion, which decreases the degree of freedom in choosing the binder 
material drastically. Main issues of using high solid load filaments are 
brittleness, insufficient flexibility, buckling, clogging of nozzles, reduced 
tackiness and others [9,10]. To circumvent such problems, the novel, 
self-constructed 3D printer presented in this study is based on the micro 
extrusion of granulated feedstocks. The printing still follows the basic 
principle of controlled deposition of a filament of molten material. Here, 
however, a granulate feed containing a surface modified ceramic pow-
der dispersed in a thermoplastic polymer is used instead of a pre-
fabricated filament [10–15]. A few companies, Pollen AM inc., Tumaker, 
AIM3D, Shenzen Uprise 3D Technology Co. Ltd and 3d-figo GmbH, have 
already commercialized printers with the same working principle. 

Besides faster feedstock development, the second main advantage 
lies in the fact that the requirements for the feedstock of a granulate-fed 
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MEX printer largely overlap with requirements for ceramic injection 
molding (CIM) feedstocks. This means that commercial CIM feedstocks 
are used for 3D printing to save time and effort. Furthermore, the pro-
totyping by MEX printing can be done with the same material that will 
later be used in industrial mass production by CIM. 

Numerous commercially available MEX printers are equipped with 
two or more extrusion units for multi-material 3D printing for a wide 
range of applications such as printing with support structure, fabrication 
of colored parts or parts where the functionality is increased by the 
combination of different materials [16]. Despite the increasing interest 
in MEX of ceramics, examples of multi-material MEX of ceramics are still 
scarce. Scheithauer and Weingarten et al. make use of thermoplastic 3D 
printing, a technique closely related to MEX, to fabricate multi-material 
ceramics [17,18] and Abel et al. use MEX to manufacture multi-material 
metal-ceramic components [19]. 

Herein, we show that a commercial CIM binder can be used to pro-
duce a variety of ZrO2 feedstocks with different colors as well as MoSi2/ 
Al2O3/feldspar composite feedstocks with different electrical conduc-
tivities as resistive heaters. All feedstocks were characterized by 
rheology, DSC and DMA and used for 3D printing on a self-constructed 
granulate-fed multi-material printer. Printed parts were in a first step 
pre-debound in water before thermal debinding and sintering according 
to classical ceramic procedures. The results were ZrO2 samples with 

vibrant green-blue or blue-white color combinations and novel ceramic 
high temperature heating elements consisting of conductive and insu-
lating components. All printing parameters were carefully optimized to 
deliver parts with excellent layer adhesion as seen in SEM and light 
microscopy on cross-sections of green bodies and sintered parts. 

2. Material and methods 

2.1. General 

Green, blue and white ZrO2 were purchased from Krahn Ceramics 
and manufactured by Tosoh (green: TZ-PX-455A, actual particle size: 45 
nm; blue: TZ-PX-297A, 45 nm; white: TZ-3YS-E, 90 nm), MoSi2 powder 
was purchased from H.C.Starck (Grade A, d50 = 5.5–7.5 μm) and Al2O3 
powder was supplied by Almatis (CT19FG, d50 = 4.0–7.5 μm) and 
feldspar by Sibelco (Spectrum D45). The organic binder components 
used were Embemould K83 (Krahn Ceramics) as well as LDPE (LD 655, 
ExxonMobil, 0.913 g/cm3). 

2.2. Feedstock preparation 

Ceramic powders were mixed with organic binders according to 
Table 1 by processing the manually premixed materials six times 
through a twin-screw extruder (Thermo Fisher, Process11 Extruder). 
After each extrusion the feedstock was blended in a Nutribullet 600 
blender. For 3D printing a granulate fraction with particle size of 
150–500 μm was used. 

2.3. Rheology 

Rheological measurements were performed with an MCR301 
rheometer (Anton-Paar, Austria) equipped with a CTD 450 heating 
chamber. Measurements were performed using a plate-plate geometry 
(diameter, 25 mm) in oscillation mode, with a deformation of γ = 0.1% 
and applying an angular frequency sweep from 0.1 up to 50 rad/s. The 
samples were measured between 180 and 60 ◦C. After one angular fre-
quency sweep step the temperature was decreased by 10 ◦C and equil-
ibrated for 1 min. Only the Embemould binder itself was measured first 
at 60 ◦C and the temperature was stepwise increased. Due to different 
filling/particles sizes, different static forces needed to be applied. For the 
Embemould binder 0.25 N of static force were used, for all ceramic 
feedstocks static force was set to 1 N. 

2.4. Differential Scanning Calorimetry (DSC) 

DSC analyses were carried out using a DSC 204 F1 Phoenix instru-
ment (NETZSCH, Germany) under nitrogen atmosphere (gas flow 40 
mL/min). Aluminum pans with pierced caps were used. All samples 

Table 1 
Composition of the feedstocks used in this study.  

Feedstock Binder 
composition (wt 
%) 

Solid 
load 

Solid 
composition (vol 
%) 

Extrusion 
temperature 
(◦C) 

ZrO2 blue Embemould 92 84.8 
wt% 

100 ZrO2 

blue 
160 

LDPE 8 51.3 
vol% 

ZrO2 

green 
Embemould 92 84.8 

wt% 
100 ZrO2 

green 
160 

LDPE 8 51.3 
vol% 

ZrO2 

white 
Embemould 92 84.8 

wt% 
100 ZrO2 

white 
160 

LDPE 8 51.3 
vol% 

MoSi2 

10% 
Embemould 92 81.0 

wt% 
10 MoSi2 150 

LDPE 8 55.9 
vol% 

40 Al2O3 

50 Feldspar 

MoSi2 

17% 
Embemould 92 81.8 

wt% 
17 MoSi2 150 

LDPE 8 55.9 
vol% 

33 Al2O3 

5 Feldspar  

Fig. 1. A: Photograph of the printer. B: Close-up image of the three extrusion units. 1: Feedstock reservoir funnel, 2: Cooled granulate inlet zone, 3: pre-heating zone, 
4: main heating zone, 5: nozzle, 6: heated printing bed, 7: filament extrusion unit (not used in this work). The granulate extrusion unit on the right is identical to the 
one on the left. 
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were heated from −80 to 180 ◦C with a heating rate of 20 K/min, fol-
lowed by a cooling step to −80 ◦C (10 K/min) and a second heating to 
180 ◦C with a heating rate of 20 K/min. For the thermal analysis only the 
second heating step was considered. 

2.5. Dynamic Mechanical Analysis (DMA) 

The softening point was determined by DMA (TA Instruments, Q800, 
Germany) using the penetration accessory for the cantilever clamp. The 
penetration accessory consists of two individual pieces, one for the 
sample holder and one for the penetration tip, which was mounted on 
the dynamic part of the clamp. During the measurement a static force of 
1 N was applied. The sample was heated from 30 to 200 ◦C with a 
heating rate of 3 K/min. The softening point of the sample was deter-
mined as onset in the displacement vs. temperature curve. 

2.6. Printing 

The self-constructed printer (Fig. 1) was built on a frame of 30 mm 
aluminum profiles and equipped with a travelling system controlled by a 
Duet 2 wifi board with DueX5 extension and operated by the Duet Web 
Control interface. Multi-material printing is achieved through two 
extruder units with 5.5 mm diameter extruder screws. Uniform material 
extrusion is ensured by a carefully optimized heat distribution through 
different temperature zones. The bottommost zone is heated to the final 
printing temperature, while the feedstock is preheated in the central 
zone. The topmost zone is air-cooled to avoid clogging of the granulate 
inlet due to premature melting of the feedstock. Careful design of the 
geometry and incline of the granulate storage funnel allows a constant 
feedstock flow through gravitation without the need for a secondary 
conveyor unit. All print heads are attached to a linear guide and the 
inactive print head is lifted up by a few millimeters by a servo motor. 
Oozing was prevented by retracting the melt by rotating the extrusion 
screw in the opposite direction by a small degree before material 
changes or finishing a layer. Slicing was performed in Simplify 3D 
software with the Dual Extrusion Wizard tool. 

Table 2 summarizes the feedstock specific printing and processing 
parameters for each feedstock. All samples were printed with a 0.6 mm 
sapphire nozzle and for most samples two perimeter lines and 100% 

infill were used. Layer height and line width were set to 0.2 mm and 
0.72 mm, respectively. The infill was printed at alternating angles of 
+45◦ and −45◦. A powder-coated PEI heating bed was used for all prints 
at a temperature of 90 ◦C. 

2.7. Debinding, sintering 

All samples were pre-debound in a stirred water bath at 40 ◦C for 4–7 
days depending on wall thickness. Afterwards, the parts were dried at 
40 ◦C for 24 h. ZrO2 samples were thermally debound at 500 ◦C for 1 h 
and then sintered at 1450 ◦C for 2 h (Fig. 2A). MoSi2 samples were 
debound at 500 ◦C for 1 h in air atmosphere, before switching to argon 
inert gas and purging for 1 h while keeping temperature at 500 ◦C. 
Sintering was then conducted at 1250 ◦C under argon atmosphere for 4 h 
(Fig. 2B). 

2.8. Analyses: SEM, EDX, Microscope, Density 

Scanning electron microscopy (SEM) was conducted on a Phenom XL 
Desktop SEM (Thermo Fisher Scientific) equipped with an energy- 
dispersive X-ray spectroscopy (EDX). 

Light microscopy was performed on a VHX 6000 supplied by 
Keyence. 

Density of sintered ZrO2 parts was measured using Archimedes 
method in EtOH. Theoretical density values as specified by the supplier 
were 6.06 g/cm3 for blue ZrO2 and 6.13 g/cm3 for green ZrO2, 
respectively. 

2.9. Glow tests 

The surface of the contact areas of MoSi2/Al2O3/feldspar parts were 
coated with colloidal silver paste and contacted with alligator clips. A 
TDK-Lambda Gen300–11 power source was used for controlling current 
and voltage applied to the heating elements. 

3. Results and discussion 

The feedstock requirements for a granulate printer mostly overlap 
with feedstocks for CIM. Therefore, commercial CIM feedstocks or CIM 

Table 2 
Feedstock specific printing, debinding and sintering parameters.  

Feedstock Extrusion temperature Pre-heating zone temperature Printing speed Debinding temperature Sintering temperature 

ZrO2 blue 160 ◦C 70 ◦C 20 mm/s 500 ◦C, air 1450 ◦C, air 
ZrO2 green 
ZrO2 white 
MoSi2 10% 130 ◦C 70 ◦C 16 mm/s 500 ◦C, air 1250 ◦C, argon 
MoSi2 17%  

Fig. 2. Thermal debinding and sintering profiles for ZrO2 (A) and MoSi2 (B) parts.  
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binder systems are a reasonable starting point for feedstock develop-
ment. ZrO2 as well as MoSi2 feedstocks were prepared from the 
commercially available Embemould binder system and ceramic powders 
by processing the feedstock multiple times for thorough mixing through 
a twin-screw extruder. 

Differential scanning calorimetry measurements show that the used 
commercial binder system consists of at least four components with 
melting temperatures between 65 ◦C and 158 ◦C (Fig. 3A). The low 
temperature component is presumably water-soluble polyethylene gly-
col with a molecular weight of 4000–10,000 g/mol. The melting of two 
more components at 87 ◦C and 111 ◦C is also reflected in a steep vis-
cosity drop (Fig. 3B). The same is true for the last component with a 
melting point of 158 ◦C. As expected, DSC measurements of the feed-
stocks show all the same features but at considerably reduced intensity 
since the feedstocks only contain 15.2 or 19.0 weight-% of the binder. 

Rheology measurements over a wide range of temperatures and 
angular frequencies provide helpful insight into the behavior of the 
different feedstocks. First of all, the binder system undergoes drastic 
viscosity decrease by one order of magnitude within a 10 ◦C interval 
around 100 ◦C as well as 150 ◦C (Fig. 3B). The same behavior is then 
reflected in the ceramic feedstocks containing the same binder system. 
The total ceramic powder load of the MoSi2 feedstocks shown in Fig. 3B 
is 56 vol % and the viscosity is increased by at least two orders of 
magnitude as compared to the pure organic binder. The measured vis-
cosity of MoSi2 feedstocks is considerably lower as compared to all ZrO2 
feedstocks, despite having a higher powder load (56 vol% for MoSi2, 51 
vol% for ZrO2). Furthermore, the measured temperature dependence of 
the viscosity in ZrO2 feedstocks is unrealistically small. This behavior 
can be explained by the interactions between the ceramic particles 
rather than by the phase transitions of the binder [3]. The smaller par-
ticle size of the ZrO2 is responsible for this phenomenon and ZrO2 
measurements are omitted in Fig. 3B. 

Fig. 3C shows the shear-thinning behavior of a representative feed-
stock. For every order of magnitude of increased applied angular fre-
quency, the viscosity decreases by roughly one order of magnitude as 
well. 

It should be noted that the absolute viscosity values obtained by 

rotational rheology cannot directly be transferred to the viscosity of a 
feedstock during 3D printing [3]. However, the trends discussed above 
as well as relative comparisons should be acceptable between rotational 
rheology and MEX printing. 

The softening point of the feedstocks and the binder was determined 
using DMA. A constant force of 1 N was applied to a penetration tip 
sitting on a flat piece of feedstock while gradually increasing tempera-
ture and monitoring the tip displacement (Fig. 3D). The tip penetrated 
the binder itself at 66 ◦C, which is in good agreement with the melting 
point of the first binder component as determined by DSC. MoSi2 and 
ZrO2 feedstocks were penetrated at 81–82 ◦C and 100–107 ◦C, respec-
tively. This trend agrees with the trend in viscosity as measured by 
rheology and with the extrusion temperatures required for successful 3D 
printing. 

For 3D printing, feedstock particles with an appropriate size of 
150–500 μm were used. This size distribution results in favorable 
powder flow in the printer’s funnel. Larger particles tend to clog the 
extruder screw in the top region, where the granulate is not molten yet. 
On the other hand, finer powder with particle size <150 μm worsen the 
powder flow and lead to irregular extrusion or clogging in the funnel. 

All ZrO2 feedstocks were printed at 160 ◦C to ensure steady material 
extrusion. At temperatures above 160 ◦C, the Embemould binder system 
starts to decompose. The preheating zone temperature of 70 ◦C (slightly 
above the melting temperature of the primary binder component at 
66 ◦C) makes sure that the feedstock is soft enough to be moved through 
the extruder screw but not sufficiently hot to melt the feedstock gran-
ulate and block the inlet. Concerning printing speed, higher speeds are 
favorable for economic reasons but can compromise printing quality. 
The fastest printing without a negative effect on quality lies at around 
20 mm/s for the ZrO2 and 16 mm/s for MoSi2 feedstocks. The heating 
bed temperature was set to 90 ◦C, which is considerably higher than the 
melting point of the first binder component of 66 ◦C. This temperature 
ensures a good adhesion of the sample to the bed during printing since 
the feedstocks are somewhat sticky but not too soft. After printing the 
heating bed was cooled down to room temperature and the parts lost the 
adhesion to the printing bed and could be removed effortlessly. 

All green ZrO2 parts were pre-debound in water to dissolve roughly 

Fig. 3. A: DSC measurements of the binder and all feedstocks. B: Rotational rheometry on the Embemould binder system as well as MoSi2 feedstocks at 31 rad/s 
angular frequency. C: Angular frequency sweeps for the 10% MoSi2 feedstock at temperatures of 70 up to 180 ◦C in 10 ◦C steps. D: DMA softening point measurement 
with penetration tip for the binder and all feedstocks. 
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40 wt% of the binder component, depending on the sample geometry, 
wall thickness and infill density. During solvent debinding a network of 
pores forms in the sample, which allows faster thermal debinding 
without deformation. Thermal debinding at 500 ◦C was directly fol-
lowed by sintering at 1450 ◦C. The sintered parts had a density of 
96.4–96.6% of the theoretical density and excellent layer adhesion as 
evidenced by SEM and light microscopy (Figs. 4 and 5). 

Under the light microscope the individual layers and lines can be told 

apart due to slightly uneven pigment distribution (Fig. 5D). In the SEM, 
however, the layers cannot be distinguished in the bulk of the samples 
and only the interface between differently colored ZrO2 is visible by SEM 
due to the different pigment particles in the materials (Fig. 5B and C). 
Under the light microscope it looks like the two colors have mixed in an 
interface region of 100–200 μm width, but no mixing and or migration of 
pigments can be observed in SEM. The turquoise color at the interface 
therefore only arises from the translucency of the polished ZrO2. 

Fig. 4. Examples of sintered parts printed from green, blue and white ZrO2. A: Circles; B: Chainmail; C: Bridge; D: Chain large/small; E: Cubes; F: ZHAW logo. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. Cross-section of the circular blue/green ZrO2 samples shown in Fig. 4C. A–C: SEM; D–F: light microscope. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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Fig. 6. A–F: MoSi2/Al2O3/Feldspar heating elements in different geometries during glow tests. All samples were printed from MoSi2 17% feedstock. The white 
powder on the samples is Al2O3 on which the samples were sintered. G–H: SEM images of the cross-section trough the glowing zone of the bone-shaped samples 
shown in B. Light grey particles are MoSi2, while the darker matrix consists of Al2O3 and feldspar. 

Fig. 7. Multi-component ceramic heating elements consisting of a MoSi2/Al2O3/feldspar composite. A, E: CAD design of the heating element; B, F: Heating element 
combined with the supporting structure; C, D, G, H: Sintered parts under operation. 
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Furthermore, a ceramic composite consisting of MoSi2, Al2O3 and 
feldspar was adapted to MEX 3D printing by mixing it with the CIM 
binder Embemould K83 and LDPE. Similar feedstocks based on electri-
cally conductive MoSi2 have been reported in CIM for the production of 
ceramic heating elements [20,21]. Firstly, heating elements in different 
shapes were printed from a feedstock containing 17 vol% MoSi2. Based 
on rheological data of the feedstocks, the printing temperature was set to 
130 ◦C and all heating elements were printed with 100% infill. After 
debinding and sintering, the samples were subjected to glow tests. A 
current was passed through the samples, which warmed up due to 
resistive heating. The uniform glowing as shown in Fig. 6A–F indicated a 
high printing quality with little to no defects. This observation was 
further confirmed by SEM analyses of cross-sections of sintered samples. 
As depicted in Fig. 6G and H, MoSi2 particles are evenly distributed in an 
Al2O3/feldspar matrix and the interfaces between individual lines and 
layers from 3D printing are not visible. 

Finally, multi-material printing was also applied to ceramic heating 
elements by combining the conductive MoSi2 composite discussed above 
with a non-conductive support material. The support material had to be 
compliant with the sintering conditions necessary for the MoSi2 feed-
stock (1250 ◦C under Argon) and the most straight forward solution was 
to use the same material combination, but with a decreased MoSi2 
content of only 10 vol%, which is below the percolation limit of MoSi2 
resulting in a non-conductive material. Two examples of heating ele-
ments printed from 17% MoSi2 feedstock with support material con-
sisting of 10% MoSi2 feedstock are shown in Fig. 7. In the first example, a 
helical heating cartridge was designed and the rather fragile structure of 
the spiral is reinforced with a nonconductive support. Clearly, glowing 
starts in the conductive spiral but after some equilibration period the 
temperature is rather homogeneous over the whole cylinder due to the 
high thermal conductivity of the MoSi2/Al2O3/feldspar composite [20]. 
Similarly, flat heating elements of any geometry can be strengthened by 
incorporation in a non-conductive matrix as exemplified in Fig. 7E–H. 
Potential applications for such embedded ceramic heating elements are 
certainly numerous. 

4. Conclusion 

Multi-material ceramic MEX printing was demonstrated on a self- 
built granulate-fed printer. Based on a CIM binder system, colored 
ZrO2 feedstocks were developed and various blue/green and white/blue 
samples were printed and sintered. Density measurements (94–96%) as 
well as SEM confirmed a high printing quality with very few pores be-
tween the printed layers. 

Composite feedstocks based on MoSi2/Al2O3/feldspar were estab-
lished for 3D printing of ceramic heating elements. After sintering, the 
samples were tested by applying enough power to make the heating zone 
glow. Homogeneous glowing over extended time periods confirmed the 
homogeneous MoSi2 particle distribution within the composite as well 
as the flawless layer and line adhesion during printing. The versatility of 
the multi-material approach was demonstrated by the fabrication of 
heating elements consisting of an electrically conductive heat gener-
ating path and a non-conductive support structure. 
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