
3D printing of alumina components via Fused Granulate Fabrication 
technology and solvent-free debinding of highly filled feedstocks 
comprising (LD)-polyethylene and cellulose

Claudia Heuer a,*, Benjamin Bock-Seefeld a, Patricia Kaiser a , Christian Weigelt a ,  
Piotr Malczyk a, Nora Brachhold a, Dimosthenis Trimis b, Christos G.C. Aneziris a

a Technische Universität Bergakademie Freiberg, Institute of Ceramics, Refractories and Composite Materials, Agricolastraße 17, 09599, Freiberg, Germany
b Karlsruhe Institute of Technology (KIT), Engler-Bunte-Institut, Combustion Technology, Engler-Bunte-Ring 7, 76131, Karlsruhe, Germany

A R T I C L E  I N F O

Handling Editor: P. Vincenzini

Keywords:
3D printing
Fused granulate fabrication
Pellets
Thermal debinding
Solvent-free debinding
Alumina

A B S T R A C T

This study focuses on the development of components in gyroid structure based on alumina as integral part of the 
novel burner designed for the non-premixed combustion of ammonia. During application, the component has to 
withstand repeated thermal shocks of approx. 600 K or more. Due to the high geometric complexity of the gyroid 
structure and the need for lightweight design with both macroporous regions and microporous features only the 
3D printing was suitable as manufacturing technology; in the present work Fused Granulate Fabrication was 
used. The manufacturing routine for the employed granules with special regard to the binder system is devel
oped. A customized thermal debinding regime without wick or solvent debinding is presented. Challenges such as 
the formation of bubbles and the swelling of the samples during thermal debinding were met by adjusting the 
printing parameters to create porosity and cavities between the deposited strands during 3D printing. Sintered 
bars fabricated using optimized printing parameters had a shrinkage of 13 %, an open porosity of 41 % and a 
flexural strength of 50 MPa, respectively. These values are sufficient for the application of the components in the 
novel burners. As last part of this work sheet-gyroid structures were prepared using a 1.0 mm and 0.4 mm 
nozzles. These structures successfully survived 5 thermal shock cycles, each involving heating to 1100 ◦C fol
lowed by air quenching, which is an excellent result in terms of thermal shock performance.

1. Introduction

Additive Manufacturing (AM) technologies for the fabrication of 
ceramic components have become the focus of research & development 
and according to current forecasts manufacturers will soon be able to 
start serial production in a wide range of industries such as automobile, 
machine construction, aerospace and medical applications, thus 
increasing market demand and revenue [1]. With AM technologies 
complex geometries and internal structures can be easily manufactured 
and due to the combination of raw materials advantageous component 
properties (including graded structures) can be achieved. The AM pro
cesses are divided into three main groups: powder bed-based methods 
(e.g. selective laser sintering, binder jetting), suspension-based methods 
(e.g. stereolithography, digital light processing) and extrusion-based 

methods (e.g. fused filament fabrication (FFF), fused granulate fabri
cation (FGF)) [2]. In FGF 3D printing, granules are directly fed into the 
extruder unit installed in the printer, which eliminates the cost and 
time-consuming filament fabrication step, thus saving 60–90 % material 
costs. With FGF technology, old or defective 3D printed part can be 
shredded and reused in the printing process. The FGF technology re
quires a precise control and management of the material flow and there 
are still challenges in the fabrication of filigree components [3]. The 
extrusion-based methods often use a feedstock that consist of a multi
component polymer system and a ceramic filler material, which typi
cally comprises ≥50 vol% of the feedstock. For the fabrication of 
advanced ceramics via 3D printing, very fine sub-micron sized powders 
are utilized. Nowadays, typical ceramic filler materials are alumina [4,
5] and zirconia [6–8], but there are also various developments in terms 
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of non-oxide ceramics such as silicon carbide [9] and silicon nitride 
[10].

In the extrusion-based printing processes, the thermoplastic material 
is melted and selectively extruded through a nozzle and deposited layer 
by layer to build the desired component [5,6]. The material to be printed 
is provided as filament (FFF) or granules/pellet (FGF) for the 3D printing 
process [4–6,11,12]. The granules/pellets are also the raw material for 
the fabrication of continuous filaments. This means an additional 
fabrication process with special filament extrusion equipment has to be 
employed for filament fabrication. In addition, various requirements are 
placed on the filaments such as sufficient strength and flexibility in order 
to ensure uniform feeding of the filament trough the extrusion unit 
without tearing as well as uniform deposition onto the printing bed 
without buckling or bending. Thus, the effort to fabricate and subse
quently the prices for the filaments are significantly higher as compared 
to granules/pellets. For both types of feedstock thermoplastic binders 
such as acrylonitrile butadiene styrene (ABS), polylactic acid (PLA), 
polypropylene (PP), polyethylene (PE) and ethylene vinyl acetate (EVA) 
are used.

After printing, these binders have to be removed from the component 
before sintering. According to the state of the art, an initial chemical 
debinding step removes the main binder catalytically or using solvents 
(such as ethanol, acetone, ethylene acetate, cyclohexane or n-heptane) 
from the green component in order to create a certain porosity to enable 
a subsequent thermal debinding. The main binder is dissolved from the 
outside to the inside of the component (concentration gradient) and a 
porous brown part remains. The brown part consists of the ceramic 
particles as well a backbone polymer (used as dimensional stabilizer), 
which is subsequently removed by decomposition to gaseous compo
nents during the thermal debinding process. The contaminated solvent 
from the first chemical debinding step can be distilled and recycled. 
Although debinding with solvents is a common debinding routine for 3D 
printed components, there are major challenges in terms of human 
health, environmental protection and process engineering requirements. 
Therefore, it is essential to develop alternative debinding strategies for 
3D printed components avoiding these drawbacks in order to establish 
3D printing as a real alternative to conventional shaping technologies. 
The pure thermal debinding of large 3D FFF or FGF printed samples with 
typical binder contents ≥50 vol% still poses a challenge [13–18] and is 
currently not considered state of the art. At present, only thin-walled (up 
to 800 μm) and/or macro-porous components are debinded with a pure 
thermal treatment (no wick or solvent-based debinding).

The 3D FGF presents a highly interesting approach for the fabrication 
of functional ceramic components in high temperature applications, 
particularly with regard to their performance under recurring thermal 
shock. In high temperature applications, in which the materials have to 
survive sudden temperature changes of several 100 K during service, 
typically coarse-grained components (μm to mm scale, depending on 
component) with an open porosity of up to 20 % in the microstructure 
are employed in order to guarantee the needed thermal shock resistance. 
Using FGF technology, thin-walled, fine-grained refractory components 
can be manufactured layer-by-layer. Within a single component, both 
dense and macro-porous regions (pore size up to several mm) can be 
tailored during the printing process with the aim to meet the specific 
functional requirements. The fabrication of light-weight hollow struc
tures does not only mean that lesser material is required, but also that 
temperature equilibrium under thermal loading is achieved easier. 
Furthermore, the thin-walled (thickness of few mm), layer-by-layer 
design with fine micropores (in μm range) can lead to a significant 
reduction in crack propagation energy [19]. An example for an appli
cation of 3D FFF printed components are spinel-based model nozzles for 
the casting of steel [20].

The present study deals with the development of components in 
gyroid structure based on alumina. Alumina is a highly stable ceramic 
material with a melting point of approx. 2040 ◦C. It is widely used as 
refractory materials and is suitable for application in ammonia and 

hydrogen atmospheres [21–23]. These components in gyroid structure 
[24] will be integral part of novel burners designed for the non-premixed 
combustion of ammonia [25]. Within the intertwined channels, 
ammonia and air are transported separately without pre-mixing; they 
are preheated due to thermal radiation and heat conduction. As integral 
part of the novel burner, the gyroid structure must withstand repeated 
thermal shocks of approx. 600 K or more. Due to the high geometric 
complexity of the gyroid structure component and the need for light
weight design with both microporous regions and microporous features 
only the 3D printing is suitable as manufacturing technology.

Within the present study, the optimal composition of the binder 
system and influence of the alumina powder with a mean particle size 
>4 μm was investigated. Printing parameters such as printing temper
ature and speed, line width and height were evaluated to identify the 
most suitable settings for a pure thermal debinding of printed parts. 
Within this study, the debinding regime was developed for rods and 
plates and was then transferred to gyroid structures with diameter of 50 
mm and a height of 25 mm as well as to rectangular gyroid components 
with an edge length and height of 30 mm. Finally, the thermal shock 
performance of the gyroid structured components was evaluated by 
quenching the samples from 1100 ◦C to room temperature five times 
using compressed air.

2. Experimental part

The ceramic powder used in this study was a Tabular alumina (T60/ 
64, Almatis, Germany) with a d50 = 4.33 μm, a d90 = 13.61 μm and a 
specific surface area of 3.32 m2/g. The main binder components were 
two low density polyethylene (LDPE, Rowak AG, Germany) powders 
with the specification H70 (melting range: 100–104 ◦C) and H150 
(melting range: 98–102 ◦C). These were mixed in a ratio H70: H150 of 
62.5 : 37.5 vol% [20,26] to obtain a theoretical MFI (melt flow index) of 
100 g/10 min according to the rule of mixture. Stearic acid (Sa, ≥98 %, 
Carl Roth, Germany) as well as ammonium-lignin sulfonate (C12C, Otto 
Dille, Germany) were used as surfactants. Cellulose powder (Sigma-Al
drich, Germany) served as backbone during thermal processing. The 
ratio of alumina to binder system was kept constant throughout the 
entire study. Generally, for classic 3D printing with polymers only, an 
MFI of 100 g/10 min would not be suitable since the material would 
have a very low viscosity. For the preparation of feedstocks that include 
ceramic powder, cellulose, etc. and in which the LDPE is only one part in 
the binder formulation it is suitable, that the MFI of LDPE is 100 g/10 
min. Due to the filling of the binder matrix with ceramic particles, the 
viscosity increases strongly. Fig. 1 schematically illustrates the different 
compositions investigated within this study. In order to evaluate the 
influence of the cellulose on the dimensional stability of printed parts 
during thermal treatment, the cellulose content was varied from 10 to 
20 vol%. Consequently, the polyethylene content (main component) 
was reduced from 79 vol% to 69 vol% to keep the binder content of the 
feedstock constant. The composition with 10 vol% cellulose, 15 vol% 
cellulose and 20 vol% cellulose are hereinafter referred to 
AT-10Cel-10Sa, AT-15Cel-10Sa and AT-20Cel-10Sa, respectively. The 
suitability of the various compositions for thermoplastic processing were 
screened using a Brabender measuring mixer type W 350 EHT (Bra
bender, Germany). The maximum volume of the mixing chamber was 
370 cm3 and the processing temperature was set to 133 ◦C. The torque 
was registered as a function of time.

The fabrication of the thermoplastic masses and thus the pellets/ 
granules comprised several steps. The raw materials were pre-mixed in 
an Eirich laboratory mixer EL-1 (Maschinenfabrik Gustav Eirich, Ger
many) at room temperature for 300 s at 500 rpm. The thermoplastic 
processing was conducted in a single screw extruder with kneading 
equipment type LK III 2A (Linden, Germany) at 20 rpm and tempera
tures of 134 ± 2 ◦C. The pre-mixed raw materials were added stepwise 
into the kneader in order enable constant temperature conditions. The 
total mixing time was set to 30 min for all compositions. The 
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thermoplastic masses were extruded to strands having a diameter of 3 
mm using a die with 8 channels. The strands were manually cut into a 
length of 3–5 mm. Bars (4 × 5 × 60 mm3) and plates (15 × 80 × 2.4 
mm3) as well as cylinders (diameter of 50 mm and height of 25 mm) 
with gyroid infill were designed using AutoDesk Fusion 360. Sheet- 
gyroid structures were generated using the software MSLattice [27] 
with a size of 2 × 2 × 2 cells, a relative density of 30 % and a mesh 
density of 30 points. A side wall construction was added using the 
software FreeCAD 0.21.2 [28]. The dimensions of the construction were 
31.2 × 31.2 × 30 mm3 (width x length x height) with a side wall 
thickness of 0.6 mm. The obtained stl.-files were translated into. 
gcode-files using the open source software UltimakerCura (version 
5.6.0., Ultimaker, Netherlands). The 3D printing was conducted using a 
M.A.T. (Multi Additive Technology) printer (3D Ceram, France) equip
ped with a single extruder and a building volume of 200 × 200 × 200 
mm3. In order to demonstrate the CNC machinability of the developed 
feedstock, cubes with an edge length of 18 mm were printed and 
machined using CNC in green state. The initial printing parameters of 
the M.A.T. printer are summarized in Table 1. The printing was initially 
carried out concentrically from outside to inside with two walls, 100 % 
infill and a flow of 20 mm/s to create a dense layout of the strand with 
sufficient overlap. The temperature of the bed was set to 60 ◦C in order 
to ensure proper adhesion of the sample to the printing bed during 
printing. Additionally, a 5 mm brim was printed. The printing nozzle 
had a temperature of 210 ◦C for the brim and the first sample layer and 
was then decreased to 200 ◦C.

In order to evaluate the influence of the cellulose content on the 
dimensional stability of the printed components, rods with a diameter of 
3 mm and a length of 100 mm were prepared during extrusion. These 
rods were placed on alumina bars with a span of 60 mm. The defor
mation of the rods during thermal debinding was registered (according 
to the developed debinding regime). The thermal decomposition 
behavior of the binder system composed of LDPE, cellulose, stearic acid 
and ammonium lignin sulfonate between room temperature and 600 ◦C 
was investigated using differential scanning calorimetry (DSC) com
bined with thermo-gravimetric measurements (TG) using a NETZSCH 
STA 409 PC/PG (Netzsch, Germany). The sample mass was 21.960 mg in 

an alumina crucible. The heating rate was set to 10 K/min and the device 
was constantly flushed with synthetic air with a flow rate of 70 ml/min. 
The consolidation kinetics of the ceramic phase was studied using a 
dilatometer type NETZSCH DIL 402C (Netzsch, Germany) at a heating 
rate of 5 K/min to a maximum temperature of 1400 ◦C in synthetic air. 
Thus, a customized debinding and sintering regime was derived. The 
debinding of the printed components was conducted in an air-ventilated 
furnace (Xerion, Germany) at several heating rates up to a temperature 
of 480 ◦C. During debinding, the furnace was constantly flushed with air 
at a flow rate of 10 l/min. The sintering of all sample geometries was 
conducted in an electrical furnace with Kanthal-Super 1800 heating 
elements with a heating rate of 1 K/min to 460 ◦C. From 460 ◦C to 
600 ◦C the heating rate was decreased to 0.5 K/min with the aim to 
thermally remove last binder portions. Subsequently, the heating rate 
was set to 3 K/min up to 900 ◦C and then decreased to 1 K/min up to 
maximum temperature. The dwell time at the final sintering tempera
ture of 1600 ◦C was 240 min. Afterwards, a controlled cooling with 1 K/ 
min was conducted. For both thermal treatments, all samples were place 
on an alumina pebble bed to ensure compensation of the thermal 
expansion and shrinkage during heat treatment.

The bulk density of the partially debinded samples was determined 
from weight and volume measurements. The open porosity as well as 
bulk density of the sintered samples was determined according to DIN 
EN 993-1 with water as immersion fluid at room temperature. Micro
structural characterization of the sintered samples was conducted by 
scanning electron microscopy (SEM) using an SEM AMBER (Tescan, 
Czech Republic). Before analyzing, the samples were embedded in epoxy 
resin and the surface was polished. The modulus of rupture at room 
temperature was determined according to DIN EN 843-1 using three- 
point bending tests. Testing was performed on a universal testing ma
chine type TIRA TT 2420 with a 1 kN force transducer. The chosen cross 
head speed was 1.5 mm/min and the span was 40 mm.

The cylindrical sample with gyroid infill was analyzed with the aid of 
a microfocus X-ray computed tomography CT-ALPHA (Procon X-Ray, 
Germany). The tomographic scans were performed with a 160 kV X-ray 
source and a flat detector Dexela Type 1512 (PerkinElmer, Germany) 
with 1944 × 1526 active pixel. The reconstructed CT image has a voxel 
size of 28.97 μm × 28.97 μm x 28.97 μm. The surface of a cube with 15 
× 15 mm2 was evaluated after 3D printing and CNC milling using a VK-X 
1000 laser scanning microscope (Keyence Cooperation, Japan). Thermal 
shock testing of the sintered sheet-gyroid structure was performed ac
cording to DIN EN 993-11. The sample were prewarmed at 110 ◦C and 
then placed in a furnace at 1100 ◦C for 45 min to achieve temperature 
equilibrium. Afterwards, the sheet-gyroid structure was removed from 
the furnace and quenched by blowing with compressed air (p = 0.1 MPa) 
for 5 min. This test was repeated 5 times.

Fig. 1. Scheme of the investigated compositions.

Table 1 
Initial printing parameters of the M.A.T. 3D printer for bars and plates.

Parameter Value

Diameter of the nozzle 1.0 mm
Layer width 1.05 mm
Layer height 0.2 mm
Nozzle temperature 210 ◦C 1st layer, 200 ◦C 2nd + layer
Bed temperature 60 ◦C
Printing speed 20 mm/s
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3. Results and discussion

3.1. Feed stock preparation and initial printing

Fig. 2 displays the torque-time diagram of the investigated compo
sitions. The compounding process can be divided into three stages. 
When the mixing of the raw materials begins, a characteristically pro
nounced increase in torque with peak values between 122 Nm (AT- 
10Cel-10Sa) and 158 Nm (AT-20Cel-10Sa) is registered due to particle- 
particle interactions without a separating binder layer between these 
particles. These interactions are more pronounced with higher cellulose 
contents of the binder system since the plasticizing polyethylene content 
is thereby reduced. In the second stage, particle agglomerates are broken 
apart and wetted by the binder. Thus, the torque decreases to values 
between 60 Nm (AT-10Cel-10Sa) and 75 Nm (AT-20Cel-10Sa). After a 
mixing time of 14 min, a constant torque for the compositions con
taining 10 and 15 vol% cellulose is reached, indicating that all ceramic 
particles are wetted and equilibrium between agglomeration and 
deagglomeration is obtained. Thus, the flow characteristics are mainly 
determined by the organic binder, which either forms an interfacial 
layer on the particle surfaces or fills the spaces between them [29]. For 
the composition containing 20 vol% cellulose in the binder system, this 
equilibrium is reached after a mixing time of 18 min.

After compounding of the thermoplastic masses in the Linden 
kneader and the preparation of the pellets that are exemplarily shown in 
Fig. 3, bars (4 × 5 × 60 mm3) as well as plates (15 × 80 × 2.4 mm3) were 
printed according to the printing parameters listed in Table 1. The 
simple components printed with M.A.T. pellet printer are shown in 
Fig. 4.

3.2. Development of the debinding process

The DSC/TG analysis of the binder system, composed of low-density 
polyethylene, cellulose, stearic acid and ammonium lignin sulfonate, is 
shown in Fig. 5. It served as an orientation for the thermal debinding 
regime. Two endothermic peaks can be registered at temperatures of 
79.6 ◦C and 110.5 ◦C, which correspond to the melting range of stearic 
acid and polyethylene, respectively. Up to a temperature of 220 ◦C, a 
mass loss of 1.59 % was registered due to the evaporation of stearic acid 
and physically bonded water. The decomposition of the stearic acid 
starts at 200 ◦C with a pronounced peak at 279.4 ◦C. Up to a temperature 
of 370 ◦C, a further mass loss of 22.23 % was registered, which was 
attributed to the complete decomposition of stearic acid and starting 
decomposition of polyethylene, respectively. The exothermic peaks at 
388.0 ◦C, 459.7 ◦C and 474.0 ◦C correspond to the main decomposition 
reaction of polyethylene and partial decomposition of cellulose. These 
decomposition reactions are accompanied by a mass loss of 62.12 %. The 

following complete decomposition of the cellulose takes place up to 
temperatures of 590 ◦C with a final mass loss of 14.06 %. Thus, during 
thermal debinding all components of the binder system decompose up to 
a temperature of 590 ◦C without residues.

A customized debinding regime was derived with regard to the 
Fig. 2. Variation of torque depending on time and binder composition.

Fig. 3. Pellets of composition AT-20Cel-10Sa after kneader.

Fig. 4. 3D printed alumina samples using M.A.T. printer, initial print
ing parameters.

Fig. 5. Thermal analysis of the binder system in synthetic air.
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results of the DSC/TG analysis, see Table 2. The maximum debinding 
temperature was set to 480 ◦ C in order maintain the dimensional sta
bility of the samples, thus allowing the sample transfer from the 
debinding to the sintering furnace (samples were placed on alumina 
crucibles and alumina pebble bed). At this stage 5.58 % of cellulose 
binder remain from the binder system and act as a backbone. The 
thermal debinding regime contained several dwell times (at 220 ◦C, 
320 ◦C, 380 ◦C, 480 ◦C) in order to achieve temperature equilibrium of 
the furnace before the main decomposition reactions took place. Con
trary to the conventional debinding theory, in which very small heating 
rates of 0.2 K/min are suggested for materials with a high binder con
tent, a heating rate of 5 K/min was applied in the temperature range 
between 90 ◦C and 220 ◦C. It should be noted, that the DSC/TG analysis 
indicated no significant decomposition reaction of the single binder 
components in the temperature range from 90 ◦C to 220 ◦C, as the mass 
loss is minimal (1.5 %). This presented approach is mainly related to the 
melting of the binder component LDPE in the temperature range be
tween 98 ◦C and 104 ◦C and the great risk of pore closure due to liquid 
binder phase. In the pure thermal debinding, where no additional 
porosity is generated by wick or solvent debinding, it is of outmost 
importance to quickly pass through the LDPE melting range. If the 
limited number of existing cavities between the deposited stands are 
filled with molten LDPE combined with the formation of a dense skin on 
the sample surface [5,30], the diffusion of volatiles out of the green body 
is hindered and results in the formation of bubbles and the swelling of 
the samples.

During the initial debinding experiments, the formation of bubbles 
and the swelling of the samples could not be prevented as it is shown in 
Fig. 6. Consequently, the printing parameters had to be refined to ensure 
larger cavities and less overlapping between the deposited strand of the 
printed components. The adjusted printing parameters are summarized 
in Table 3. The infill density was decreased to 88.7 %, the line height 
increased to 0.4 mm with the corresponding line width changed to 1.37 
mm. The refinement of the printing parameters effectively eliminated 
the bubble formation and swelling of the debinded samples almost 
completely. In the middle of the sample, the strands are still narrowly 
deposited (partly overlapping) since their number is preset by the 
sample dimensions, the infill and the line width. Hence, few bubbles are 
formed in the sample middle, indicated with red arrows in Fig. 7.

To eliminate the formation of these small bubbles in the center of the 
sample, a final adjustment of the printing parameters was carried out. To 
enable printing from inside to outside and completely avoid strand 
overlapping, all strands had to be defined as walls (0 % infill). To further 
provoke cavity formation, the viscosity of the material was increased 
during printing by reducing the printing temperature to 185 ◦C from the 
2nd layer and above. Applying the final printing parameters, the 
debinding of all samples including cylinders with gyroid infill as well as 
sheet-gyroid structures without debinding-related defects was possible. 
The effect of the applied printing parameter on the print quality and 
cavity formation is schematically illustrated in Fig. 8.

The dimensional stability of printed components during and after 
thermal debinding was also of great importance. Therefore, the 
dimensional stability of extruded rods (100 mm in length) with the 

different cellulose contents (10–20 vol%) was evaluated. The samples 
were placed on two alumina bars with a span of 60 mm. The debinding 
was conducted according to the customized debinding regime displayed 
in Table 2. Fig. 9 shows selected strands directly after thermal debinding 
up to 480 ◦C. Since the samples contained only a small percentage (5.58 
%) of the initial binder system (see Fig. 5), they were very fragile and a 
better illustration could not be achieved. It is shown that a higher cel
lulose content within the binder system led to a better dimensional 
stability of the samples with less deformation and crack formation. This 
can be attributed to the higher decomposition temperature of cellulose 
compared to the other binder materials [31,32]. The highest thermal 
stability during and after debinding was found for composition 
AT-20Cel-10Sa. Thus, all following printing experiments were con
ducted with this material.

In order to verify the reduction of the bubble volume and the 
swelling of the samples, the bulk densities were determined. Based on 
the results listed in Table 4, it was observed that a significant increase of 
the bulk density was provoked by the adjustment of the printing pa
rameters. This means that the fraction of voids in the samples was 
reduced and the material was denser, showing the success of the 
developed debinding regime.

3.3. Characterization of the sintered materials (has been shortened)

The SEM images (SE mode) in Fig. 10a and b show the cross-section 
of the sintered alumina samples printed with the initial (concentrically 
from outside to inside with a layer height of 0.2 mm, 100 % infill, 100 % 
flow) and the adjusted final (concentrically from inside to outside with a 
layer height of 0.4 mm, without infill (all “walls”), 85 % flow) printing 

Table 2 
Customized debinding regime.

Temperature (range) in ◦C Heating rate in K/min Isothermal dwell in min

20–90 1 –
90–220 5 –
220 – 60
220–320 0.5 –
320 – 30
320–380 0.5 –
380 – 30
380–480 0.2 –
480 – 90

Fig. 6. 3D printed plates after debinding at temperatures of up to 220 ◦C with a 
heating rate of 5 K/min, initial printing parameter.

Table 3 
Printing parameters utilized within the study.

Parameter Initial Intermediate Final

Layer width 1.05 1.37 1.37
Layer height 0.2 0.4 0.4
Nozzle 

temperature
210 ◦C 1st layer, 
200 ◦C 2nd +
layer

210 ◦C 1st layer, 
200 ◦C 2nd + layer

210 ◦C 1st layer, 
185 ◦C 2nd +
layer

Bed 
temperature

60 ◦C 60 ◦C 60 ◦C

Printing speed 20 mm/s 20 mm/s 20 mm/s
Infill 100 % 88.7 0 % (all walls)
Flow 100 % 90 % 85 %

Fig. 7. 3D printed plate after debinding at temperatures of up to 220 ◦C with 5 
K/min, intermediate printing parameters.
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parameters. Layers printed in vertical z-direction with heights of 200 μm 
(a) and 400 μm (c) are clearly visible and marked in red. Correlations of 
the layer height and the size of the cavities are well known [6,7,33]. For 
the samples prepared with the initial printing conditions, large pores 
partially filled with epoxy resin are visible in the cross-section, whereas 

the pores are much smaller for the adjusted printing conditions. For the 
samples with adjusted final printing parameters it is agreed that the 
larger layer height led to the formation of larger cavities as compared to 
the samples with the initial printing parameters. Therefore, an enhanced 
removal (diffusion) of volatile decomposition products could take place 
during debinding. Thus, the formation of unwanted bubbles in the final 
part was prevented and enhanced the connection between neighboring 
layers during sintering. These findings are in good agreement with the 
results of the bulk density measurements.

Fig. 11 shows exemplarily a sintered plate and a sintered bar that 
were prepared using the final printing parameters. The shrinkage for the 
sintered plates in length and width was determined to be 15.7 ± 0.7 % 
and 15.1 ± 0.5 %, respectively. The shrinkage for the sintered bars was 
determined in length to be 14.9 ± 0.4 % and in width to be 13.4 ± 2.1 
%. The shrinkage in height was not determined since the samples were 
slightly deformed. The open porosity as well as the flexural strength of 
the sintered bars were determined to be 41.3 ± 1.2 % and 50.2 ± 7.7 
MPa, respectively. The measured strength of the sintered materials is 

Fig. 8. Scheme of cavity formation depending on applied printing parameter.

Fig. 9. Results of the thermal stability tests.

Table 4 
Bulk density after debinding to 220 ◦C.

Experiment Bulk density in g/cm3

Initial parameters 1.40 ± 0.01 g/cm3

Intermediate parameters 2.15 ± 0.10 g/cm3

Final parameters 2.26 ± 0.08 g/cm3

Fig. 10. SEM images (SE-mode) of the sintered alumina plates in cross-sectional view, a) initial printing parameters, b) final printing parameter.

Fig. 11. 3D printed plate after sintering at 1600 ◦C, final printing parameters.
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sufficient as porous inert medium, without any load-bearing mechanical 
function [34–37]. The high open porosity will positively contribute to 
the thermal shock performance of the components in the novel burners.

3.4. Manufacturing of larger cylindrical components, sheet-gyroid 
structures and CNC machining of green parts

Cylindrical components with a diameter of 50 mm, a height of 25 
mm and a weight of approx. 81 g were printed in 90 min with the 
optimized printing parameters. The infill densities were 40 % or 44.5 %, 
respectively. When printing was performed with an infill density of 40 
%, holes appeared in the walls throughout the whole part at the saddle 
points of the gyroid-like structure. The three white markings in Fig. 12a 
indicate this exemplarily. Using a higher infill density of 44.5 % solved 
this issue. The printed components were placed on an alumina pebble 
bed and thermally debinded according to the tailored debinding regime 
shown in Table 2 with a heating rate of 5 K/min between 90 ◦C and 
220 ◦C. The structures were subsequently sintered at a maximum sin
tering temperature of 1600 ◦C. Fig. 12b shows the cylindrical compo
nents after 3D printing and after sintering. Despite the volume shrinkage 
during debinding, no deformation or crack formation was registered. 
The total shrinkage after sintering was determined to be 11.3 ± 1.3 % in 
diameter and 10.7 ± 0.7 % in height. Fig. 13 presents 2D CT-images of 
the gyroid structure with a voxel size of 28.97 μm after reconstruction in 
cross-sectional view. The gyroid structure is permeable after sintering 
and the channels did not close. Nevertheless, there are some minor ir
regularities. The top part slightly deformed during sintering, thus 
slightly sunk in. This interfered with the symmetric alignment of the 
infill strands. In the center of the gyroid structure a higher porosity of 

the strands can be recognized. The shell also possesses a high, but evenly 
distributed porosity and also individual strands from the printing pro
cess are no longer visible after sintering. The formation of gas bubbles 
and the swelling during thermal treatment was prevented by applying 
the precisely optimized printing and debinding parameters.

The sheet-gyroid structures (31.2 × 31.2 × 30 mm3) were printed 
with a layer height of 0.4 mm and a random z-seam and a printing 
temperature of 210 ◦C in the 1st and then of 185 ◦C from the 2nd layer 
and above. Debinding and sintering was conducted using the precisely 
attuned debinding system. Nevertheless, some printing defects are pre
sent in the gyroid structure due to its complex and filigree geometry, 
which could not always be accurately printed with the 1.0 mm nozzle. In 
order to reduce the number of defects, the process was then transferred 
to printing with a 0.4 mm nozzle. The derived final printing parameters 
shown in Table 3 were directly applicable. Only the line width and the 
line height had to be adjusted to the new nozzle diameter and were set to 
0.45 mm and 0.2 mm, respectively. As a result, defect-free gyroid 
structures were obtained, showing only minor over-extrusion irregu
larities. Fig. 14 shows digital images of the sintered and thermally 
shocked sheet-gyroid structures fabricated with the 1.0 mm and 0.4 mm. 
Both of the structures successfully survived 5 thermal shock cycles, each 
involving heating to 1100 ◦C followed by air quenching, which is an 
excellent result in terms of thermal shock performance.

In a final experiment, the CNC-machinability of the developed binder 
system was tested on printed alumina components with the composition 
AT-20Cel-10Sa. Cubes with an edge length of 18 mm were printed with 
the optimized printing parameters and immediately CNC-milled with a 
spindle rotation of 9000 rpm, a processing speed of 650 mm/min and a 
cutting depth of 0.1–0.3 mm. Fig. 15a displays a digital image of a 

Fig. 12. Gyroid-like porous (left) and gyroid (right) structures a) as printed, b) printed, debinded and sintered state.
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machined cube. There are several benefits that have been observed. 
There are no signs of melt formation, which proves the good resistance 
of the binder system to heat and thus to warping. Since the bed is heated 
during printing, the components are slightly wider and denser in the 
bottom part. The CNC-milling allowed to significantly improve the 
dimensional precision of the parts., The colored topographic maps show 
the height differences in the sample surface in printed (Fig. 15b) and 
CNC-machined (Fig. 15c) state. While the height difference is approx. 
330 μm in the unmachined sample, it was reduced to approx. 200 μm 
due to CNC-machining. Thus, removing excess material as well as 
printing irregularities led to an improved surface quality.

4. Conclusion

Within the present complex components in gyroid structure based on 
alumina were fabricated using 3D fused granulate fabrication. The 

developed components are integral part of novel burners designed for 
the non-premixed combustion of ammonia.

Starting from the raw materials, the fabrication routine for pellets 
with special regard to the binder system was developed. The pellets with 
a alumina to binder ratio of 52 vol% : 48 vol% were directly applied for 
component printing without further processing steps.

A customized debinding regime that utilizes purely the thermal 
decomposition reactions of the binder components without wick or 
solvent debinding was presented. Challenges regarding this debinding 
strategy such as sample swelling and bubble formation were successfully 
addressed through a stepwise adjustment of the printing parameters due 
to the specific introduction of interstrand cavities.

The determined strength of the sintered materials was 50.2 ± 7.7 
MPa and is more than sufficient for the intended application at elevated 
temperatures and thermal shock load. Moreover, the high open porosity 
41.3 ± 1.2 % positively contributed to the thermal shock performance of 

Fig. 13. 2D-CT images of the sintered gyroid structure (cross-section), a) top, b) bottom.

Fig. 14. Sheet-gyroid structures a) after sintering and b) after 5 thermal shock cycles.
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the components in the novel burners.
Larger cylindrical components with gyroid infill with a diameter of 

50 mm and a height of 25 mm were successfully fabricated using the 
elaborated parameters for printing, debinding and sintering. Their 
shrinkages in diameter and height after sintering were determined to be 
11.7 ± 1.3 % and 10.7 ± 0.7 %, respectively.

Sheet-gyroid structures were prepared using 1.0 mm as well as 0.4 
mm printing nozzle. The printing, debinding and sintering process was 
successfully transferred to printing with smaller nozzle diameter, 
showing the excellent versatility of the developed process technology. 
The sintered sheet-gyroid structures successfully survived 5 thermal 
shock cycles, each involving heating to 1100 ◦C followed by air 
quenching, which is an excellent result in terms of thermal shock 
performance.

Due to the direct CNC-machining of printed components prepared 
with the developed feedstock a high quality of the surfaces could be 
achieved.

In future work, the successfully developed sheet-gyroid structures 
will be further characterized and tested in combustion atmosphere.
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[6] D. Nötzel, R. Eickhoff, T. Hanemann, Fused filament fabrication of small ceramic 
components, Materials 11 (2018) 1463.
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