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A B S T R A C T   

The aim of this study is the evaluation of powder injection molding (PIM) binder compositions for the material 
extrusion (MEX) additive manufacturing of zirconia parts. Four commercial PIM binder compositions were 
selected and mixed with 45 vol% of yttria-stabilized zirconia powder. Due to the brittle characteristic of the 
obtained ceramic feedstocks, a screw based pellet printing head was used for printing dense zirconia structures. 
To compare 3D printing performance, additionally a commercially available zirconia filament was used in this 
study. Application of PIM binder compositions was limited either due to phase separation during processing, 
poor printing performance or delamination during solvent debinding. Only one of the PIM based feedstock 
compositions could be successfully printed, debound and sintered. A ring-on-ring setup was used to investigate 
the equibiaxial flexural strength after sintering for both pellet and filament printed disks. For benchmarking, cold 
isostatic pressed (CIP) ceramic discs were fabricated by commercial, ready-to-press, zirconia powder. The ring- 
on-ring results showed a low Weibull modulus (3 <m<5) for all samples, regardless of the manufacturing 
process. Fractography on selected samples demonstrated, that the origins of failures are close to the area of the 
loading ring which indicates an uneven stress distribution along the contact area between the setup and the 
sample. The pointwise stress concentration is the reason for the immature failure of the samples and the low 
Weibull modulus. The characteristic strength and 90% confidence intervals were used to compare the strength of 
ceramic samples produced via additive manufacturing and CIP. Almost similar mechanical properties were ob-
tained for the CIP pressed (σ0 = 657 MPa) and filament printed (σ0 = 531 MPa) samples. However, a lower 
strength was obtained by the pellet printed samples based on commercial PIM Binder (σ0 = 203 MPa). Frac-
tography analysis indicated poor fusion of printed layers for the samples produced with PIM binder composition 
as the main reason for poor mechanical performance.   

1. Introduction 

Additive manufacturing (AM), a process that components are created 
in a layer-by-layer manner from a computer-aided design (CAD) model, 
is an attractive expansion of traditional shaping technologies. According 
to ASTM F2792 [1], additive manufacturing processes can be catego-
rized into seven groups as illustrated in Fig. 1. AM for polymers and 
metals has already moved from the laboratory scale toward industrial 
applications [2], however, for ceramics, the market penetration is still 
limited. According to Zocca et al. [3], the reduced mechanical properties 
of AM ceramics, like Al2O3 and ZrO2, in comparison to conventional 
manufacturing processes are the main reasons for the low 

implementation level. Zirconia has been investigated for decades for 
different applications like pumping components, blade edges, mechan-
ical engineering, telecommunication, bioceramics, refractories, re-
fractory fibers, thermal barrier coatings, electrolytes, oxygen sensors, 
fuel cells, furnace elements and gemstones [4]. In 2011 and 2012 AM for 
zirconia was investigated using direct writing or robocasting method [5, 
6]. Özkol et al. used a modified thermal inkjet printer for the fabrication 
of dental 3Y-TZP bridge frameworks, and they could already achieve a 
four-point bending strength of 843 MPa [5]. Wätjen et al. achieved with 
the same printer a biaxial flexural strength of 1393 MPa by using 
ball-on-three-ball test [7]. Over the last year, several other researchers 
used inkjet printing, direct writing and robocasting processing methods 
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for zirconia too [8–10]. Li et al. achieved a four-point bending strength 
of 715 MPa and compared it with other AM methods [11]. They called 
their process "Ceramic On-Demand Extrusion (CODE) process" and in 
comparison to conventional processes like cold-uniaxial pressing (1 
GPa) they achieved 71.5% of the mechanical strength. Shi and Wang 
investigated the inkjet printing process for three-dimensional zirconia 
ceramic teeth, however, with their process they achieved a strength of 
520 MPa. In comparison, mechanical strength of 679 MPa, 884 MPa and 
840 MPa by pressureless sintering, cold isostatic pressing and 
hot-pressing could be overserved with the same zirconia powder, 
respectively. Willems et al. investigated the building orientation of 
inkjet printed parts [12]. They observed a strong effect on the strength 
based on the building orientation, due to delamination defects and the 
higher surface roughness of discs printed with 45 and 90 ◦. Faes et al. 
used direct printing method in combination with a photopolymerization 
binder [13]. Photocurable binder systems are typically used in stereo-
lithography (SLA) and digital light processing (DLP). 

More than 20 articles for the shaping of zirconia by SLA and DLP 
have been published since 2017 [14–35]. In 2017 Xing et al. could reach 
a three-point bending strength of 1154 ± 182 MPa using stereolitho-
graphic (SLA) method [14]. The anisotropic surface quality of the un-
polished samples was eliminated through polishing. Harrer et al. 
investigated the mechanical strength of lithography-based manufac-
tured (LCM) zirconia by biaxial ball-on-three-ball and four-point 
bending tests [15]. They could demonstrate, that a similar strength 
(~850 MPa) could be observed for both test methods. Similar strength 
has been reported by Saâdaoui et al., however, they observed a small 
difference according to the printing direction [19]. Lu et al. investigated 
the potential of DLP for the fabrication of dental prostheses [21]. They 
compared the mechanical strength of zirconia samples fabricated by DLP 
and subtractive method using three-point bending and ring-on-ring test. 
For both test methods, the DLP samples achieved around 85% strength 
of the parts produced by subtractive method. It is worthwhile to mention 
that for the ring-on-ring test, the samples made with DLP and subtractive 
method achieved 785 and 931 MPa, respectively. Marsico et al. could 
achieve by vat polymerization-based DLP method a similar three-point 
bending strength in comparison to cold isostatic pressed reference ma-
terial [23]. Similar results have been reported by Nakai et al., where 
they investigated the mechanical strength of two different SLA and one 
subtractive manufactured zirconia with each other [25]. The difference 

in the refractive index between the zirconia powder and the resin has 
been discussed by Yanhui et al., and to overcome this issue they coated 
their ceramic powder with a layer of paraffin to achieve a better 
matching. Unfortunately, no mechanical data have been reported [30]. 
For dental applications, Khanlar et al. compared zirconia fabricated by 
different AM methods and summarized the main findings, like density, 
mechanical properties and surface roughness [36]. In their review 
article, they compared zirconia samples from literature, fabricated by 
direct ink printing (DIP) (2 publications), stereolithography (SLA) (10 
publications) and direct light processing (DLP) (2 publications) 
methods. Sun et al. could demonstrate that using DLP method for the 
fabrication of zirconia samples, similar fracture toughness and flexible 
strength in comparison to conventional manufacturing techniques could 
be achieved [37]. Alternative laser additive manufacturing (LAM), as 
well as thermoplastic-based material extrusion additive manufacturing 
(MEX) has been already used for the fabrication of zirconia ceramics 
[38–46]. 

Compared to other AM processes discussed above, MEX-based 
techniques own the benefits of simplicity and low investment costs, 
the possibility to produce multi-material components [47,48] or func-
tionally graded materials [49] and low material waste production dur-
ing the fabrication process. For MEX process like fused deposition 
molding (FDM) of ceramics and metals, post-processing (i.e. binder 
removal and sintering) will be a challenging task for large components. 
Hadian et al. [46] recently demonstrated that 12 cm tall zirconia vase 
structures can be printed and sintered successfully using fused filament 
fabrication (FFF) method. According to their results, a difference in the 
amount of binder loss in the lower and upper section of the printed vase 
structure was evident after partial thermoplastic binder removal which 
was related to the limited diffusion of decomposition products from this 
area. This might cause crack and blister formation if larger structures are 
designed for printing and a high amount of residual binder remains in-
side during the sintering cycle. 

A wide literature is already available for other thermoplastic pro-
cesses like powder injection molding (PIM) and extrusion, which ad-
dresses the importance of the feedstock composition [50] and the 
debinding parameters [51] to avoid defect formation during the 
debinding process. As MEX-based additive manufacturing techniques 
are also thermoplastic processes, the developed and commercially 
available binder systems for injection molding and extrusion can be 
highly attractive for 3D printing. Utilizing this approach in the filament 
based printing process might be difficult as the requirement of having a 
flexible filament causes some limitation in the binder composition [52]. 
Commercial ZrO2 feedstocks for ceramic injection molding (CIM) have 
been already investigated for MEX process. To print the commercial CIM 
feedstock, Rane et al. used a special designed 3D printing machine, 
however, only a three-point strength of 70 MPa and 45 MPa could be 
achieved in horizontal and vertical printing directions, respectively 
[43]. Recently, it has been demonstrated that the screw extrusion based 
FFF printing can be used to additively manufacture zirconia parts with 
high mechanical properties [52,53]. The feedstock binder based on 
25 wt% ethylene-vinyl acetate copolymer (EVA), 20 wt% Polyethylene 
(PE), 50 wt% paraffin wax (PW) and 5 wt% stearic acid (SA). The screw 
extruder consists of different zones to transfer, melt, and compress the 
granulates. Due to the high-pressure build-up at the end of the screw, the 
melted feedstock can be extruded through the printer nozzle as thin 
filaments and placed on the printing bed in a layer-by-layer manner to 
build complex ceramic structures not achievable by conventional 
ceramic shaping methods like pressing, extrusion or injection molding. 

The aim of this paper is to study the use of commercially available 
CIM binders for FFF printing of zirconia parts. Accordingly, four 
different binder compositions were selected and mixed with a com-
mercial zirconia powder to prepare ceramic feedstocks. The feedstocks 
were compared based on the data obtained during mixing, extrusion and 
printing processes. For better comparison, rheological properties and 
printing behavior were compared with commercial zirconia 3D printing 

Fig. 1. Additive manufacturing processes categorized by ASTM [1].  
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filaments. Disk-like structures for biaxial flexural strength analysis using 
a ring-on-ring setup were processed by MEX-AM and cold isostatic 
pressing (CIP) method for benchmarking. Finally, fractography analysis 
was performed on selected disks to determine the possible failure causes. 

2. Materials and method 

2.1. Materials and feedstock preparation 

2.1.1. Feedstock for FFF printing 
Commercially available 3 mol% yttria-stabilized zirconia powder 

(TZ- 3YS-E, TOSOH, Japan) with a median particle size (d50) of 0.6 µm 
and a surface area of 7 ± 2 m2/g was mixed with four different com-
mercial PIM binders, namely Embemould K83G, Embemould K84G, 
Embemould M, and Embemould CC (KRAHN Chemie, Germany) to 
prepare the initial 3D printing feedstocks. Some features of the binder 
compositions are summarized in Table 1. To adjust a constant volu-
metric ratio of 45 vol% ceramic powder loading inside feedstock com-
positions, the density of commercial thermoplastic binders and the 
zirconia powder was investigated using a He-pycnometer (Ultrapyc 500, 
Anton Paar GmbH, Austria). For compounding, ceramic powders were 
initially dried at 120 ◦C for 24 h then mixed with the thermoplastic 
binder compositions using a high shear mixer (HAAKE Polylab Rheomix 
600, Thermo Scientific, Germany) equipped with roller blade shaped 
rotors. The mixing chamber temperature was set to 140 ◦C for all 
feedstock compositions. While mixing (60 min with 10 rpm), torque as a 
function of time was recorded to evaluate the homogenization process. 
For the high shear mixing process a temperature above the melting point 
of the employed binder systems should be used. According to differential 
thermal analysis (DSC, STA 449 F3 Jupiter, Netzsch GmbH, Germany) 
constant chamber temperature of 140 ◦C was selected to ensure the 
mixing process above the melting point of all binder components. 

For pelletizing, all feedstocks were extruded into 0.5 mm strands by 
a capillary rheometer (Rosand RH7 Flowmaster, Malvern Panalytical, 
UK) at 140 ◦C and a piston speed of 4 mm/min. The extruded filaments 
were crushed into small pellets using a hand blender (ADEVA – 
HKOENIG, France). 

For comparison, a commercial zirconia filament (Fabru GmbH, 
Switzerland) with a diameter of 1.75 mm was selected to print disk 
samples. A summary of the feedstocks used for printing and associated 
samples coding can be found in Table 1. 

2.1.2. Preparation of pressed zirconia disks 
For benchmarking the mechanical properties by ring-on-ring testing, 

a commercial ready-to-press zirconia powder (TZ-3YSB-E, TOSOH, 
Japan) was selected. A two-step compaction process was used to pro-
duce the green samples. Initially, using a hydraulic uniaxial pressing 
machine (PW 20, P/O/Weber, Germany), the powder was compressed 
into green disks with a diameter of 47.2 mm and a thickness of 2.24 mm 
by applying a pressure of 100 MPa. In a second step, cold isostatic 
pressing (CIP 400, EPSI, Belgium) at 200 MPa was carried out for further 
densification. After the second compaction process, disks with a diam-
eter of 45 mm and a thickness of 2.2 mm were obtained. 

2.2. Printing 

For 3D printing of Fabru-F samples a consumer-grade printer (Ender 
5 pro, Creality, China) equipped with a direct drive printing head was 
selected. Simplify3D software was used for slicing the disk structures 
and generating G-code files. Based on the information provided by the 
filament producer (Fabru GmbH), linear sintering of 24% shrinkage was 
considered when designing the computer-assisted designed (CAD) files 
for the disk structures. Therefore, disks with a diameter of 47.37 mm 
were printed to achieve a diameter of 36 mm after sintering to perform 
the ring-on-ring strength analysis. As described elsewhere [46], to 
achieve void-free printed samples with acceptable surface roughness, a 
dynamic infill approach was used. Accordingly, the extrusion multi-
pliers for the first three layers were adjusted to 1.15, 1.10 and 1.05, 
respectively, and the following layers were printed with a constant 
extrusion multiplier of 1. The remaining printing parameters were 
adjusted according to the filament producer’s guidelines which are 
presented in Table 2. 

Table 1 
Information provided by the commercial PIM binders and filament producers and associated naming of the ZrO2-feedstocks used for this study.  

Sample ID Printing 
technology 

Binder trade 
name 

Special feature Suitable powder Debinding process 

EmK83G- 
P 

Pellet printing Embemould 
K83G 

Low viscosity Ceramic & metallic powders with high surface 
area 

Three step: 
1- Solvent debinding in water 
2- Partial debinding 
3- Thermal debinding 

EmK84G- 
P 

Pellet printing Embemould 
K84G 

Low viscosity Ceramic & metallic powders with high surface 
area 

Three step: 
1- Solvent debinding in water 
2- Partial debinding 
3- Thermal debinding 

EmCC-P Pellet printing Embemould CC Suitable for extrusion Ceramic & metallic powders with high surface 
area 

Three step: 
1- Solvent debinding in water 
2- Partial debinding 
3- Thermal debinding 

EmM-P Pellet printing Embemould M Highest green body 
strength 

All ceramic & metallic powders Three step: 
1- Solvent debinding in isopropanol/ 
acetone 
2- Partial debinding 
3- Thermal debinding 

Fabru-F Filament printing NA NA NA Three step: 
1- Solvent debinding in acetone 
2- Partial wick debinding 
3- Thermal debinding  

Table 2 
Printing parameters used for printing disk structures with commercial ZrO2 
filament (Fabru-F).  

Printing parameter Unit Value 

Nozzle diameter mm 0.8 
Nozzle temperature ◦C 180 
Bed temperature ◦C 40 
Extrusion width mm 1.00 
Layer height mm 0.4 
Printing speed mm/s 25 
Infill orientation angle 0 ◦ and 90◦
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For 3D printing of CIM based feedstocks (Embemould), a Cartesian 
printer equipped with a screw extruder printing head (Tumaker NX pro 
pellets, IT3D group, Spain) and a nozzle with a 0.8 mm orifice was used. 
Unlike filament based printing heads, an additional heating zone located 
above the hot-end is implemented in the pellet-based printer head. The 
temperature of this zone was adjusted 20 ◦C lower in comparison to the 
temperature of the printing nozzle. It could be observed that the mate-
rial output of the pellet printer differed from time to time. The material 
output correlated with the feed rate and therefore the feedstock EmCC-P 
was used to investigate this phenomenon in more detail. The feed rate 
can be calculated by the following equation in mm/s: 

Feed rate = k •
PS • EM • EW • LH

FD2 (1)  

Where PS is the printing speed (mm/s), EM is the extrusion multiplier, 
EW is the extrusion width (mm), LH is the layer height (mm), FD is the 
filament diameter (mm) and k is a constant equal to 1.27. Six feeding 
rates between 100 mm/s – 3000 mm/s at three nozzle temperatures of 
120 ◦C, 140 ◦C and 160 ◦C were selected to study the extrusion output of 
the pellet print head. The correlation between the material output and 
the feed rate was studied by sending the following G-code command to 
the printer and collecting the material which was extruded at a constant 
time: 

G1 E250 F < feedrate > →material outpout (g/min) (2) 

Here, G1 is a linear movement command in RepRap firmware of the 
printer, E is the coordinate of the extruder axis, which was adjusted to a 
constant value of 250 mm for all measurements. The sent G-code will 
result in certain rotation evolution of the extruder stepper motor. 

2.3. Debinding and sintering 

The CIP samples were debound and sintered in one step in a high- 
temperature furnace (HT 16/17, Nabertherm, Germany) equipped 

with MoSi2 heating elements in static air. According to Filser [54], the 
debinding and sintering were adjusted to 350 ◦C and 1400 ◦C, respec-
tively. The used heating profile is presented in Fig. 2b. 

For printed samples, a gradual binder removal in three steps (i.e. 
solvent debinding, partial/wick debinding and thermal debinding) was 
evaluated. As the type and the content of binder components are not 
identical for all the samples, different debinding conditions were 
required. For solvent debinding of Fabru-F and EmM-P printed samples, 
acetone bath at room temperature was used. Additionally, the debinding 
behavior of EmM-P samples was studied in isopropanol solvent bath. All 
samples were solvent debound for 48 h at room temperature according 
to the guidelines provided by the manufacturer. For the EmK83G-P, 
EmK84G-P, and EmCC-P samples, water was used as a solvent for the 
first debinding step. After the solvent debinding step, the samples were 
dried at room temperature for 24 h. 

The thermal debinding step was split into two parts. Partial 
debinding was performed in a top load furnace (PC12 furnace, Pyrotek 
GmbH, Germany) under static air. For the Fabru-F printed, partial 
debinding was carried out in a highly porous powder bed (Nabalox NO 
201, Nabaltec AG, Germany). For all other samples, the partial 
debinding was carried out without a powder bed. The two different 
partial debinding programs are shown in Fig. 2a. 

Before final debinding and sintering steps, the top and the bottom 
surface of the printed disks were ground, using 240 and 1000 grit 
sandpaper to remove the groove surface structure resulted by the 
printing process. As shown elsewhere [46], these groove structures 
typically remain after sintering and can affect the mechanical proper-
ties. The final thermal debinding and sintering steps were carried out in 
a Nabertherm furnace under static air atmosphere, as shown in Fig. 2b. 

The diameter and height of samples were investigated after each 
processing step to study the shrinkage behavior of the samples. 

Fig. 2. Summary of the heating profiles used for (a) partial debinding of filament and pellet printed disks and (b) thermal debinding and sintering of the printed and 
pressed disks. 
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2.4. Characterization 

Thermal analysis was used to select the thermoplastic compounding 
conditions and to evaluate the debinding process. For the analysis a DSC- 
TG instrument (Jupiter F3 STA 449,NETZSCH, Germany) with a heating 
rate of 5 k/min and a synthetic air flow rate of 70 ml/min was used. To 
detect melting points of the commercial PIM binders, metallic aluminum 
crucibles were used to increase the heat conductivity between the 
sample and the DSC sensor in order to acquire a higher sensitivity. For 
the debinding analysis of the zirconia feedstocks, alumina crucibles were 
used to enable performing analysis at higher temperatures. 

Rheological characterization of the zirconia feedstock was per-
formed at 140 ◦C using HAAKE Minilab compounder (Minilab 3, Ther-
moFisher Scientific, USA) and rotational viscometer (MCR 302, Anton 
Paar, Austria). In accordance to Hadian et al. [51], HAAKE minilab is an 
efficient device to investigate apparent viscosity vs apparent shear rate. 
As schematically illustrated in Fig. 3, the minilab consists of a conical 
co-rotating twin screw to transfer the feedstock material from the 
feeding zone to a bypass pneumatic valve where the material can either 
be extruded or be directed to an integrated back channel for circulation. 
In the circulation mode, the rheological properties of the feedstock can 
be recorded simultaneously using the integrated 300 bar pressure sen-
sors (i.e. P1 and P3 in Fig. 3) inside the back channel. Within the Minilab 
software, the apparent shear stress and shear rate are calculated with 
respect to the slit geometry between the two pressure sensors (Fig. 3) 
using the following equations: 

τap =
h • w • ΔP

2 • (h+ w) • Δl
(3)  

γap =
6 • Q
w • h2 (4)  

Q = Vmp •
n
60

(5)  

Where τapp and γapp are the apparent shear stress and apparent shear 
rate, respectively. The h, w, and Δl are the slit height, width, and length 
which are equal to 1.5 mm, 10 mm, and 64 mm, respectively. Finally, 

Fig. 3. Schematic illustration of the Minilab for rheological characterization of 
the MEX-AM zirconia feedstocks. 

Fig. 4. DSC-TG analysis up to 300 ◦C of (a) Embemould CC, (b) Embemould M, (c) Embemould K83G and (d) Embemould K84G binders under a synthetic air flow 
rate of 70 ml/min. 
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the Δp is the pressure drop measured between P1 and P3 pressure sen-
sors and Q is the volumetric flow rate (m3/s) of the feedstock which is 
related to Vmp and n (rpm), the pumped melt volume per rotation and 
the screw rotation speed, respectively. 

To verify the rheological analysis with the minilab, rotational plate- 
plate viscometer with 10 mm disk diameter and a gap size of 1.2 mm 
was used. For each feedstock, the measurements were performed two 
times and the values of the second measurement were used. 

The mechanical strength of the printed and pressed zirconia disks 
was evaluated using a standard ring-on-ring test [55]. A setup with D 
= 7 mm load ring and D = 18 mm support ring was selected to measure 
the equibiaxial flexural strength of the sintered zirconia disks having a 
diameter of D = 36.4 ± 0.4 mm. According to the guidelines provided 
by ASTM C1499, the thickness of the disks was adjusted between 
1.57 mm and 1.80 mm. A universal testing machine (Zwick Z005, 
ZwickRoell GmbH & Co. KG, Germany) was used to record the 
maximum force to calculate the flexural strength using the following 
equation: 

σf =
3F

2πh2

[

(1 − υ)D
2
S − D2

L

2D2 + (1+ υ)ln Ds

DL

]

(6)  

Where σf (MPa) is the equibiaxial strength, F (N) is the breaking load, DS 
and DL are the diameters of the support and the load ring in units mm 
respectively, υ is the Poisson’s ratio and finally D and h are the diameter 
and thickness of the disk specimens in units mm respectively. 

To study the internal structure of the printed disks, cross sections of 
green, solvent and partially debound samples were analyzed using op-
tical microscopy (ZEISS SteREO Discovery.V20, Carl Zeiss Microscopy 
GmbH, Germany). For fractographic analysis selected samples (i.e. 
samples with minimal and maximal strength values) were studied by 
optical and scanning electron microscopy (SEM, VEGA3, Tescan, Czech 
Republic). 

3. Results and discussion 

3.1. Processability of commercial PIM binders 

DSC-TG analysis of thermoplastic binders was used to select an 
appropriate temperature for compounding and extrusion experiments. 
In Fig. 4, these results are presented for the four commercial Embemould 

PIM binder systems. The endothermic peak below 200 ◦C typically 
represents the melting of a specific main thermoplastic component with 
a crystalline or semi-crystalline structure. With this in mind, it is 
assumed that Embemould M binder consists of four main crystalline or 
semi-crystalline thermoplastic components while the others have two 
main components. It is well known from the literature that PIM binder 
systems usually consist of - a backbone polymer with a high molecular 
weight, a wax with a low molecular weight which adjusts the viscosity 
and extracts easily during the first debinding stages and a surfactant to 
bond the ceramics and organics. Considering Embemould binders, a 
melting point between 64 ◦C and 72 ◦C could be detected for all PIM 
binder compositions. For Embemould CC, M and K83G, a second peak at 
110 ◦C could be observed. For the Embemould K84G the second peak 
was identified at 84 ◦C. For the Embemould M the two other endo-
thermal peaks occurred at 125 ◦C and 140 ◦C. For all Embemould 
binders, the mass loss onset temperature, which indicates the start of 
decomposition, is above 180 ◦C. To be able to compare the properties of 
the PIM binder compositions and to minimize the risk of polymer 
degradation during the processing of the zirconia feedstocks, the tem-
perature was set to 140 ◦C for all analyses. 

The equilibrium mixing torque at the end of the compounding pro-
cess and corresponding extrusion pressure for all CIM-based zirconia 
feedstocks are shown in Fig. 5. The torque values at the end of the zir-
conia feedstock compounding process are almost three times higher for 
the Embemould CC and M feedstocks in comparison to the other two 
feedstocks, based on Embemould K83G and K84G which shows the 

Fig. 5. Average equilibrium mixing torque and extrusion pressure recorded 
during compounding and preparation of 0.5 mm zirconia feedstock strands for 
later granulation step, at a constant temperature of 140 ◦C. 

Fig. 6. Apparent flow curve of MEX-AM feedstocks measured using (a) Minilab 
micro compounder and (b) rotational viscometer at 140 ◦C. 
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higher viscosity of the former feedstock compositions. These results are 
in good agreement with the special feature information provided by 
Krahn Chemie (Table 1). For the Embemould M and CC based feed-
stocks, the extrusion pressure data during the fabrication of 0.5 mm 
strands follows a similar trend. While extruding Embemould K83G and 
K84G based feedstocks through a 0.5 mm die, the extrusion pressure 
dynamically increased and at higher pressure, die blockage and binder 
separation from the powder was observed. Therefore, the extrusion data 
for the two later feedstocks are not present in Fig. 5. The observed phase 
separation has been reported for paraffin wax based binder systems 
during the extrusion of fibers with a diameter below 0.5 mm [56]. 
Generally, short-chained dispersants (surfactants) having a hydrophilic 
polar group on one side and a hydrophobic carbon group on the other 
side of the polymeric chain are added to the binder composition to aid 
dispersion of inorganic powders in organic media. For binder composi-
tions containing a high volume of low molecular weight wax-like or-
ganics, it is known that the surface chemistry of the inorganic powder 
can significantly influence the surface adsorption concentration of the 
dispersant [57]. In such systems, a low concentration of dispersant on 
the ceramic powder weakens the chemical bridge between the inorganic 
and organic phases inside the feedstock which can lead to 
phase-separation at high pressure and shear rate generated during the 
extrusion process of thin strands. Similar incompatibility can be realized 
for the Embemould K83G and K84G binders and the zirconia powder 

used in this study. To reduce the extrusion pressure and the phase sep-
aration in these feedstocks, using an extrusion die with a larger orifice 
can be a solution. However, it was observed that using larger pellet size 
resulted in feeding problems of the screw-extruder based printing head. 
It is worthwhile to mention that the phase separation problem could also 
take place during the 3D printing process which will result in delami-
nation of the layers during the debinding process. Therefore the K83G 
and K84G binder compositions were not further investigated in this 
study. 

3.2. Flow behavior of MEX-AM ceramic feedstock 

The flow behavior of the MEX-AM zirconia feedstocks was investi-
gated by the Minilab at 140 ◦C (Fig. 6a). Only for the Fabru-F material, a 
shear-thinning could be observed, as expected. The shear-thinning 
behavior of the Embemould M and CC based feedstocks slightly occurs 
at an apparent shear rate above 40 s− 1. Surprisingly, for the EmK83G-P 
and EmK84G-P feedstocks a shear thickening behavior was detected by 
the rheological analysis with the Minilab. As explained earlier, these 
binder compositions are supposed to have a high content of wax-like 
organics. Phase separation can cause migration of particles to the cen-
ter of the channel leaving a narrow layer of a low viscosity polymer 
between the feedstock and the wall. This layer can act as a lubricant 
causing slipping at the feedstock-wall interface. This phenomenon 

Fig. 7. Cross section of Fabru-F printed disks using a filament based print head in two view angles (i.e. 0◦ and 90◦) when (a) static infill and (b) dynamic infill 
approaches are used for printing, (c) top surface of a printed disks using optimized dynamic infill parameters. 
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which is known as wall-slip effect reduces the shear rates at feedstock- 
wall interface causing non-laminar flow dynamics. In such cases, the 
use of equations developed for the slit die rheology measurements can 
result in significant error for the viscosity since having a laminar flow is 
a basic assumption in such analysis. 

To demonstrate that shear thickening can be caused by phase sepa-
ration, rheological analyses were investigated by rotational plate-plate 
configuration at low shear rates (>1 s− 1) [58] (Fig. 6b). For shear 
rates between 0.1 s− 1 – 1 s− 1, all feedstocks show a clear shear thinning 
behavior (Fig. 6). At shear rates close to 1 s− 1 the EmM-P feedstock 
shows a higher viscosity in comparison to the EmCC-P. This is in good 
agreement with the torque and extrusion experiments presented in 
Fig. 5. However, for the EmK83G-P and EmK84G-P feedstocks, an un-
expected high viscosity was measured. We assume, that during the 
sample preparation for the plate-plate analysis, phase separation 
occurred which result in an incorrect rheological behavior based on a 
change in the binder composition. 

3.3. Optimizing the printing process 

Different printing heads (i.e. filament and pellet based printing 
heads) for material extrusion additive manufacturing of disk shaped 

samples were used. On one hand, the extruded strands of all feedstocks 
based on commercial PIM binder compositions were too brittle to be 
printed with a filament based printing head, therefore, they were 
chopped into pellets and printed using a pellet based printing head. On 
the other hand, the chopped commercial filament could not be printed 
on a pellet based printing head due to the sticking and bridging of pellets 
in the hopper zone. This can be explained by the heat transfer from the 
printer heat block to the hopper zone by the metallic screw extruder. 
Therefore, filament based printing head was selected to print disks with 
commercial Fabru zirconia filament and to compare with pellets printed 
disks. As discussed elsewhere [46], dynamically changing the infill 
approach was used to avoid over and under-extrusion inside the printed 
ceramic disks. By this approach, printing defects can be avoided but the 
surface is still too rough for mechanical testing and surface defects will 
dominate the mechanical properties of the sintered ceramic material 
[46]. 

In Fig. 7, the influence of using static and dynamic infill approaches 
in Fabru-F printed samples are shown. Increasing the infill value by 
adjusting the extrusion multiplier within the print settings, results in 
smaller gaps between the deposited strands (Fig. 7a), however, a decay 
in the top surface quality due to the pile-up of over extruded material 
can be observed. Using the dynamic infill approach, high density with 
minimal pile-up effect on the surface could be achieved, nevertheless, 
the surface still needs to be ground before mechanical testing (Fig. 7b 
and c). 

Unfortunately, the dynamic infill approach could not be applied to 
the pellet based printing head setup successfully and a constant extru-
sion multiplier for the printing of zirconia disks was used. To achieve 
dense structure inside the printed parts, over-extrusion was used and the 
piled-up material parts were removed after partial debinding processing 
step, as described in the experimental part. The difficulty in using the 
dynamic infill approach for pellet based printing heads might be related 
to the flow and feeding behavior of the pellets in the hopper section. 
Using micro pellets (diameter < 1 mm), flow and feeding behavior could 
be improved significantly, however, pellets produced by crushing 
extruded strands are not round (high aspect ratio) and inhomogeneous 
length distribution might result in a nonlinear material output with 
respect to the rotation speed of the pellet head screw. 

Pellet based material extrusion additive manufacturing has not been 
investigated in detail, therefore, to further study the flow behavior 
during the printing process and to be able to select an appropriate 
printing temperature, the extrusion outputs at three different nozzle 
temperatures and six different feed rates were investigated and the re-
sults are present in Fig. 8. For these experiments the EmCC-P feedstock 
was selected. At low feed rates the slops (i.e. delta extrusion output / 
delta feed rate) seems to be slightly higher in comparison to high feed 
rates. This behavior can be observed in the production of tubes, hollow 

Fig. 8. Influence of feed rate and nozzle temperature on the extrusion output 
during pellet printing of EmCC-P feedstock. 

Fig. 9. a) Variation of extrusion output during different printing days (green bars) and the calculation of the "new" equivalent extrusion multiplier (blue bars) to 
achieve a dense printed structure, b) cross section of printed disks using "Day 1" extrusion multiplier of 6.1. 
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filaments, and honeycombs by ceramic extrusion processes. At high 
extrusion feed rates, the pressure raise in the extruder barrel is more 
dominant leading to the contribution of higher leakage flow. It is well- 
known from the polymer extrusion industry that leakage flow can 
reduce the pumping capability of a screw, leading to less extrusion 
output [59]. 

The extrusion output results show that high nozzle temperature is 
associated with low extrusion output. It is known from the literature 
[60] that the leakage flow will increase by decreasing the viscosity of the 
feedstock. As the viscosity of thermoplastic ceramic feedstocks decreases 
by increasing the temperature, higher leakage flow resulting in lower 
output at higher nozzle temperatures can be expected. In addition, due 
to the short screw length of the extruder head, the granules will partially 
melt close to the area of the hopper due to the higher temperature of the 
extruder barrel. This will result in clogging of material close to the 
hopper which will result in a lower extrusion output. From these results, 
it can be realized that using an identical extrusion multiplier for all 
nozzle temperatures will result in under-extrusion and appearance of 
internal voids. In Fig. 8, gaps between the printed lines can be noted in 
the cross section of samples printed at higher nozzle temperatures. 

For pellet printing, the nozzle temperature and the bed temperature 
were adjusted to 140 ◦C and 90 ◦C, respectively. According to the power 
limitation of the screw extruder stepper motor, stable printing at 120 ◦C 
was insufficient. Initial disks were printed using different extrusion 
multipliers in the print settings while other print parameters were kept 
constant. For the printing, a 0.8 mm brass nozzle was used and the 

following print parameters were adjusted: Extrusion width of 1.0 mm, a 
layer height of 0.4 mm, an outline overlap of 25%, and a printing speed 
of 10 mm/s. Considering the optical microscopy studies on the cross 
section of the green printed disks and the surface roughness after 
printing, an extrusions multiplier of 6.1 resulted in void-free internal 
structure with an acceptable surface at 140 ◦C. 

As shown in Fig. 9, a constant extrusion multiplier did not result in a 
constant extrusion output in consecutive printing days. The hatched 
blue and green bars represents the extrusion multiplier (i.e. 6.1) and the 
related extrusion output (i.e. 0.44 g/min) respectively, adjusted at "Day 
1" printing experiments. The solid green bars shows the extrusion output 
in the next days when extrusion multiplier was set to 6.1, similar to "Day 
1" experiments. However, a lower output was measured in the next day 
experiments. To achieve similar extrusion output as "Day 1" experi-
ments, the extrusion multiplier for the next days (Fig. 9a blue bars) was 
adjusted as follow to achieve a similar extrusion output. First, using Eq. 
(1) a feed rate was calculated for the "Day 1" extrusion multiplier. Using 
this feed rate and the constant E250 inside the G-code command (Eq. 5), 
0.44 g/min output could be achieved. Then, the constant G-code com-
mand and the initial feed rate was used to measure the extrusion output 
on each day (Fig. 9a green bars). Afterward, the feed rate was adjusted 
according to Eq. (6) to obtain 0.44 g/min output by changing the 
extrusion multiplier. Later the calculated extrusion multiplier (Fig. 9a 
blue bars) was used in the printing parameters.   

Fig. 10. Optical microscopy on the cross section of (a) acetone debound Fabru-F disks, (b) water debound EmCC-P disks, (c) partially thermal debound Fabru-F disks, 
(d) partially thermal debound EmCC-P, (e) acetone debound EmM-P disks, and (f) isopropanol debound EmM-P disks. 
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The resulted material output and the "new" extrusion multiplier to 
achieve similar output and therefore dense structures are shown in 
Fig. 9a (blue bars). 

3.4. Debinding performance and densification 

After solvent debinding of Fabru-F disks, no delamination or wrap-
ping was visible (Fig. 10a). Similar results were obtained for solvent 
debinding of EmCC-P disks (Fig. 10b). However, in comparison to the 
Fabru-F samples, the printed layers are visible in the EmCC-P sample. 
After partial debinding, in both samples layer structure became visible 
(Fig. 10c and Fig. 10d). 

In contrast to the Fabru-F and EmCC-P samples, the disks printed 
with Embemould M binder composition (EmM-P) delaminated 
completely in acetone and isopropanol (Fig. 10e and Fig. 10f). As the 
integrity of these disks was lost after solvent debinding, printed samples 
with this PIM binder composition were not used for further studies. 

In addition to the optical analysis, the weight loss after each 
debinding process was investigated. As shown in Fig. 11a, the pressed 
samples showed 3.5 ± 0.01 wt% of mass loss after sintering. This weight 
loss is associated with the organic binder used in the initial ready-to- 
press powder to facilitate the shaping process. As expected, a higher 
mass loss can be noted for the printed samples which is related to the 
higher amount of organics used in the feedstocks to enable thermo-
plastic processing. EmCC-P printed samples showed always a slightly 
higher weight loss in comparison to the Fabru-F samples printed with 
Fabru Filaments. A small difference can be noted in the total mass loss 
after sintering, due to the slightly higher zirconia powder loading in the 
Fabru filaments. DSC-TG analysis presented in Fig. 12, confirms a lower 
binder content for the Fabru filaments. 

Measuring the diameter and thickness of the disk samples in green 
and sintered states enabled the calculation of the shrinkage which is 
presented in Fig. 11b. As already discussed above, the higher shrinkage 
of the EmCC-P samples can be explained by the lower powder loading of 

Fig. 11. (a) Weight loss after solvent and partial debinding, as well as after 
thermal debinding and sintering processing step; (b) shrinkage and density of 
CIP and 3D printed samples after sintering. 

Fig. 12. DSC-TG analysis before and after solvent debinding processing step of 
(a) Fabru zirconia filaments and (b) Embemould CC based zirconia feedstock 
with a heating rate of 5 K/min and a dynamic synthetic air flow rate of 
70 ml/min. 

Ext. Multi. (Day x) =
Ext. Multi (Day 1) × Extrusion output (Day x)

Extrusion output (Day 1)
(7)   
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the pellets, in comparison to the Fabru filaments. Considering the 
shrinkage values in z- (thickness) and x-y (diameter) direction, the cold 
isostatic pressed samples show similar behavior, as expected. For the 
MEX-AM fabrication of the zirconia disks the shrinkage in z-direction 
and the diameter was different. Similar behavior could be observed by 
Conzelmann et al. [61]. The particle orientation during the 3D printing 
process is not a new phenomenon. In all shear related shaping processes 
this phenomenon can occur [62–64]. Interestingly, EmCC-P samples 
show a higher shrinkage in x-y-direction. After solvent debinding, in 
those samples insufficient fusing between the printed layers could be 
observed (Fig. 10a). The insufficient fusing will cause a lower shrinkage 

in z-direction, which will result in a lower density (Fig. 10a). 
Sintered density values obtained by Archimedes method showed that 

a density of 6.07, 6.01, and 5.62 g/cm3 could be obtained for the press- 
CIP samples and the 3D printed samples made by Fabru filaments and 
Embemould CC binder composition, respectively. 

In the Fig. 12 the DSC-TG results of the Fabru-F and EmCC-P zirconia 
feedstocks are shown. A lower mass loss for the Fabru-F shows a higher 
zirconia powder content, in comparison to the EmCC-P feedstock, as 
mentioned before. For better understanding, both zirconia feedstocks 
were investigated before and after the solvent debinding step. During 
the solvent debinding process, 6.06% and 6.95% mass could be removed 

Fig. 13. Weibull plots of the ring-on-ring strength analysis with 90% confidence interval lines (red dotted lines) for (a) CIP-disks with 1.5 mm thickness, (b) CIP-disks 
with 1.8 mm thickness, (c) disks printed with Fabru filaments and (d) disks printed with a feedstock, based on Embemould CC binder composition. The N, σ, m, Cu 
and Cl represent the number of samples, characteristic strength, Weibull modulus, upper limit of confidence interval and lower limit of confidence interval, 
respectively. 

Fig. 14. Image analysis of ring-on-ring crack pattern on disks printed with Fabru filaments (Fabru-F) (a,c) and disks printed with Embemould CC-based feedstock 
pellets (EmCC-P) (b,d). Images (a) and (b) are the samples with the highest biaxial strength and the images (c) and (d) are the samples with the lowest 
biaxial strength. 
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for the Fabru and Embemould based thermoplastic feedstocks, which 
results in a total binder removal of 36 and 39 wt%, respectively. In 
addition, it could be observed, that the onset and offset temperature for 
the binder decomposition differ for the two different feedstock and 
before and after solvent debinding step. The binder decomposition starts 
and ends up earlier for the EmCC-P feedstocks, without solvent 
debinding. After solvent debinding the decomposition of the binder 
starts at a higher temperature for the Fabru-F and EmCC-P zirconia 
feedstock. It can be assumed that the soluble part for both thermoplastic 
feedstocks decomposes at a lower temperature. Interestingly, for the 
Fabru feedstock the offset temperature of the binder decomposition can 
be lowered by 60 k, which is a benefit for the debinding and sintering 
processing step. 

3.5. Mechanical analysis and fractography 

In Fig. 13, the results of the mechanical ring-on-ring test for several 
sintered, disk-shaped samples are presented. According to ASTM C1499 
flatness criteria (i.e. a maximum of 0.1 mm warpage in 25 mm length), 
all disks were defined as flat samples. For each analysis, the number of 
specimens, Weibull modulus, characteristic strength and 90% confi-
dence interval are reported in the graphic. Regardless of the 
manufacturing process, a low Weibull modulus (3 <m<5) was obtained 
for all samples which can be related to a non-deliberate error in the 
measurement setup and a slight warpage of disks samples after sintering 
(<0.09 mm in 25 mm). Using ring-on-ring setup for ceramic materials 
provides some benefits over other strength measuring tests like the 
presence of biaxial loading instead of uniaxial loading which is more 
representative of real-world load regimes. However, the strength results 
are highly influenced by the conditions of the test setup. For instance, a 
concentric misalignment of about 1% between the loading and support 
ring can cause a deviation of about 2% in the strength results [65]. 
Moreover, the friction between the specimen and the loading fixture and 
the type of intermediate layer used to minimize this friction can cause 
some deviations in the obtained results [55]. Aside from errors origi-
nating from the test setup, due to the lengthy contact between the 
loading fixtures and the specimen surface, point contacts along the two 
surfaces are possible and immature failures and underestimation of the 
mechanical properties occur. Staudacher et al. showed that a waviness 
as small as ± 5 µm on the loading ring is enough to introduce an uneven 
load application on a few contact points. Their finite element studies 
showed that the stress concentrations at the load ring can rise to 118% in 
a pointwise load introduction. This shifts the position of the fracture 
origin from the center of the specimens to the areas near the loading ring 
[66]. From the ring-on-ring crack patterns presented for the 3D printed 
samples (Fig. 14) the origins of these cracks are close to the loading ring 
which emphasizes the high-stress concentrations in this area and ex-
plains the low values of obtained Weibull modulus. 

For the 1.5 mm and 1.8 mm thick CIP disks no conclusion on the size 

effect can be drawn due to the overlapping of the confidence intervals 
(Fig. 13a and b). A significant difference in the mechanical strength for 
the CIP samples and the Fabru-F samples cannot be observed too, but, a 
slightly lower strength was expected, due to the density measurements 
shown in Fig. 11b. However, a clear deterioration of biaxial strength is 
visible for the EmCC-P printed samples. 

For fracture analysis, 3D printed samples with the highest and the 
lowest biaxial strength were selected. Comparing the ring-on-ring crack 
patterns according to the ASTM guidelines [55], a high energy and a low 
energy failure can be observed for the Fabru-F (Fig. 14a) and EmCC-P 
printed disks (Fig. 14b) respectively. The fractography analysis on the 
weakest EmCC-P printed sample (Fig. 14d and Fig. 15b) shows delam-
ination between the printed layers. This confirms the previous results on 
solvent debound samples. However, no sign of delamination was 
detected for the Fabru-F samples after sintering (Fig. 14c and Fig. 15a). 

4. Conclusion 

Powder injection molding commercial binder compositions were 
used to prepare feedstocks with 45 vol% ceramic powder loading for 
MEX additive manufacturing of zirconia samples. Due to the lack of 
flexibility in the ceramic strands, a screw-based printing head was used 
to fabricate dense disk structures for mechanical ring-on-ring analysis. 
For comparison, disks printed with commercial Fabru zirconia filament 
and cold isostatic pressed disks using ready-to-press zirconia powder 
were investigated. 

From the four selected commercial CIM binder compositions, the 
feedstocks based on Embemould K83G and Embemould K84G showed 
phase separation during processing steps. Therefore, only the Embe-
mould CC and Embemould M based pellets were used for 3D printing 
experiments. The setting of feed rate for screw-based printing heads 
significantly differs from filament-based printing heads. Therefore, 
printing parameters were investigated using feedstock based on Embe-
mould CC binder composition. It can be summarized that the slope at 
low flow rates is higher than for higher ones. It could also show, that a 
higher temperature will result in lower material output due to higher 
leakage flow and bridging of partially melted feedstock pellets near the 
hopper area. Finally, it could be demonstrated that material output 
value can be kept constant even for low-cost commercial pellet extruders 
by adjusting the multiplier before printing parts. 

During solvent debinding, due to the delamination of the printed 
layers the integrity of the printed disks based on Embemould M binder 
composition was destroyed. Accordingly, those samples were not further 
investigated. Using post printing process based on solvent debinding, 
partial debinding, thermal debinding and sintering, zirconia disks could 
be successfully manufactured without the introduction of cracks and 
blisters. Different mass loss and shrinkage experiments confirmed, that 
the ceramic powder content in Fabru filaments was higher in compari-
son to feedstock fabricated by Embemould CC binder composition. DSC- 

Fig. 15. Scanning electron microscope pictures showing the fracture surface of (a) Fabru-F and (b) EmCC-P samples having the lowest biaxial strength after the ring- 
on-ring measurments. 
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TG analysis showed a slightly higher powder loading and a higher 
binder removal during solvent debinding for Embemould based feed-
stocks compared to Fabru feedstock. 

For mechanical ring-on-ring analysis, a low Weibull modulus was 
measured for all pressed and printed disks. This phenomenon is well 
known in literature and is mainly related to the setup and the surface 
roughness of the samples. However, CIP and 3D printed disks fabricated 
with Fabru filaments resulted in similar biaxial strength values. The 
slightly lower sintered density could explain the tendency to lower 
strength values for the 3D printed samples. Delamination effects that 
have already been observed during the debinding process resulted in a 
significantly lower sintered density and biaxial strength for the samples 
fabricated with Embemould CC binder composition. 

The fractography studies showed that the origin of failures are 
located close to the loading ring area indicating uneven stress distri-
bution on the sample surface during the ring-on-ring measurements. We 
assume that this uneven stress distribution causes the low Weibull 
modulus for all tested samples. SEM fractography on sintered samples 
fabricated with Embemould CC binder composition confirmed the poor 
fusion between the printed layers and the origin of the crack initiation; 
the main reason for inferior mechanical performance. We can conclude 
that commercial CIM binder composition can be used for the MEX-AM 
ceramic feedstock fabrication. However, a lower mechanical strength 
in comparison to conventionally shaped ceramics should be expected. 
This effect can be avoided by tailoring the CIM binder composition to 
achieve a better fusion during the printing process. 
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