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A B S T R A C T   

Droplet deposition with material-jetting methods such as thermoplastic 3D printing (T3DP) depends greatly on 
the rheological properties of the feedstocks. This study investigated the effect of particle interactions and the 
degree of weak flocculation on the shear thinning behaviour, the yield stress and the storage/loss moduli of 
paraffin-wax-based feedstocks containing 40 vol% of zirconia (3Y-TZP) micron-sized powder. Steric stabilization 
of the feedstocks was provided by varying the ratios of the surfactants with different chain lengths, i.e., stearic 
acid (2.4 nm) and Solsperse 3000® (10 nm), which in turn affected the dynamics of the droplet formation and 
the quality of the layers when jetting non-Newtonian, thermoplastic ceramic feedstocks. The results of the study 
extend the guidelines for the processing of printable feedstocks used in T3DP additive manufacturing.   

1. Introduction 

Thermoplastic 3D printing (T3DP), also referred to as multi-material 
jetting [1], is a drop-on-demand material-jetting technology where a 
wax-based thermoplastic suspension (referred to as the feedstock) [2] 
consisting of sterically stabilized ceramic particles is deposited in the 
form of micron-sized droplets with a controlled frequency and a reso-
lution superior to fused-deposition modelling, but inferior to 
lithography-based additive manufacturing [3,4]. During the deposition 
the droplets fuse and solidify to form lines that further fuse to form the 
layers of a ceramic green body, where the infill strategy can affect the 
final properties of the parts [5]. A high solids loading (>40 vol%) of the 
feedstock is required to ensure high green densities with minimal 
shrinkage and porosity after the thermal debinding and sintering pro-
cesses [6–8]. 

During T3DP, droplets of feedstock are extruded under the high 
shear rates present at the nozzle (105 s-1) in a piezo-activated printhead 
[9] [10]. According to Weingarten et al. [11] the feedstock should 
exhibit a shear thinning behaviour with viscosities below 100, 20 and 
1 Pa⋅s for shear rates below 10, 100, and 5000 s-1, respectively. The 
improper feedstock composition and its rheological behaviour (and/or 
printing settings) would result in flaws such as continuous flow, 

sputtering or collecting on the nozzle [12]. 
The flow behaviour of ceramic suspensions is governed by the 

colloidal interparticle interactions determined by the solids loading, the 
amount of surfactant and the length of its chain. Similar to T3DP, for 
low-pressure injection molding (LPIM), wax-based ceramic feedstocks 
with a low viscosity are used [13]. These LPIM feedstocks are known to 
have weakly flocculated particles and a consequential yield point 
behaviour [14] required for shape stability during debinding [15]. It 
was shown for paraffin-wax-based feedstocks with a high solids loading 
of A16 alumina, used for LPIM applications, that they had yield stress 
values of 100–200 Pa at 70 ◦C [14]. The dependence of the yield stress 
on the chain length of the surfactant for feedstocks with 47 vol% of 
solids loading of A16 powder, used for LPIM applications, was also 
shown where surfactants with C12 resulted in a yield stress of 500 Pa, 
and feedstocks with C18 had a yield stress below 100 Pa [16]. 

Stearic acid is commonly used as a surfactant for the dispersion of 
oxide particles [7], due to its ability to attach to the surface of the 
particle with a polar group (COOH-) while a non-polar hydrocarbon tail 
spreads into the binder [17], forming a steric barrier [14,16,18]. How-
ever, such a barrier is insufficient to ensure complete steric stabilization 
due to its short chain length, and at zero-to-low shear rates the particles 
are weakly flocculated at the secondary minimum [19]. The strength of 
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the particle network and consequently the value of the yield point [34] 
are dependent on many factors such as the length and amount of the 
surfactant, the solids loading, the particle size and the temperature [13, 
14,16]. 

While existing knowledge about the preparation and properties of 
feedstocks for LPIM applications can serve as a guideline for the feed-
stocks used in T3DP, the exact feedstock composition and the degree of 
weak flocculation can vary due to different process specifics. Namely, 
during LPIM, the molten feedstock is directly filled into the mould with 
the help of an applied pressure. In T3DP, however, the feedstock un-
dergoes several stages of droplet jetting, i.e., extrusion, deposition and 
solidification, where it is subjected to large variations in shear rates and, 
thus, in the rheological behaviour. Additionally, a decrease in the 
feedstock temperature occurs, after being extruded from the hot nozzle, 
while airborne and deposited on the cooler print bed, where the droplet 
finally solidifies. 

The present study aimed to investigate the relationships between the 
degree of weak flocculation and the rheological behaviour on the 
printability of feedstocks used for T3DP applications. For this purpose, 
paraffin-wax feedstocks containing zirconia powder dispersed with 
different ratios of stearic acid and Solsperse 3000® (exhibiting a 4- 
times-longer chain length) were prepared. The rheological properties 
of the feedstocks (shear thinning behaviour, yield stress, storage and loss 
moduli) were investigated to establish their effect on the droplet for-
mation and the outcome of the printing. Single layers were printed and 
characterized for surface roughness, which served as an indicator of the 
resolution that could be achieved with each feedstock. In this context 
our research was able to provide insights into the characteristics and 
printing behaviour of non-Newtonian fluids such as paraffin-wax-based 
zirconia feedstock used for material jetting. 

2. Materials and methods 

2.1. Materials 

Yttria-stabilized zirconia powder (TZ-3YS-E, TOSOH, Japan) was 
employed in this study. According to the manufacturer’s specifications it 
has a specific surface area and a crystallite size of 7 m2/g and 90 nm, 
respectively. The particle size distribution was determined with a laser 
scattering device (HORIBA LA-920 HORIBA) and by dispersing a small 
amount of powder into the measuring cell containing distilled water and 
Dolapix CE64 as a surfactant. Prior to measurement, a 3-minute ultra-
sonic treatment with 60 % amplitude was applied to break the ag-
glomerates. This was followed by a 5-minute ultrasonic treatment 
during the measurement. 

Paraffin wax (Sigma-Aldrich, LOT no: MKCN8112) with a melting 
point of ≥65 ◦C was used as a thermoplastic solvent. Stearic acid (SA), 
(C17H35-COOH), (Sigma-Aldrich, Missouri, United States), with a chain 
length of 2.4 nm [20], and hyperdispersant Solsperse 3000® (S3), 
(C90H172O10), (Lubrizol, Ohio, United States), with a chain length of 
10 nm [21], were used as the surfactants. 

2.2. Feedstocks 

The feedstocks were prepared by manually mixing the required 

amounts of surfactants in the molten paraffin wax at 100 ◦C. Once the 
surfactant was dissolved in the wax, zirconia powder, which was dried 
for 2 hours in an oven at 120 ◦C, was gradually added to the mixture 
while the mixing continued. The feedstocks were homogenised by 
passing them three times through a three-roll mill (EXAKT 3-roll mill 
80E, EXAKT Advanced Technologies GmbH, Norderstedt, Germany) at 
80 ◦C and 300 rpm. The feedstocks used for the characterisation and 
printing contained 40 vol% of solids loading. The optimal amounts of SA 
and S3, as determined by flow-curve measurements (see Section 2.3), 
were 1.25 and 2 mg/m2, respectively. The surfactant ratios used to vary 
the extent of weak flocculation are presented in Table 1. 

The interparticle net potentials were calculated for the case of zir-
conia particles of 340 nm when dispersed with SA or S3 using the 
Hamaker 2.2.2 program [22]. The Bergström model was used with a 
Hamaker constant of 3.39 ×10-20 J (in paraffin wax), a dielectric con-
stant of 2.25, and a density of 0.9 g/cm3 for the paraffin wax. 

TG/DTA was performed using a Jupiter 449 simultaneous thermal 
analysis (STA) instrument (Netzsch, Selb, Germany) coupled with a 
403 C Aëoloss mass spectrometer (Netzsch, Selb, Germany) for the 
analysis of the gases produced when heating the samples in Al2O3 (TG/ 
DTA) crucibles with a heating rate of 10 ◦C/min in an argon/oxygen 
(80/20) atmosphere. 

2.3. Rheological characterisation of feedstocks 

A rheometer (Physica MCR 301, Anton Paar GmbH, Graz, Austria) 
was used to evaluate the rheological properties of the feedstocks. A 
cone-plate measuring system with a 25-mm diameter and an angle of 
1.994◦ was used to avoid slipping. 

The effect of the dispersant ratio of SA and S3 on the viscosity of the 
feedstock, to determine the optimal concentration used (Table 1), was 
measured on feedstocks with 35 vol% solid loading of zirconia and 
varying amounts of each dispersant (0.75− 5 mg/m2). The viscosity of 
the feedstocks was measured at 100 ◦C, with 60 points per interval, 
measured in 60 seconds with a shear-rate range of 0.01–1000 s-1. The 
results obtained at a shear rate of 0.1 s-1 were plotted. 

Prior to all the viscosity and yield stress measurements, the feed-
stocks were pre-sheared at 50 s-1 for 5 minutes at 100 ◦C, which was 
followed by a 5-minute rest step at 100 ◦C. The flow-curve behaviour of 
the feedstocks was determined by measuring the viscosity during the 
increase and immediate decrease (cycle) of the shear rate in the range 
0.1− 1000 s-1. The temperature was held constant at 100 ◦C while 41 
points per interval were measured. The measurements of each data point 
were made every 5 seconds at low shear rates and every 1 second at high 
shear rates. For each feedstock, three cycles were performed to check the 
repeatability. 

For the yield stress measurements, the shear stress was increased 
from 0.01–1000 Pa while a data recording of shear strain was done with 
one data point per second. The presence of a sharp increase in the shear 
strain indicated the yield point of a certain feedstock. 

The data obtained from the viscosity measurements were analysed 
using the Herschel–Bulkley [23,24] model. The model describes the 
dependence of the shear stress on the shear rate of the feedstock, ac-
cording to the equation: 

τ = τ0 +Kγ̇n (1)  

in which τ is the applied stress, γ̇ is the shear rate, τ0 is the yield stress, K 
is the consistency coefficient (also referred to as “Herschel–Bulkley 
viscosity”), and n is the flow behaviour index, with n < 1 for pseudo-
plasticity [25]. The fitting of the model curve (maximization of R2 value) 
to the experimental data was performed with OriginPro® software using 
the Levenberg–Marquardt algorithm for nonlinear curve-fitting. 

The storage and loss moduli of the feedstocks were evaluated. 
Feedstocks were pre-sheared at 50 s-1 for 5 minutes at 100 ◦C, which was 
followed by a 1-minute rest at 100 ◦C. Measurements were made at a 

Table 1 
Compositions of feedstocks with different surfactant ratios.  

Feedstock Powder loading SA S3 SA/S3 ratio  
vol% mg/m2 mg/m2  

100 SA 40 1.25 0 100/0 
15 S3 1.06 0.3 85/15 
25 S3 0.93 0.5 75/25 
50 S3 0.625 1 50/50 
75 S3 0.31 1.5 25/75 
100 S3 0 2 0/100  
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constant shear strain of 1 % and a frequency of 1 Hz. A measuring step of 
1 min per point was used from 100 ◦C to 65 ◦C with 5 ◦C intervals. Below 
65 ◦C it was not possible to perform measurements as all the feedstocks 
were already solidified. 

For the calculations of the Reynolds (Re) number, viscosity values at 
a shear rate of 10 s-1 and 100 ◦C were used. The jetting velocity was 
calculated using the needle radius (0.75 mm), nozzle diameter 
(200 µm), nozzle taper angle (90◦), and needle speed (0.0144 m/s), 
following the equation previously defined in the literature for the 
calculation of droplet velocity [41]. Density values were taken as 
2955 kg/m3 for all the feedstocks, considering that the changes in the 
starting composition were minor and the densities of the used surfac-
tants were comparable. 

2.4. Feedstock extrusion by droplet jetting via T3DP 

The feedstocks were deposited in the form of droplets using a micro- 
dispensing system (VERMES Microdispensing GmbH, Holzkirchen, 
Germany) attached to a 3D printer (HAGE3D 140 L, HAGE3D GmbH, 
Graz, Austria). A distance of 1.5 mm between the nozzle (with a diam-
eter of 200 µm) and the print bed, as was previously recommended for 
drop-on-demand material-jetting systems, was employed [26]. A rising 
time (RT) of 7 ms, an open time (OT) of 0 ms, a falling time (FT) of 
0.32 ms, a delay time (DT) of 10 ms, and a needle lift (NL) of 50 % were 
kept constant, which resulted in a deposition frequency of 57.7 Hz. The 
applied pressure at the cartridge was 1 bar. The nozzle and cartridge 
temperatures were set to 100 ◦C, while the travel speed of the nozzle 
head in the x and y directions was set to 100 mm/s, to allow for the 
observation of individual droplets. 

Single-layer squares were printed for each feedstock, to observe the 
layer consistency and surface properties. For the printing of single 
layers, the same printing parameters as the printing of droplets were 
used. In this case, the travel speed was reduced, based on the droplet 
diameters, to ensure a droplet fusion of 50 % to ensure the deposition of 
lines and layers. 

Printed green bodies with complex geometries were thermally wick- 
debinded in an alumina nanopowder (Sigma Aldrich) bed at 270 ◦C in a 
low-temperature furnace. Sintering was performed at 1450 ◦C for 
2 hours in air in a high-temperature furnace. 

2.5. Characterisation of printed droplets and single layers 

The droplet-jetting process was recorded with a high-speed camera 
(Photron FASTCAM Mini UX100) using a frame rate of 20,000 fps, a 

shutter speed of 1/frame sec and resolution of 1280 ×248. The images 
were processed with Photron FASTCAM Viewer 4 software. A stereo-
microscope (Discovery V8 - Carl Zeiss AG, Jena, Germany) and an op-
tical microscope (Zeiss Axio Imager Z1m, Carl Zeiss AG, Jena, Germany) 
were used to observe the quality of the droplets and to measure their 
dimensions. The diameter of the droplets in the direction of printing 
(d//) as well as in the direction perpendicular to the printing direction 
(d⟂) were measured. The surface roughness of the printed single layers 
was measured using a profilometer (DektakXT stylus, Bruker, USA) with 
a 2-µm radius tip and a load of 1 mN. The resolution of 1 µm in the y 
direction was used to prepare images of 2 ×1 mm2. 

3. Results 

3.1. Feedstock composition and thermal stability 

The zirconia powder used in this study had a narrow particle size 
distribution (d50 = 0.34 μm) free of large agglomerates (Supplementary 
Figure S1a), also seen in Supplementary Figure S1b. The ceramic pow-
ders containing paraffin-wax slurries were in solid form at room tem-
perature. Due to their thermoplastic behaviour, temperatures up to 100 
◦C were employed for their melting, characterization and deposition. 
According to the TG/DTA analysis, the melting temperature of the 
paraffin wax is ~65 ◦C (Supplementary Figure S2a), which is in accor-
dance with the information provided by the manufacturer. The organic 
components were all stable up to ~200 ◦C, after which their decom-
position begins. The melting behaviour of all the feedstocks was similar, 
regardless of the binder composition (Supplementary Figure S2b). 

3.2. Rheological properties of feedstocks 

To evaluate the effect of the surfactant concentration on the viscos-
ity, feedstocks containing 35 vol% of ZrO2 powder were prepared with 
various amount of surfactant added (Fig. 1a). In the case of SA, the 
lowest viscosity of 45 Pa⋅s at a shear rate of 0.1 s-1 was achieved when 
1.25 mg/m2 of SA was used. In the case of S3, a sharp decrease in the 
viscosity was observed when increasing the S3 concentration to 
1.25 mg/m2, similar to SA. In contrast to the latter, this was followed by 
a gradual viscosity decrease when increasing the S3 concentration to 
2 mg/m2 (recommended amount by the manufacturer), where the 
measured viscosity was 1.5 Pa⋅s. Afterwards, the viscosity was insensi-
tive to any increase in S3, being around ~1 Pa⋅s. 

The effect of solids loading on the viscosity of the feedstocks with a 
constant amount of surfactant was studied by gradually increasing the 

Fig. 1. a) Effect of surfactant amount on the viscosity of feedstocks containing 35 vol% zirconia, b) Effect of solids loading on the viscosity of the investigated 
feedstocks with optimal amount of surfactant (e.g., 1.25 mg/m2 and 2 mg/m2 for SA and S3, respectively). 
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solids loading from 35 vol% to 45 vol% (Fig. 1b). Feedstocks containing 
50 vol% of solids could not be mixed successfully. As expected, an in-
crease in the viscosity was observed when the solids loading was 
increased; however, different flow behaviour was observed for the sus-
pensions stabilized with SA or S3. For the feedstocks dispersed with 
1.25 mg/m2 of SA, a discontinuous, non-monotonous flow behaviour 
was observed. At shear rates greater than 1 s-1 the flow deviated from 
the pseudoplastic, shear-thinning towards dilatant behaviour (Fig. 1b). 
The higher the concentration of SA, the more pronounced the non- 
monotonous discontinuity. The shear thickening behavior was fol-
lowed by a second shear-thinning region at higher shear rates 
(>10− 30 s-1) that continued until the end of the measurement range 
was reached. 

Feedstocks containing 2 mg/m2 of S3 exhibited a less distinct shear- 
thinning behaviour with lower viscosity values at low shear rates. For 
feedstocks containing 45 vol% of solids loading a pseudo-Newtonian 
behaviour was observed at low shear rates, which gradually transi-
tioned to shear thinning > 10 s-1. 

The rheological properties were measured for feedstocks with a 
combination of SA (2.4 nm) and S3 (10 nm) in different ratios (Table 1). 
Based on the results presented above a solids loading of 40 vol% was 
selected, as it was characterized by rheological properties in the 
acceptable range that was previously defined [11]. 

The flow of the majority of feedstocks exhibited a pseudoplastic 
shear thinning behaviour (Fig. 2a), where the overall viscosity decreased 
when the surfactant ratio favoured the S3. For feedstocks dispersed 
primarily with SA, i.e., 100 SA and 15 S3, a discontinuous, non- 
monotonous flow behaviour was observed, as described above for sus-
pensions containing SA. For feedstocks with less than 75 % of SA, a 
continuous shear thinning throughout the measurement range was 
observed. At the highest shear rates, as the ratio of S3 was increased, a 
less distinct shear-thinning behaviour was observed and the behaviour 
of the feedstocks came closer to pseudo-Newtonian. Conversely, the 100 
SA and 15 S3 did not exhibit such a transition and as a result, at a shear 
rate of 1000 s-1, the viscosity decreased to values comparable with other 
feedstocks. Flow curves with all cycles of measurement are presented in 
Supplementary Figure S3. 

The obtained flow curves of the feedstocks (40 vol%) for each sur-
factant variation were fitted with the Herschel–Bulkley (H-B) model 
(Fig. 2b), commonly used for suspensions with a high solids loading, 
which typically exhibit shear thinning and yield stress behaviour [27, 
28]. 

There is a distinct shift in the flow behaviour between feedstocks 100 
SA and 15 S3, and the feedstocks containing a higher S3 content. 

Feedstocks 100 SA and 15 S3 exhibit a clear yield stress behaviour with a 
minimal increase in the shear rate with an initial increase in the shear 
stress up to a critical value of the shear stress when the suspensions 
begin to flow. On the other hand, suspensions containing a larger 
amount of S3 exhibit a nearly linear shear stress-shear rate response, 
with no apparent yield stress behaviour. The H-B model was successfully 
applied to determine the fitting parameters (τ0, K, n) for the feedstocks 
with a higher S3 content (R2 values >0.99) (Fig. 2b). Conversely, for 
feedstocks 100 SA and 15 S3, the maximum R2 values were 0.97 and 
0.92, respectively, indicating a poor fit of the experimental values to the 
H-B model. To evaluate the yield point of these feedstocks more accu-
rately the intercept method was used (Fig. 3). All the feedstocks were 
characterized by a shear-thinning behaviour, as indicated by the flow 
index, n, which varied from a low n value ≈0.2 for the feedstock con-
taining high SA surfactant, suggesting pronounced pseudoplastic 
behaviour, up to n = 0.93 indicating nearly Newtonian flow behaviour 
for the feedstock containing only S3 surfactant. A decrease in the con-
sistency coefficient K, with increasing S3 content, is in accordance with 
the lower viscosities of these feedstocks (see Fig. 2a). 

The effect of surfactant ratio on the yield stress was examined by 
measuring the shear strain with respect to the applied shear stress. High 
SA feedstocks (100 SA and 15 S3) had a yield point of 55 Pa. Increasing 

Fig. 2. a) Measurement of viscosity versus shear rate (flow-curve measurements) for feedstocks with various SA/S3 surfactant ratios, b) shear stress vs shear rate for 
feedstocks with various SA/S3 surfactant ratios, where the symbols represent experimental data and the solid lines are fits to the Herschel–Bulkley model. 

Fig. 3. Shear stress versus shear strain curves for the following feedstocks: 100 
SA, 15 S3, 25 S3, 50 S3, 75 S3 and 100 S3. 

I. Özden Moser et al.                                                                                                                                                                                                                           



Journal of the European Ceramic Society 44 (2024) 7791–7800

7795

the S3 amount to 25 % (25 S3) resulted in a yield stress value of 45 Pa. 
Feedstocks containing a larger amount of S3 did not exhibit yield stress 
behaviour, with continuous flow over the measuring range. 

The viscoelastic properties of the feedstocks were analysed by 

measuring the storage (Ǵ) and loss (Ǵ́) moduli during the temperature 
decrease from 100 ◦C to the point of solidification, i.e., lower than the 
melting temperature (Fig. 4). This was done to mimic the temperature 
(and rheological) change of the jetted droplets during their travel from 
the nozzle to the print bed. The 100 SA feedstock was practically 
insensitive to a temperature decrease in the range 100− 70 ◦C, exhibiting 
a constant value for Ǵ and Ǵ́ of around 2000 Pa. The addition of 
15–25 % of S3 to the feedstock composition decreased Ǵ and Ǵ́, being in 
the 250− 700 Pa range at an initial 100 ◦C. A further increase of S3 in the 
feedstocks resulted in a substantial decrease of Ǵ and Ǵ́ to the 
10− 100 Pa range. All the S3-containing feedstocks underwent a gradual 
increase of both moduli with a decrease of the temperature from 100 to 
70 ◦C. Before solidification, low and high S3-containing feedstocks had 
Ǵ and Ǵ́ in the 80− 250 and 1000− 2500 Pa ranges, respectively, 
showing an order-of-magnitude difference depending on the composi-
tion of the dispersant. All the feedstocks had a sharp solidification 
transition at 67 ◦C (red dashed line in Fig. 4), which is in accordance 
with the melting temperature observed with TG/DTA (Supplementary 
Figure S2). Prior to solidification, G̋ > G` was observed for all the 
feedstocks, which indicated a flow behaviour [29]. 

3.3. Droplet jetting and single-layer printing via T3DP 

A high-speed camera was used to analyse the droplet formation 
during jetting with the T3DP (Fig. 5). Three distinct stages were 
observed: extrusion, spreading and droplet formation and/or 

Fig. 4. Storage (Ǵ) and loss (Ǵ́) moduli of feedstocks in relation to the tem-
perature decrease. 

Fig. 5. Droplet formation during jetting with T3DP recorded by high-speed camera.  

Fig. 6. Top and side optical micrographs of deposited droplets from suspensions: a)100 SA, b)15 S3, c) 25 S3, d) 50 S3, e) 75 S3 and f) 100 S3.  
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solidification. For all the feedstocks a continuous tail was formed 
following the extrusion of the droplet from the nozzle orifice, which 
receded only after the droplet was already deposited on the print bed. 
For the highest SA-containing feedstocks (100 SA, 15 S3), the tail ge-
ometry was inhomogeneous and asymmetrical. After deposition the 
droplets spread on the print bed, where the spreading was the lowest for 
feedstocks with the highest amount of S3. In the final stage, the tail 
collapsed and the droplet solidified in its final shape. In the case of 100 
SA and 15 S3 the deposited material could not form a spherical droplet 
and was solidified with the remaining “tail” from the jetting event. For 
the remaining feedstocks the tail receded and a more spherical droplet 
was obtained. 

A topographical analysis with a stereomicroscope (Fig. 6) further 
revealed that for feedstock 100 SA the droplets had a spatter 
morphology with a highly irregular edge (Fig. 6a). Furthermore, the 
deposition of feedstock 100 SA was disturbed after a short time due to 
the collection of the feedstock on the nozzle. The droplets deposited 

from feedstock 15 S3 had a more defined circular edge; however, flaws 
resulting from the collapsed droplet tail were observed in the centre 
(Fig. 6b). The diameter of the droplets in the printing direction (d//) and 
perpendicular to the printing direction (d⊥) decreased as the amount of 
surfactant with a longer chain (S3) was increased, while the opposite 
trend was observed for the droplet height. The diameter and height 
values obtained are shown in Fig. 7. 

The fusing of the deposited droplets into lines and layers was eval-
uated by printing single lines (Fig. 8) and single-layer squares (Fig. 9). 
The defects on individual droplets are also clearly observed on the single 
lines formed from feedstocks 100 SA and 15 S3. Non-receded tails 
resulted in an inhomogeneous line with varying thickness and height. 
The quality of the lines formed with feedstocks containing more than 
75 % S3 improved significantly. The lines formed from feedstocks 25 S3, 
50 S3 and 75 S3 exhibited some minor differences in overlap and 
thickness, while lines formed from feedstock 100 S3 exhibited complete 
fusion between individual droplets to form a continuous line. 

The printing of single layers was unsuccessful for feedstocks 100 SA 
(Fig. 9a) and 100 S3 (Fig. 9f) due to the high viscosity of the feedstock 
and the accumulation of the feedstock on the part, respectively. The 
printing of the remaining feedstocks resulted in a complete layer; 
however, this differed in terms of the quality of the printed parts. 
Namely, the printed layers from 15 S3 (Fig. 9b) and 25 S3 (Fig. 9c) were 
inhomogeneous, resulting in poor surface quality, especially at the end 
of the print (marked with yellow arrows in Figs. 9b and 9c). A high 
homogeneity in the surface texture and repeatability were achieved in 
single layers printed from the 50 S3 (Fig. 9d) and 75 S3 (Fig. 9e) 
feedstocks. 

Profilometry was employed to quantitively assess the quality of the 
printed surface layers (excluding 100 S3). 3D surface-texture analyses 
with surface roughness are presented in Fig. 10. Indeed, the layers 
printed with the higher contents of SA (100 SA, 15 S3, 25 S3) showed 
high texture inhomogeneities and, consequently, the highest surface- 
area roughness values in the range 23− 33 μm. In contrast, the 50 S3 
and 75 S3 layers were more homogeneous, showing periodic lines of 
fused droplets. The smallest height deviation between the fused droplet 
lines (Sa value = 13.1 µm) was measured for the layer printed from 
feedstock 50 S3. 

4. Discussion 

4.1. The effect of surfactant composition on the (semi)steric stabilization 
of feedstocks 

According to DLVO theory, the total potential energy (VT) of a 
colloidal system is the sum of the van der Waals attraction (VA) and the 
electrostatic repulsion (VR) potentials between the colloidal particles 
dispersed in a solvent [30− 33]. The use of surfactants introduces an 
additional parameter, i.e., steric repulsion (VST) (Eq. 2) [34,35].  

VT = VvdW + VEL + VST                                                                   (2) 

In non-aqueous, wax-based ceramic feedstocks, there is limited VEL 
potential, and the stearic barrier is needed. The chain length of the 
dispersant dictates VT [16]. In the case of an insufficient chain length of 
the surfactant, a partial stabilization or “semi-steric” stabilization is 
achieved with VvdW dominating [14,20]. It results in a network of 
weakly flocculated ceramic particles in the secondary minimum [19]. 
Consequently, there is a yield point, a critical stress inducing flow of the 
feedstock [36]. When shaping, the yield stress needs to be high enough 
for shape retention during debinding, but still allowing flow [15,16]. 

The SA and S3 used in the present study had 2.4 and 10 nm chain 
lengths, respectively. Feedstocks with varying amounts of both were 
also prepared to yield a steric barrier in between the lengths of the 
surfactants. The true length of the steric barrier affecting the VST will 
rely on the conformation of the adsorbed surfactant molecules, which 

Fig. 7. Droplet diameter versus height with respect to feedstock composition.  

Fig. 8. High-speed camera images of deposited single lines formed from fused 
droplets jetted by T3DP from the following feedstocks: 100 SA, 15 S3, 25 S3, 50 
S3, 75 S3 and 100 S3. 
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depend on factors such as solvent type, molecular structure, number of 
anchoring groups, the presence of other organics, etc. [37–39]. VT was 
evaluated [22] for 340-nm zirconia particles dispersed in paraffin wax, if 
using SA or S3 as the dispersant, assuming a completely stretched 
configuration for simplicity (Fig. 11). In both dispersants, a secondary 
minimum is evident, indicating on a weak attraction (weak floccula-
tion). However, the negative VT potential obtained was six-times 
different, i.e., -19.7 vs -3.2 kT, as a result of the difference in the chain 
length. Consequently, the dispersion of feedstocks with different types of 

surfactant (and their mutual mixtures) will result in different rheological 
behaviour. 

The relatively high attractive potential of the feedstocks stabilised 
predominantly with SA resulted in an increased apparent viscosity and 
yield stress. As a result, a continuous network of attractive particle ag-
glomerates or weakly flocculated particle clusters throughout the sus-
pension volume was formed [13]. A pronounced yield stress was 
observed for the feedstocks with the highest amount of SA (Fig. 3). This 
was the shear stress needed to achieve a yield point where the particles 

Fig. 9. Topographical view of single-layer squares printed from feedstocks: a)100 SA, b)15 S3, c) 25 S3, d) 50 S3, e) 75 S3 and f) 100 S3.  

Fig. 10. Profilometry 3D surface textures with corresponding roughness values of single-layer squares printed from feedstocks: a)100 SA, b)15 S3, c) 25 S3, d) 50 S3 
and e) 75 S3. 
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were sufficiently distanced and brought out from the secondary mini-
mum to exert flow. The yield point value for S3-rich feedstocks 
(100− 50 %) was not only lower, but the transition to flow was not sharp 
and was continuous. The shorter steric barrier layer in the SA-rich 
feedstocks was also responsible for the highest apparent viscosity 
levels achieved, especially in the low shear rate range 0.1− 100 s-1. The 
initial shear thinning that was observed for all the feedstocks was 
attributed to the breaking of the particle clusters and the formation of 
smaller flow units [32] as the shear rate increased. Moreover, the shorter 
steric barrier of the feedstocks containing 100 and 85 % SA was 
responsible for a discontinuous, non-monotonous flow, a short transition 
to dilatant, and shear thickening behaviour, occurring at 1− 6 s-1 

(Fig. 2a). The flow of concentrated colloidal suspensions, which under 
shear forms particulate layers sliding over each other, can be disrupted 
at a given shear rate. The disruption occurs due to the combination of 
the van del Waals forces and shear stress, thus the dilatant discontinuity 
arises [40,41]. Due to the flow discontinuity, poor fits of the shear 
stress-rate data were obtained using the Herschel–Bulkley model. A 
similar, non-monotonous behaviour was observed by Filip et al. [42] in 
polymer-based alumina feedstocks, stabilised with oleic acid, suitable 
for powder injection moulding. In this case an observed discontinuity in 
flow was observed at higher shear rates, higher viscosities and 
temperatures. 

The magnitude of the continuous, weakly flocculated, attractive 
particle network influenced the storage (Ǵ) and loss (Ǵ́) moduli, repre-
senting the elastic and viscous behaviour of the feedstocks, respectively 
[29]. It was interesting to observe that in the case of 100 SA both moduli 
were insensitive to temperature changes. With the increase of S3 in the 
surfactant ratio, larger interparticle distances and greater steric poten-
tials [43] led to the expected decrease in Ǵ/Ǵ́ moduli [18]. The increase 
in Ǵ/Ǵ́ moduli with the temperature decrease for suspensions containing 
S3, was indicative of the decrease in interparticle distance in the par-
ticulate network and a higher attractive potential, possibly due to dif-
ferences in the conformation and structuration of the polymeric steric 
barrier when S3 was present. 

4.2. Droplet-formation dynamics during jetting of feedstocks 

The T3DP process depends on the droplet-formation dynamics dur-
ing the jetting of the feedstocks, which is governed by the rheological 
properties of the latter. During the jetting process of a non-Newtonian 
feedstock the droplet is formed through material extrusion, spreading 
and droplet formation through recoiling of the receded thin and long 
tail. Newtonian feedstocks are known to form satellite droplets as well as 
thick and short tails [44]. The dynamic viscosities of all the formulated 
feedstocks in this study were below the limiting viscosity values 
(˂100− 20 Pa⋅s at 10− 100 s-1, Fig. 2a) defined by Weingarten et al. [11] 
as a guideline for printable feedstock. However, the droplet-jetting 

process as well as the droplet geometries were greatly affected by the 
feedstock composition. 

Jetting of the feedstocks containing the most SA (100− 85SA) was 
marked by the inhomogeneous tail geometry, where the droplet could 
not form the deposited feedstock solidified with the remaining “tail” 
(Fig. 6a-b). T3DP exerts high shear rates (~4000–5000 s-1) at the nozzle 
during jetting [11]. The pronounced shear thinning of these feedstocks, 
described by much lower n values (~0.25), reflects in substantially 
lower estimated stresses (and viscosities) at such high shear rates (see 
extrapolation in Fig. 2b), contributing to inhomogeneous spreading and 
extensive material flattening. Once on the printing bed with no external 
stress applied, the high yield stresses (55 Pa) were obviously higher than 
the surface energy within the short timeframe of cooling and solidifi-
cation at 67 ◦C. Therefore, the droplet solidified before the receding of 
the tail and the formation of a droplet geometry. Droplet formation from 
suspensions with a high S3 content without the clear yield point value 
and with a monotonous shear-thinning behaviour (low K values and n =
~1) show strong dependency on the overall viscosity and G`/G̋ moduli. 
The lower the viscosity and G`/G̋ moduli, the smaller the diameter and 
larger the height of the formed droplets, respectively, where a lower 
droplet diameter was complemented by a larger droplet height, as all the 
jetted droplets had the same fixed volume. 

The jetting of high-viscosity feedstocks where the inertial and 
viscous forces are dominant [45] can be represented by the Reynolds 
number (Re): 

Re =
υρa

η (3)  

where ρ and η are the density and dynamic viscosity, υ is the velocity and 
a is the characteristic length, i.e., the diameter of the nozzle [46,47].  
Table 2 presents data for the range where droplet jetting in the present 
study was possible. Based on the data and jetting experiment, printable 
droplets were achieved in the 0.1− 0.265 Re range, which was lower 
than those defined in the literature for fluids printable by 
drop-on-demand systems [48]. 

4.3. Droplet fusion quality in the forming process of T3DP 

The quality of the formed green body with T3DP relies on the 
adjustment of several dispensing parameters, such as those which affect 
the fusion factor (rising time, open time etc.), which will, given the 
thermoplastic properties of the feedstock, determine the shape, volume 
and homogeneity of the jetted droplet [49]. The dimensions of the 
droplets define the parameters for fusion into 1D lines and 2D layers in 
the layer-wise additive-manufacturing process [49]. In this respect, with 
the SA-rich feedstocks (100–85 % SA) it was not possible to print ho-
mogenous lines and layers (Figs. 8 and 9). Furthermore, clogging of the 
nozzle prevented the successful deposition of 2D layers for the 100 SA 
feedstock, which is known to occur if the viscosity at the nozzle is too 
high [11]. Any accumulation of material at the nozzle has to be avoided 
since it leads to the introduction of critical size defects in the formed 

Fig. 11. Total potential energy between 340-nm zirconia particles adsorbed 
with SA or S3 in paraffin wax. 

Table 2 
Properties of zirconia feedstocks with 40 vol% of solids loading.  

Feedstock Viscosity Re Yield 
stress* 

Yield 
stress** 

Printability of 
droplets  

Pa⋅s 
(@ 10 s-1)  

(Pa) (Pa)  

100 SA 16.7  0.014 55 / Clogging, flaws 
15 S3 14.9  0.016 55 / Flaws 
25 S3 3.7  0.064 45 27 Flaws 
50 S3 2.2  0.1 / 6 Defect free 
75 S3 0.9  0.265 / 3 Defect free 
100 S3 0.6  0.398 / 2 Flaws 

* Data obtained from yield stress measurement. 
** Data obtained from Herschel-Bulkley model. 
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ceramics [50,51]. Although the analysis of droplets and lines indicated 
good printability of the 100 S3 feedstock, the deposition of a single-layer 
square at given set printing parameters was not successful due to the 
formation of larger irregular areas of deposited material. A low feed-
stock viscosity and the absence of yield stress resulted in the accumu-
lation of droplets into larger domains and a loss of resolution. However, 
adjusting printing parameters such as temperature (to lower feedstock`s 
viscosity), pressure and nozzle diameter, which were previously shown 
to affect the outcome of deposition [52], could result in homogenous 
printing of 2D layers from the 100 S3 feedstock, but was beyond the 
present study. 

Feedstocks containing 25–75 % of S3 yielded the highest homoge-
neity and reliability during the deposition layers, with Sa values of 
13− 23 μm. Optimisation of the dispensing parameters could further 
improve the printing outcome, which was beyond the scope of this 
study. To demonstrate the complete ceramic manufacturing workflow, 
complex geometries were printed using feedstock 75 S3 (Fig. 12). The 
Archimedes relative densities were around 95 % (6.05 g/cm3). The 
printed parts maintained their structural integrity during debinding 
although the feedstock used had no clear yield point value. 

5. Conclusions 

The present study evaluated how the chain length and surfactant 
composition affect the rheological properties of feedstocks used for 
T3DP applications. Decreasing the surfactant chain length from 10 nm 
to 2.4 nm resulted in a six-times-higher attractive potential energy (-3.2 
kT vs -19.7 kT). The magnitude of the continuous, weakly flocculated, 
attractive particle network in feedstocks governed their viscosity, (non) 
monotonous shear thinning behaviour and yield stress as well as loss/ 
storage modulus. These differences had a pronounced effect on the 
droplet-jetting dynamics, affecting droplet formation and shape, 
defining the final homogeneity and surface quality of the printed 2D 
layers. The guidelines for the processing of printable feedstocks for 
T3DP can be thus extended. It was possible to form homogeneous layers 
with the T3DP process when the feedstocks exhibited a monotonous 
shear thinning behaviour and when the yield stress, storage/loss 
modulus and Re number fall within range of below 45 Pa, 100− 400 Pa 
and 0.1− 0.265, respectively. This study broadens our understanding of 
the behaviour of non-Newtonian, thermoplastic ceramic feedstocks, 
which is crucial for successful droplet jetting used in T3DP technology. 
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