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Abstract 
Dental restorations are often used to solve function and aesthetic problems of teeth.  
The main objective of this work was the optimization of zirconia-based pastes to produce dental 
prosthesis through the robocasting 3D technology. The rheology of several pastes (zirconia-based 
pastes, containing the dispersant Dolapix CE64 and an additivated zirconia-based paste supplied by 
CTCV) was studied, concerning the amount of dispersant, the method of preparation and the solids 
content. Density and porosity measurements, as well as preliminary printability tests, were carried out. 
In addition, topography/morphology, wettability, tribological behavior, microhardness and toughness 
were also evaluated and compared with commercial zirconia.  
Overall, taking into account the preliminary test of printability, the results showed that specimens 
produced with paste A containing 92% solids and 1% Dolapix may be used for production of dental parts 
by robocasting, since the produced specimens present adequate properties for dental applications. 
 
Key words: Additive manufacturing, robocasting, dental restorations, zirconia pastes, materials 
characterization. 

 
1.   Introduction  
Human teeth are not only an important 
masticatory organ, but are also closely 
associated with the pronunciation and facial 
aesthetics of humans. Thus, teeth play an 
extremely vital role in our daily life. With ageing, 
various pathological factors and traumas, dental 
lesions such as caries, partial or total loss of 
tooth tissue will inevitably occur. As a result, 
artificial dental materials, e.g. crowns, have 
been gradually developed and used to restore 
and treat lesions of human teeth. [1] 
Ceramic-based zirconia has generated 
considerable interest in the dental community 
as dental restorative material, due to its 
esthetics attribute and its excellent mechanical 
properties. [2] 
Due to the limitation of traditional ceramic 
processing, additive manufacturing (AM) of 
ceramic materials, which allows high degree of 
fabrication freedom, has gained significant 
research interest. [3] Zirconia advanced 
ceramic materials, which require complex 
design, has become inseparable from the 
current engineering applications and its 

introduction through these techniques in the 
dental field has marked a turning point in the 
prosthesis production technology. Among 
several AM techniques, robocasting of ceramic 
materials has gained notable interest to 
produce customized pieces, leading to low time 
of processing and materials consumption. [4],[5] 
The main objective of this work was the 
optimization of zirconia-based pastes to 
produce dental prosthesis through the 
robocasting 3D technology, which had as the 
main challenge the development of printable 
materials, with adequate mechanical and 
structural properties that meet the demanding 
requirements for dental crowns restoration.  
Zirconia-based pastes containing the 
dispersant Dolapix CE64 (A) were formulated 
and optimized comparing with an additivated 
zirconia based-paste (B) provided by Centro 
Tecnológico de Cerâmica e do Vidro (CTCV). 
Several characterization techniques were 
applied to study the properties of the obtained 
materials comparing to commercial zirconia, 
and to infer about the possibility of producing 
dental crowns with the materials under study, 
namely measurements of porosity, 
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morphology/topography, wettability, hardness 
and tribological behavior. 
 

2. Materials and methods 
 

2.1. Materials 
Zirconia powder containing 5.5 wt% Yttria (3 
mol%) was purchased from Zircomet (Lot No. 
131201) as a chemically precipitated white 
powder or granule. The specifications, 
according to the supplier, were as follows: 
purity>94.0%, BET surface area of 10–20m2/g 
and particle size (d50) of 150 nm. The 
commercial polyelectrolyte Dolapix CE64 was 
ordered from Zschimmer and Schwarz 
(Germany), and was used as a dispersant.  
A paste based on zirconia (80 – 82 wt% solids) 
was also supplied by CTCV (Paste B), whose 
composition was achieved by extrapolating the 
optimization of an alumina-based paste, 
containing PVA, citric acid and powder sugar, 
which acted, respectively, as plasticizer, 
dispersant and binder.  
Commercial zirconia, which is a block of 5Y-
TPZ containing 8.80 wt% Y2O3 (5 mol%), was 
purchased from Ivoclar Vivadent. This material 
(named sample C in this study) is commonly 
used to produce dental restorations by 
subtractive manufacturing, so it was used for 
comparison purposes. 
 
2.2. Preparation of suspensions 
Suspensions were prepared by mechanically 
mixing different proportions of zirconia powder 
in deionized-distilled water. These suspensions 
were stirred for about 30 min with a magnetic 
stirrer, and pH adjustments were accomplished 
with 0.2 M NaOH to obtain pH 8 (as reported in 
literature [6]). A fixed solid loading of 60 wt% 
was firstly used. Once the amount of dispersant 
that must be added (recommended by the 
manufacturer) ranges between 0.1% to 0.5% of 
the solids content of the mixture, suspensions 
having different levels of Dolapix CE64 were 
prepared in a slightly wider range, 0.1% to 2%, 
in order to determine the concentration at which 
a minimum viscosity is obtained. In order to 
study the effect of dispersant, and as suggested 
in the literature [6], Dolapix was added after the 
pH adjustments were done. Calculations of the 
amounts of Dolapix CE64 to be added were 
based on density. After selecting the ideal 
concentration of dispersant, i.e., the one from 
which results the lowest viscosity, the amount of 
dispersant was fixed and the content of solids 
increased. For this, the paste with 60 wt% solids 
was concentrated by evaporation: it was kept at 
about 50 °C in an oven, for different periods till 
48h, in order to evaporate water content. Then, 
suspensions of 70%, 80%, 90%, 91% and 92% 

in solids were obtained, for which viscosity 
measurements were also performed. It was not 
possible to obtain more than 92 wt% solids 
since, from this value, the paste was no longer 
homogeneous, presenting solid parts.  
At the same time, it was also prepared a 
suspension with 90% in solids content, directly 
from the mechanical mixing of the components 
without involving evaporation of water. 
The zirconia suspensions were left to rest at 
room temperature in closed vessels until the 
next day, to perform viscosity measurements. 

2.3. Rheological measurements 
The rheological properties were measured 
using a Haake Mars Modular Advanced 
Rheometer System of cone and plate (C35/2° Ti 
L) for Paste A and using a parallel-plates 
system (PP20 sensor) for Paste B, at constant 
temperature of 20 ± 0.1 °C. A range of shear 
rates was employed (30 points from 0.1 to 150 
s−1) and measurements were made over a 
period of approximately 30 s at each shear rate. 
The measuring program was repeated three to 
five times for each sample to check 
reproducibility. 
 
2.4. Preparation of specimens 
Firstly, it was attempted to simulate the 
extrusion involved in the robocasting using a 
syringe with a needle having an internal 
diameter of about 0.5 mm. No needle was used 
to Paste B (it was used the syringe having an 
internal diameter of about 2 mm). Spiral shape 
samples with approximately 6 mm diameter 
were produced and sintered. Sintering was 
carried out at a temperature of 1450 °C for 2h 
with a heating speed rate of 5 ºC/min and 
cooling in the furnace. After sintering, some of 
the samples were mounted and polished (as 
described below), to be observed under the 
optical microscope and to study its porosity, 
while others remained unpolished and were 
used for density measurements.  
Since for further characterization samples with 
a regular shape and planar surfaces were 
needed, manual printing was used to fill silicon 
molds of rectangular plates, with the prepared 
pastes. To prepare the molds, small Perspex® 
parallelepipeds (acrylic; 3x1.5x0.5 mm3) were 
placed in a petri dish and silicon was poured 
over them. Silicone 4514 T51 was left to 
polymerize with the parallelepipeds immersed, 
for about 24 hours. The parallelepipeds were 
removed from the mold, and the optimized 
zirconia paste (A), as well as paste B were 
extruded into the molds. The external surface of 
the samples was then gently flattened with a 
spreader and samples were left to dry at room 
temperature for more than one week. After 
drying and before sintering, the specimens 



3 
 

related to the paste B were subjected to an 
intermediate process named debinding. This 
step was only necessary on B samples due to 
its high content of additives. The debinding 
process consists in the removal of binders and 
other additives with temperature (500 ºC, 2 h) in 
order to avoid cracks, distortions or 
contamination. The obtained specimens were 
then sintered with the same thermocycle 
referred above.  
For polishing the sintered samples were 
previously mounted on resin phenolic green 
using a Buehler Simplimet 2000 Automatic 
Mounting Press. Then, the samples were 
polished with silicon carbide sandpapers 
accompanied with water with the sequential 
order of particle size of P600, P800, P1000, 
P2400, P4000. Some of them needed to be 
initially polished with P120 and P400, due to its 
irregular surface. After, in order to obtain a 
smooth surface, a polishing with 6 μm, 3 μm and 
1 μm, grit diamond pastes was done. 
 
 
2.5 Samples characterization 
Density measurements 
Density measurements were performed on 
sintered specimens using the Archimedes 
principle [7], on a Sartorius YDK03 balance. 
 
Porosity analysis 
To evaluate the porosity of the samples, they 
were observed in the optical microscope after 
polishing. Some photographs were taken with 
resolutions of 5000X, 100000X and 20000X, not 
only to quantify the porosity but also to evaluate 
the distribution and size of the pores. This 
evaluation was done using the software 
ImageJ, which is a Java-based image 
processing program. 
 
Morphology/Topography 
AFM 

Samples roughness was determined by atomic 
force microscopy using a microscope Nanosurf 
Easyscan2 with silicon probes (PPP-
CONTSAuD-10). Images of 20µm x 20µm were 
obtained by contact mode at room temperature, 
with an applied force of 25 nN and at a scan rate 
of 1.2 Hz. The average roughness (Ra) of the 
surfaces was obtained considering the total 
area of the images using the software WSxM 
5.0 Develop 4.0. 
SEM 

One sample from each group was selected for 
SEM analysis and sputter-coated with a thin 
layer of gold. The surface of each sample was 
recorded photographically at different 
magnifications to record the cracks from 
indentations. Images were taken using a 

scanning electron microscope JEOL JSM-700F 
equipment.  
 
Wettability tests 
The contact angle was measured by the sessile 
drop method using the goniometer system in 
order to evaluate the hydrophilicity of the 
sintered samples. Before the wettability test 
was done, the samples were cleaned with 
ethanol and dried in vacuum oven for about 5h. 
The shape of the drop was visualized in several 
sequential images obtained by a video camera 
(JAI CV-A50) connected to a microscope 
WildM3Z and to a frame grabber Data 
translation DT3155, during a period of time of 1 
minute. The experimental analysis was 
performed with the Axisymmetric Drop Shape 
Analysis Profile software. 
 
Tribological behaviour 
Ball-on-plate were performed for 10 min (1300 
cycles) in a nanotribometer (CSM Nano 
Tribometer) using a zirconia ball of 3 mm 
diameter as counter-body, sliding distance of 1 
mm/cycle, vertical applied load of 100 mN and 
frequency of 2.12 Hz.  
 
Microhardness tests 
One sintered specimen of each group (A, B and 
C) were randomly selected to measure Vickers 
hardness using an indentation tester (HSV-30 
Shimadzu model). About five to six indentations 
were made on the polished surfaces using a 
loading mass of 1kg, 10kg and 30kg during 15 
seconds, in five widely separated locations. 
Also, the corresponding crack lengths were 
measured from SEM micrographs. Fracture 
toughness of the sintered materials was 
estimated using a calculation method (Ki,c) that 
involved measurements of the lengths of the 
cracks (c), which emanate from the corners of 
Vickers indentation diagonals. The calculation 
also requires the knowledge of the material 
hardness (H) and of its elasticity modulus (E), 
as well as the loading mass (P), and can be 
given by the Equation: 

  𝐾𝑐,𝑖 = 0.016 (
𝐸

𝐻
)

1
2⁄

×
𝑃

𝑐
3

2⁄
  [8] 

 
 

3. Results and Discussion 
 

3.1. Preparation of specimens 
Two different types of zirconia-based 
suspensions were studied in this work: one 
containing a dispersant polyelectrolyte and that 
was target of an optimization procedure (Paste 
A), and another one prepared by CTCV (Paste 
B) containing several additives. 
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3.1.1 Paste A 
 
Effect of the dispersant content 
The viscosity was determined as a function of 
shear rate at different concentrations of Dolapix 
(0.1 to 2%) for suspensions containing 60% 
solids, to optimize the amount of Dolapix that 
shall be added to the mixture. The obtained 
results are presented in Figure 1.  
 

 
Figure 1 – Viscosity as a function of shear rate for 

different amounts of Dolapix in 60%solids. 
 

It can be observed that the viscosity decreases 
exponentially as the shear rate increases, for 
any added amount of dispersant. With 0.1% of 
Dolapix, the viscosity changes in an irregular 
way for low values of shear rate (< 5 s-1), which 
proves that this concentration does not make 
the suspension to steadily flow, still being 
unstable. At concentration 0.2 and 0.4% a 
notable change is noticed, and the curves 
become more regular. The suspension is less 
viscous and flows more easily. From 
concentration of 0.8% forward, the peaks 
corresponding to the initial resistance to flow 
are quite smaller and the suspension starts to 
steadily flow. With the increasing of the 
concentration of Dolapix to 1% and 1.5%, 
viscosity values became quite low, there being 
practically no resistance to the suspension to 
flow. With 2%, the resistance to the suspension 
flow reappears. 
Therefore, as the dispersant concentration 
increases till 1.5%, the flow resistance 
decreases. This can be explained by the 
adsorption of the Dolapix to the particle 
surfaces, which creates an electric double layer 
and provides electrosteric stabilization, 
considerably reducing the interactions between 
the particles and preventing them from forming 
agglomerates or a rigid network. In other words, 
with the addition of dispersant, the charge of the 
particles increases which keeps them 
dispersed. For the optimal electrolyte 
concentration, the zeta potentials of the 
neighboring particles lead to an ideal 
equilibrium between attractive and repulsive 
forces. For higher Dolapix concentration (2%), 

the viscosity increases because the particles 
diffuse layer becomes thinner when the 
electrolyte concentration increases. When the 
electrolyte concentrations become too high, the 
attractive forces predominate and the tendency 
to agglomerate increases. [9] 
The obtained results indicate that the amount of 
Dolapix affects the flow properties of zirconia 
suspensions and that a higher shear rate is 
required to make the suspension flow. 
To reach the objective of discovering the 
concentration of Dolapix that allows to obtain a 
more stable dispersion (i.e., a minimum of 
viscosity), it was necessary to study its 
rheological behavior in terms of consistency 
and flow rate, based on viscosity equations for 
pseudoplastic fluids (since viscosity decreases 
with shear rate). Then, the effect of varying 
amounts of Dolapix on zirconia suspension 
consistency and flow rate is represented in 
Figures 2 and 3, respectively. 
 

 
Figure 2 - Average of the consistence for the 

different amounts of Dolapix. 
 

 
Figure 3 - Average of the flow rate for the different 

amounts of Dolapix. 
 

As can be seen from Figure 2, the consistency 
decreases as the concentration of Dolapix in the 
solution is increased to 1.5%, but slightly 
increases for 2%. Although the minimum value 

of consistency was observed at 1.5% (0.04  
0.01 Pa.s), this concentration of Dolapix leads 
to a much higher flow rate of the suspension 
(Figure 3), with a great dispersion of results 
(0.23 ± 0.13). On the other hand, a minimum 
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value of the flow rate was observed for 1% of 
Dolapix (0.02 ± 0.02). Since a content of 1% led 
to a value of consistency very close to the 
observed minimum, and that for shear rates 
above 5 s-1 the viscosity of this suspension is 
consistently lower than the observed for 1.5% 
(All the experiments for 1% led to values lower 
than the observed for 1.5%) it was decided to 
use 1% of Dolapix as the basis for the 
preparation of the suspensions of zirconia 
particles with higher solids content.  
 
Effect of the preparation methodology 
Two strategies were used to prepare the pastes 
with Dolapix: direct preparation with a high 
content of solids (90%) and increase of the 
solids content by evaporation (pastes with 60% 
of solids were heated to evaporate water and 
get mixtures with higher concentrations of 
solids). In both cases the previously defined 
optimal amount of Dolapix was used (1%). 
The preparation of a suspension directly by 
mixing deionized and distilled water with 
dispersant in a large amount of solids resulted 
in a heterogeneous paste, filled with small 
aggregates. This happened because the 
amount of water with dispersant added was 
significantly less than the amount of zirconia 
powder (10% 𝑤𝑎𝑡𝑒𝑟 / 90% 𝑧𝑖𝑟𝑐𝑜𝑛𝑖𝑎), which 
causes Dolapix CE64 to be unable to 
homogeneously coat all particles of the paste. 
The agglomerates formed, permanent or not, 
besides influencing the rheology of the 
suspensions, can interfere in the packaging of 
the produced specimens and, consequently, in 
their microstructure, making this paste improper 
for the final purpose of the work (3D printing).  
Through the evaporation method, the 
concentration of solids may be increased 
allowing the paste to remain homogeneous and 
stable for a longer period of time. In fact, the 
initial low concentrations of solids allowed 
Dolapix CE64 to interact with all the ceramic 
particles of the fluid suspension, achieving a 
homogenous distribution, and enable an easy 
agitation of the suspension, which contributed 
to the breaking of eventual small aggregates.  
 
Effect of the solids content 
Zirconia based pastes with 1% Dolapix were 
prepared with different solid contents, by 
evaporation of a starting paste (ink) with 60% of 
zirconia. Figure 4 shows the relative viscosity 
vs. shear rate for the obtained suspensions over 

a range of solids concentrations between 70 
and 92 wt%. 
 

 
Figure 4 – Viscosity as a function of the shear rate 

for different solids contents in pastes with 1% 
Dolapix. 

 
As might be expected, at low shear rates, 
viscosity was found to increase with increasing 
solids loading, thus becoming more suitable to 
the purpose of the work. The decay in viscosity 
is exponential. Values obtained for consistency 
and flow rate are shown in Figure 5 and 6. 
 

 
Figure 5 – Average of the consistency for the 
pastes with different solids loadings and 1%  

Dolapix. 

 
Figure 6 – Average of the flow rate for the pastes 
with different solids loadings and with 1% Dolapix. 

 
These results show that as the solids loading 
increases, the consistency of the paste also 
increases, presenting relatively higher values of 
consistency for solids loading greater than 90% 
(70.91 ± 1.83, 82.61 ± 1.49 and 88.26 ± 1.62 
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Pa.s for 90, 91 and 92% respectively). In 
addition, the flow rate tends to be much lower 
for zirconia suspensions with higher solids 
content, which demonstrates that pastes with 
>90% solids loading are more suitable for the 
purpose of this study. It should be stressed that, 
previously, the objective was to find a 
concentration of Dolapix that allowed to 
produce an ink with the minimum consistency 
and flow rate, to be used as starting point to 
obtain pastes with higher content of solids, 
through an evaporation process. However, 
here, the objective is different: it is aimed to 
obtain pastes with maximum consistency and 
minimum flow rate to enhance the printing 
process. 
Taking into account the obtained results, further 
studies were carried with pastes containing 
90%, 91% and 92% of solids. 
 
3.1.2 Paste B 
The results of the rheological measurements for 
paste B are shown in figure 7. 
 

 
Figure 7 – Viscosity as a function of the shear rate 

for Paste B. 

 
It can be seen from Figure 7 that the viscosity 
values for the paste B at low shear rates are 
quite superior to those found in the optimization 
process of Paste A. This means that there is a 

great resistance to flow at low shear rates. It 

was not possible to study it behavior in terms of 
consistency and flow rate since the value of n 
(flow rate) came negative, which does not have 
any physical meaning. This problem could be 
overcomed by fitting other rheological models 
(e.g., Cross or Casson [10]), that would imply a 
deeper analysis of the results, which is outside 
of the scope of this thesis. 
 
3.2 Preparation of the specimens 
The requirements of the pastes are that it must 
flow with modest pressure through the syringe, 
retain the desired shape after deposition, dry 
with minimal shape change after the printing 
simulation, and sinter to high density. 

Apparently, both pastes seem to fit these 
requirements. 
For comparison purposes, specimens were also 
produced by molding.  All the specimens were 
sintered at 1450ºC. 
 
3.3 Characterization techniques 
 
Density measurements 
The relative density of the sintered samples 
(unpolished) produced by manual printing with 
Paste A and Paste B (considering as reference 
a typical density value of 6.04 g/cm3 [11] for 
yttria zirconia) was determined and is shown in 
Table 12. For comparison purposes, the density 
of a commercial sample of yttria zirconia used 
in labs of dental prosthetics, was also 
measured.   
For Paste A, all relative density values were 
above 90% (90.3%, 93.2% and 96.6% for 90% 
91% and 92%, respectively). As expected, the 
higher the amount the solids, the higher the 
density. Despite this, these values could still be 
optimized, for example with better degassing of 
the paste to prevent pore formation. In contrast, 
the density of the specimens produced with 
Paste B was significantly lower (83.8%). 
Therefore, it is expected the existence of more 
space between the particles (i.e., pores). The 
relative density of commercial zirconia samples 
was 99.3%, which is above the value reported 
by the manufacturer (96–99%). [12] 
From these results, it may be concluded that 
samples produced with Paste A higher content 
of solids are the most promising, since they 
present a relative density closer to that 
observed for the commercial material. 

 
Porosity analysis 
Figure 8 presents the percentage of the porous 
area estimated by the used software. In a 
general way, the porosity results corroborate 
the tendency found for relative density values: 
the higher the porosity, the lower the relative 
density. 
 

 
Figure 8 – Porosity determined for the specimens 

produced with Paste A (for 90, 91 and 92% of solids 
loading), Paste B and commercial zirconia, C. 
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Figure 9 – Distribution of sizes of the pores (1–3) 

90%, 91% and 92%, respectively, and (4) Paste B. 
 

According to the distribution of sizes of the 
pores presented in the histograms of Figure 9, 
it can be observed that all the samples present 
a high number of pores with small dimensions, 
being prevalent the pores with diameter lower 
than 4 µm. Among the samples prepared with 
Paste A, the correspondent to 92% of solids 
shows a number of pores with dimensions <10 
µm significantly lower than the others. More, in 
comparison with this samples, those prepared 
with pastes containing 90% and 91% of solids 
present a higher dispersion of pore sizes. 
From the presented results, it was possible to 
conclude that the 92% is the one that leads to 
specimens with higher density (close to the 
reference value) and lower porosity. In this way, 
Paste A with 92% of solids was chosen as the 
best one to produce specimens and, 
consequently, to continue this study. 
 
Surface Morphology/Topography 
The surface morphology of samples produced 
with Paste A with 92% of solids and Paste B 
was analyzed by SEM. Figure 10A and 10B 
show typical images obtained for these 
samples. For comparison purposes, an image 
of commercial zirconia is also presented (Figure 
10C). 

 
Figure 10 - SEM image of sample A (A), sample B 

(B1 and B2) and commercial zirconia (C). 

As observed through the SEM images, sample 
B is more porous than sample A, in agreement 
with optical microscopy observation. However, 
the distribution of pores is not homogeneous: 
there are places with a high density of pores 
(Figure 10B1) and others where this is lower 
(Figure 10B2). Sample C presents a quite 
uniform surface, similar to that found for Sample 
A. 
The surface topography of the samples was 
studied by AFM. The following images (Figures 
11, 12 and 13) depict the surface of the 
samples. 

 
Figure 11 – AFM image of the surface area of 
Sample A, and the respective 3D profile of the 

surface sample. 

 

 
Figure 12 - AFM image of the surface area of 
Sample B, and the respective 3D profile of the 

surface sample. 

 

 
Figure 13 - AFM images of the surface area of 

commercial zirconia sample, and the respective 3D 
profile of the surface sample. 

 
The topography of the samples A and B are 
quite similar: some scratches are visible in the 
surface with a random orientation. In contrast 
sample C presents a quite different surface: no 
scratches were observed on the surface, but a 
granular/globular morphology can be identified. 
This may be due to the pull out of zirconia grains 
during the polishing process. 

A C 

B1 B2 

1   2 

3 4 



8 
 

Roughness of intra-oral hard surfaces as 
zirconia dental restorations have impact on the 
adhesion and the retention of oral 
microorganisms. At surface irregularities and 
asperities (like cracks, porous, and other 
stagnant sites), bacteria, once attached, can 
survive longer because they are protected 
against natural removal forces and also against 
oral hygiene measures, like toothbrushing. [13] 
Smooth surfaces (with lower roughness) tend to 
minimize dental plaque formation, thereby 
decreasing the occurrence of caries and other 
dental diseases. [14] Thus, the demand of 
dental prosthesis with lower surface roughness 
has been focus of clinical attention. 
Figure 14 depicts the average roughness (Ra) 
determined from a set of AFM images (20µm2 x 
20 µm2) for the surface of zirconia samples. 
 

 
Figure 14 - Zirconia mean roughness (Ra). 

 

Samples A and B present values of Ra similar 
among each other but significantly lower than 
those found for sample C (about 13 times 
lower). It must be stressed that these 
measurements were carried out in inter-pores 
zone, and thus the porosity does not affect the 
obtained values. Furthermore, the roughness 
depends on the material’s microstructure which 
is determined by the grain size. According to the 
manufacturer the commercial sample (C) 
presents a grain size of 850 nm. For sample A 
and B a lower grain size would be expected, 
since they were prepared with a zirconia 
powder whose particles had 150 nm and whose 
sintering temperature was low (1450 ºC), 
avoiding the grain growth. [15], [16] 

 
Wettability tests 
Wettability was studied for all samples, A, B and 
C, by measuring the contact angle through the 
sessile drop technique. Figure 15 shows the 
obtained water contact angles measured for the 
different specimens. 
 
 

 
Figure 15 - Contact angle for zirconia samples. 

 
Despite the existence of a deviation in the 
values, all samples had a mean contact angle 
lower than 90°, which means that a hydrophilic 
characteristic was maintained in all samples. 
The same also happens in enamel, which has a 
contact angle below 60°. [13], [17]  
Sample C led to the highest contact angle, 66 ± 
10º. Samples A and B present lower and closer 
values among each other (44 ± 5º and 36 ± 6º, 
respectively). 
Hydrophilicity is an important parameter for 
dental prosthesis, playing a relevant role in the 
adhesion of microorganisms and 
biomacromolecules existent in the oral 
environment. It also affects the comfort 
provided by the prosthesis. As referred 
previously, wettability depends on the chemical 
and physical characteristics of the surface. In 
the present case, all surfaces are chemically 
similar, since the samples are made of zirconia-
based materials. Differences in roughness may 
explain the different wettability behavior. [18]  
Although in previous studies [19] it has been 
hypothesized, that surface roughness may 
improve wettability by reducing the contact 
angle, the wettability behavior in this study was 
inverse: the surfaces more hydrophilic were the 
smoothest, A and B.  
The wettability results obtained in this study 
seem to be in agreement with the Cassie-Baxter 
model: the high roughness of samples C shall 
lead to be formation of air pockets that increase 
the water contact angle. [20], [21] 
It should be stressed that a higher surface 
roughness its generally associated to a higher 
tendency to promote bacterial plaque formation. 
[14] However, several studies referred that 
bacterial adhesion is favored by the increase of 
hydrophilicity. [13] In this case, the two factors 
(roughness and hydrophilicity) act in an 
opposite way concerning the bacterial 
adhesion. Studies with microorganisms would 
have to be performed to clarify this issue. 
Different bacterial species commonly found in 
mouth should be used, since it is known that 
their behavior may differ significantly. [22], [23] 
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Tribological behaviour 
Friction and wear are of most importance for the 
performance of prosthetic materials. Wear tests 
were performed in to mimetized the local 
contact of zirconia against zirconia using 
artificial saliva as lubricant and a load within 
those found in the mastication process. Wear 
tracks were sought through AFM, but none were 
found in any of the three samples. This means 
that the load used does not induce the wear of 
the tested materials, and that the produced 
specimens (A and B) offer a wear resistance as 
good as the commercial sample (C). However, 
differences were observed concerning the 
friction coefficient (Figure 16). 
 

 
Figure 16 - Friction coefficient for zirconia samples. 

 
The friction coefficient depends on the surface 
energy (adhesion component) and also on the 
surface roughness (plow component). [24] The 
obtained results show that the coefficient of 
friction follows the same trend observed for the 
roughness, being the highest value achieved for 
sample C. A higher roughness favors the 
increase of the friction coefficient. On the other 
hand, although all surfaces are hydrophilic, a 
higher contact angle (lower wettability) shall 
impair the lubrication, increasing the friction 
coefficient. This means that samples A and B 
present a better tribological behavior than 
sample C.  
Unlubricated sliding tests already performed on 
Y2O3 doped in zirconia ceramics showed that 
the friction coefficients varied in the range of 
0.5–1. [25], [26] No data was found concerning 
lubricating systems. The obtained results show 
that the use of saliva as a lubricant shall 
contribute to the lower values found for the 
friction coefficients of the three samples (0.12–
0.25), due to the improvement of the lubrication 
conditions. 
 
 
Microhardness tests 
The Vickers hardness of the studied materials 
was measured for different loads. The obtained 
results are presented in Figure 17. 

 

 
Figure 17 - Zirconia microhardness for each 

sample. 
 

Considering that the reported hardness for 
yttrium-zirconia is approximately 1250-1300HV 
[27], [28] it can be seen that the experimental 
values obtained for the tested samples are 
close to this reference, independently of the 
applied load.  
No clear effect was observed concerning the 
applied load: while for samples prepared with 
Paste A, higher loads lead to lower average 
hardness values, for samples prepared with 
Paste B the increase of load results in higher 
values for hardness and for commercial 
samples the hardness values are not affected 
by the load. It must be underlined that observed 
variations can be due to the heterogeneity, 
taking into account the error associated to the 
measurement. The similarity between the 
obtained values for the three types of samples 
allow to conclude that despite their different 
initial compositions, samples A and B present 
suitable characteristic in terms of hardness.  
Understanding the fracture behavior is also 
essential for the development of "tooth-like" 
restorative materials. 
 
Toughness 
The obtained results were plotted in Figure 18. 
 

 
Figure 18 - Fracture toughness for each sample. 

 
The results showed that the highest value was 
observed for samples B, followed by C and 
finally A. The obtained average values, varied in 
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a range of 3–6.5 Pa⋅m1/2, and are lower to those 
reported for yttria zirconia fracture toughness, 
8–10 Pa⋅m1/2 [11]. However, they are within the 
range observed for dental ceramics used in 
dental restoration.  
 
 
4. Conclusions 
 
Zirconia-based pastes containing a dispersant 
(Dolapix CE64) were formulated and optimized 
to be used in the production of dental parts by 
robocasting, comparing to an additivated 
zirconia-based paste (B) and commercial 
zirconia (C). It was concluded that:  
1. A concentration of 1% of Dolapix on the 

solids content allowed to obtain minimum 
values of consistency and flow rate, in 
suspensions with 60% solids.  

2. Contrarily to what happened with the direct 
preparation of the pastes with high solids 
content, the preparation of suspensions 
based on the evaporation of water (60% to 
90% solids loading) resulted in 
homogeneous pastes. 

3. Concentrations > 90% of solids led to the 
higher values of viscosity. 

4. The manual printability of pastes Type A 
was superior to that of paste B, since the 
former could pass throw thinner orifices. 

5. The increase in the solids content led to an 
increase of density of the type A materials. 
B samples presented a lower density than 
A. 

6. From all the tested samples, the one with 
92% solids showed the lower porosity, 
being the pores diameter generally lower 
than 4 µm. 

7. Samples of type A presented the lower 
roughness (7 ± 1 nm) 

8. The water contact angle of samples A and 
B was significantly lower than that found for 
samples C, being of the order of 40º. 

9. No wear was detected in any of the 
samples, under loading conditions similar to 
those observed in the mouth. Samples A 
led to the lower friction coefficient.  

10. The microhardness of all the tested 
samples falls within the range of values 
reported for yttria-zirconia commercial 
samples. 

11. The highest values of toughness were 
obtained for samples B and C. However, all 
the values are within the typical range found 
for ceramic dental materials. 

Overall, the results showed that specimens 
produced with paste A containing 92% solids 
and 1% Dolapix, presented adequate properties 
for dental applications. Taking into account the 
preliminary test of printability, the referred paste 

may be used for production of dental parts by 
robocasting. 
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