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A B S T R A C T

Understanding and optimization the rheological properties characterization of zirconia (ZrO2) based ceramics
inks is critical for optimizing the production of Direct Ink Writing (DIW) components to achieve complex struc-
tures with similar properties as those obtained by using the traditional processing routes. In this work, ZrO2
based ceramic materials with different yttrium contents (3 and 8 mol %) were designed and produced by DIW to
determine the most suitable ceramic ink composition in terms of the rheological properties (e.g. flow curves, vis-
cosity, loss modulus G′, storage modulus G″, etc.) to design new components. Different ceramic inks with charges
up to 75 wt % were prepared and characterized. A systematic study of the feedstock, as well as the different ce-
ramic inks, was performed to determine the optimal ceramic charge. This characterization evidences that rheo-
logical properties of zirconia based ceramic inks are influenced by the particle size and amount of ceramic con-
tent. Furthermore, the rheological study highlights that the ZrO2 inks present a Non-Newtonian behavior de-
pending on the ceramic content. Results revealed that the yttrium content affects the flow properties of ZrO2 sus-
pensions in such a way that, higher shear rate was required to make the suspensions flow at increasing the
amount of powder. It was also found that the best rheological properties corresponded to 73 and 70% for the 3Y-
and 8Y–ZrO2 of ceramic charge, respectively.

1. Introduction

Zirconia (ZrO2), due to its excellent mechanical properties, holds a
unique place amongst other ceramic oxides [1]. It can be used as a
structural bioceramic by doping the material with secondary phases
(i.e. yttrium oxide, calcium oxide, etc.) in order to stabilize the tetrago-
nal phase at room temperature. In this regard, 3 or 8 mol % of yttrium
oxide (Y2O3) are widely employed as stabilizers leading to stress-
inducing tetragonal (t-) → monoclinic (m-) phase transformation, a
mechanism also known as martensitic transformation [2,3]. In this
sense, ZrO2 based ceramic materials have multiple commercial applica-
tions depending on the Y2O3 content [4,5]; like electrolytes in solid ox-
ide fuel cells by using 8 mol.% Y2O3–ZrO2 (8Y–ZrO2), dental implants
and prosthesis mainly using 3 mol % Y2O3–ZrO2 (3Y–ZrO2), among
other applications. Currently, the traditional processing routes used in
these specimens provide specimens with different shapes as cylinders or
even foams. On the other hand, parts produced by traditional routes are
relatively large, and geometric complexity is a limitation in the cold iso-

static (CIP) method [6,7]. However, these geometries are not necessar-
ily optimal for the different types of applications in several sectors.

In this sense, as a rapidly growing industry with an expanding op-
portunity set, Additive Manufacturing (AM) has applications in numer-
ous markets, ranging from aerospace to energy [6]. The combination of
the limitless potential offered by this technology and the ever-
decreasing cost of the printing machines supports the increasing popu-
larity of AM in the energy industry [7]. In this context, solid freeform
fabrication has become one of the key manufacturing techniques lead-
ing to the design and development of complex shapes. This technology
includes a wide range of methodologies [8], such as powder bed fusion
(e.g. selective laser melting [9,10]), sheet lamination (e.g. laminated
object manufacturing [11]), vat photopolymerization (e.g. stereolithog-
raphy [12]), material extrusion (fused deposition of ceramics [13–15]),
binder jetting [16–18], material jetting (e.g. ink-jet printing [19,20]
and direct-ink-writing (DIW) [21]. In particular, material extrusion by
DIW is of special interest due to its ability to produce space filling and
spanning structures as well as to provide relatively easy access to multi-
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material AM. The first step is to design the solid object using computer
modeling software such as Computer-Aided Design (CAD). In this sense,
the final geometry can be chosen arbitrarily without the need to modify
the rest of the manufacturing process which allows expanding opportu-
nities within the scientific and industrial field. The DIW technology
[22] can be considered as a desirable alternative for the industry of the
future that allows better control of topology and/or geometry. This
technology leads to build complex geometries layer-by-layer using a
bottom-up methodology. The rheological properties are the main key
parameter by using the DIW technology in order to implement complex
and dense ceramic structures. In this sense, from one ceramic ink to an-
other mainly depends on several experimental parameters which can
modify the rheological properties such as particle size, pH of suspend-
ing media, type and amount of added dispersing agents, among others
[23–26].

Following the above ideas, it is clear that the use of the DIW technol-
ogy to develop complex structures which emerge as a suitable approach
for the demanding applications of ZrO2 based ceramic materials. It is
well known that the DIW technology imposes strict requirements on
their printability which is strongly correlated with the rheological prop-
erties of the ceramic inks. In this sense, the ceramic inks not only must
flow through the nozzle but also resist deformation immediately after
being printed. This research aims to optimize in terms of the rheological
properties of the ceramic ink formulation in terms of the Y2O3 content
for ZrO2 based ceramic materials to enhance their printability.

2. Experimental procedure

2.1. Materials

The commercial ceramic feedstock powders used in the preparation
of the ceramic inks were 3 mol % Y2O3 - and 8 mol % Y2O3–ZrO2 also
labelled as 3Y–ZrO2 and 8Y–ZrO2, respectively, from TOSOH Corpora-
tion and Pluronic® F-127 (Sigma Aldrich, Germany) were used to pre-
pare the gelling agent.

2.2. Ceramic inks

A dual asymmetric centrifugal mixer (SpeedMixer, DAC 150.1 FVZ-
k) was employed to mix the gelling agent (Pluronic® F-127 + distilled
water) and the ceramic charge (3Y- and 8Y–ZrO2) for 30 s, with differ-
ent ratios of ceramic charges (CC)/gelling agent in order to optimize
the ceramic ink in terms of printability as follows: 75/25, 73/27, 71/29
and 72/28, 70/30, 68/32 for the 3Y- and 8Y–ZrO2, respectively.

The ceramic ink preparation was done in two different steps: (1) ini-
tially, the gelling agent was prepared from a solution of 25 wt% of
Pluronic® F-125 in 75 wt % of distilled water. Subsequently, the mix-
ture was cooled down at 4 °C for 24 h to release the defects generated
during the mixing process (i.e. bubbles) and (2) afterward, the ceramic
powder was added to this solution to prepare the desired ceramic ink
with different ratios between gelling agent/ceramic charge as described
above.

2.3. Feedstock characterization

The morphology of the feedstock was characterized by field-
emission scanning electron microscopy (FESEM, Jeol 7001F). Prior the
particle size measurement, the feedstock was dispersed on distilled wa-
ter and subsequently measured by laser diffraction analysis (Malvern,
Mastersizer 3000 Hydro EV).

X-Ray diffraction (XRD, 2θ angle: 25° to 75°) analyses were carried
out on a Philips MRD using Cu Kα1 (40 kV and 30 mA) radiation. The
spectra were obtained at a scan rate of 10 s·step−1 and with a constant
scan size of 0.017°.

2.4. Rheological properties

Rheological properties of the gelling agent and ceramic inks investi-
gated in this manuscript were characterized at room temperature in a
Thermo Scientific HAAKE MARS III rheometer (Thermo-Fisher Scien-
tific, USA) with a 20 mm serrated parallel plate geometry at 25 °C. Rhe-
ological parameters were determined by rotational measurements in
controlled shear rate mode increasing shear rate from 0.1 s−1 to 200 s−1

logarithmically and decreasing the shear rate to the initial value in the
same form. Viscoelastic behavior was evaluated by oscillatory measure-
ments. G′ and G″ were evaluated increasing the shear strain from 10 to
10000 Pa at a constant 1 Hz frequency. G′ and G″ were determined
from the hydrogel at different frequencies from 0.001 to 100 Hz at con-
stant 100 Pa of shear strain. Viscoelastic suspensions are characterized
by their complex shear modulus (G*) as follows [27]:

G* = G′ + i·G′′ (1)

where G* is composed of the real component (G′), and an imaginary
component (G″). G′ represents the energy stored in the elastic structure
while the G″ characterizes the amount of energy dissipated and/or the
viscous part of the specimen.

3. Results and discussion

3.1. Feedstock characterization

The XRD patterns for the ZrO2 based ceramic feedstocks investi-
gated here with different Y2O3 content (3Y- and 8Y–ZrO2) recorded in a
wide range of Bragg angle 2θ (0° ≤ 2θ ≤ 100°) are depicted in Fig. 1. All
the observed diffraction peaks can be indexed with the main constitu-
tive phases present in the material; tetragonal (t-), monoclinic (m-), and
cubic (c-) ZrO2 phases. For 3Y–ZrO2 (black spectra) it is possible to ob-
serve that the asymmetrical broadening of the (111)t peak at around
30°. On the other hand, at 34.64° and 35.22° corresponds to the (002)t
and (200)t planes which correspond to the tetragonal doublet in agree-
ment with [28]. Furthermore, the XRD spectra for the 3Y–ZrO2 shows
the presence of the m-phase at 20 and around 35°. On the other hand,
the 8Y–ZrO2 spectra shows the existence of the c-phase in agreement
with those reported in Refs. [29,30]. Fig. 2 shows the particle morphol-
ogy (left side) and the particle size distribution (right side) for the 3Y-
and 8Y–ZrO2 feedstocks. SEM micrographs of the different feedstocks

Fig. 1. XRD spectra of the 3Y- and 8Y–ZrO2 feedstocks. t-, m- and c-present in
the graph denotes the tetragonal, monoclinic and cubic phases, respectively.
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Fig. 2. SEM micrographs and particle size distribution of the investigated feedstock: (a) 3Y- and (b) 8Y–ZrO2. SEM scale bar: 100 μm.

(see Fig. 2, left side) exhibit a quasi-spherical bimodal shape distribu-
tion. Moreover, they have no difference in morphological structure and
they tend to agglomerate as depicted in Fig. 3. The particle size distrib-
ution for both investigated feedstocks presents a multi-modal particle
size distribution. 3Y–ZrO2 feedstock exhibits a bimodal particle size dis-
tribution of fine and coarse particles at around 0.46 and 8.03 μm, re-
spectively, being the coarse particle size distribution agglomerates. A
similar trend is presented for the 8Y–ZrO2 with a mean particle size
smaller than those for the 3Y–ZrO2.

3.2. Rheological properties

Prior to validating the suitability of the ceramic inks, rheological
measurements were initially performed on the gelling agent (Pluronic®
F-127/distilled water with the following ratio: 25/75 wt %) to deter-
mine the physical properties which may be useful to provide a frame-
work for the formulation of the correct ink as depicted in Fig. 3.

Fig. 3a exhibits G′ and the G″ as a function of the shear stress ap-
plied from oscillatory stress sweep. A different behavior was found de-
pending on the intensity of the stress. At low shear stress, G′ and G″
values for the gelling agent remained constant and parallel within the
linear viscoelastic region (LVR). Furthermore, as shear stress in-
creased, G′ decreased indicating a breakdown of the internal structure
of the gelling agent in agreement with Refs. [27,31]. Furthermore, G″
showed a slight increase before crossover with G’. Above the cross-
over stress, G″ exceeded G′ indicating then that transition is predomi-
nantly from solid to liquid behavior. Fig. 3b shows the viscosity evolu-
tion as a function of the shear rate (black curve), which decreases lin-
early. This trend indicates that the gelling agent presents a shear thin-
ning behavior in agreement with previous studies [32,33]. In this
sense, this trend follows a non-Newtonian fluid behavior. On the other
hand, at a high shear rate, the breakup happens faster than the defor-
mation, so there is less resistance to flow (see the red curve in Fig. 3b).
In order to evaluate the gel behavior, the G′ and G″ have been mea-
sured throughout the frequency range as shown in Fig. 3c. As it is de-
picted in Fig. 3c, G′ and G″ presents values higher than 103Pa at low
frequencies (0.001 Hz), highlighting the structural stability of the
gelling agent as a dispersion matrix. In this sense, it is well known that
adding ceramic charge to the gelling agent this trend will be higher

than the one for the gelling agent. From the aforementioned informa-
tion, the stability of the ceramic ink has not been investigated due to
the G′ and G″ as a function of the frequency will present values higher
than for the gelling agent.

It is well established, that an ink suitable for DIW must be easy to
flow through a nozzle, but they must resist deformation after printing.
In this regard, it may keep in mind that the rheological properties are a
key parameter to take into consideration. In this regard, inks suitable
for robocasting must be easy to extrude through the nozzle and cohe-
sive enough to hold its shape after printing process. In this sense, the
three different ceramic charges per specimen have been investigated;
71, 73 and 75% and 68, 70 and 72% for 3Y- and 8Y–ZrO2, respectively.
Fig. 4 shows G′ and G″ as a function of the shear strain applied from os-
cillatory stress sweep. From this representation, at least two different
parameters can be extracted, describing this yield phenomenon: at the
end of the LVR region, meaning G′ dropping at least by more than 10%
of the plateau value, and also the intersection between G′ and G″ and
known as the yield stress, τy [34]. As it is presented in this representa-
tion, at low shear stress, G′ and G″ values for the ceramic ink remained
constant and parallel within the LVR, being the G′ greater than G″ and
denoting that at this region the ceramic ink is slightly structure and pre-
sents a solid-like behavior. Furthermore, as shear stress increased, G′
decreased indicating a breakdown of the internal structure of the mate-
rial. As it is evident, the ceramic ink, G″ showed a slight increase before
crossover with G’. Above the cross-over stress, G″ exceeded G′ indicat-
ing then that transition is predominantly from solid to liquid behavior.
Finally, the cross-over point where G″ becomes larger than G′ - also
known as the flow stress and represented as τy - is the moment where
the applied mechanical force overtakes the molecular or inter particles
forces and the material starts to flow. As can be seen in Fig. 4, either the
ceramic charge of the ceramic ink increases and/or the Y content in-
creases, the G′, G″ and τy increases. This means that more force is re-
quired in order to lead the ceramic ink flow through the nozzle. Based
on the rheology characteristics, the minimum τy to extrude the ceramic
inks in order to the geometry and the structural stability of the shaped
object after the DIW project is around 73 and 70% of ceramic charge for
the 3Y- and 8Y–ZrO2, respectively. The main rheological properties ex-
tracted for the gelling agent as well as for the ceramic inks investigated
here are summarized in Table 1. Furthermore, the minimum τy to ex-
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Fig. 3. Rheological properties for the gelling agent in log-log representation: (a)
shear modulus vs. shear strain amplitude, (b) viscosity as a function of shear
rate, and (c) shear modulus as a function of frequency.

trude the ceramic inks are around 1439 and 2336 Pa for the 3Y- and
8Y–ZrO2, respectively.

Initially, in Fig. 5 it is possible to see the effect of the Y content for
the optimized ceramic inks in terms of viscosity and shear stress for
each ceramic ink investigated here as a function of the shear rate. As it
is depicted, as the Y content increases, both trends present higher val-
ues. At low shear rates, the viscosity presents irregular changes, which
proves that the ceramic charge investigated in this manuscript does not
make the ink a steady flow. Furthermore, viscosity decreases when the
shear rate increases reaching a stable state at a shear rate above 10 and
25 s−1 for 3Y–ZrO2 (73% of ceramic charge) and 8Y–ZrO2 (70% of ce-
ramic charge), respectively. Furthermore, the ceramic inks present a
shear thinning behavior following a step change in applied shear in fair
agreement with the trend presented in Ref. [27]. In this representation,
a sudden drop in viscosity is evident due to the disruption and break-

Fig. 4. Storage and loss modulus as a function of the shear strain for the differ-
ent ceramic inks investigated here for a) 3Y- and b) 8Y–ZrO2.

Table 1
Summary of the main rheological properties for the gelling agent as well as
for the ceramic ink. Includes the data for all the ceramic inks investigated
that appear in Figs. 5 and 6.
Sample Viscosity at 100 s−1 shear rate

(Pa) ·10−3
Yield stress (τy,
Pa)

G* al LVR zone
(Pa)·10−3

Hydrogel 9 550 10 ± 7
3Y –

73%
6395 1439 120 ± 73

8Y –
70%

14499 2336 174 ± 90

down of the network under shear stress [35]. Furthermore, when the
dynamic viscosity linearly decreases as the shear rate increases, which
means that the ceramic inks remain stable without any deformation af-
ter the DIW process in agreement with Refs. [36,37]. Non-hysteresis
loop for both ceramic inks is visible in Fig. 5, which shows that the ce-
ramic inks do not present a thixotropic behavior and at the same time
the ceramic ink keeps the 3D printing structure after the DIW process in
agreement with [38]. The obtained results indicate that the Y content
affects the flow properties of ZrO2 ceramic ink, improving the extrud-
ability properties at high shear rates. At lower shear rates, viscosity lin-
early increases, and ceramic inks recover their initial state. At a high
shear rate, the breakup happens faster than the reformation, so there is
less resistance to flow [39]. The viscosity linearly decreases with time
as the gelling structure is broken down until an equilibrium viscosity is
reached. In this regard, and from the data presented in Fig. 4, the ce-
ramic inks investigated here a suitable to be used for the DIW technol-
ogy due to they retain the shape after each filament is deposited, which
corresponds to a quick viscosity recovery when no shear stress is ap-
plied in agreement with Ref. [40].

4
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Fig. 5. Log-plot evolution of the viscosity and shear stress for the optimized
ZrO2 based ceramic materials (73 and 70 wt % for the 3Y- and 8Y–ZrO2, re-
spectively) with different Y content vs shear rate. Go and back correspond with
the lower and upper curves, respectively.

Fig. 6a represents the values for G′ and G″ against shear strain for
the gelling agent as well as for the two optimized ceramic inks. As it is
evident, adding the ceramic charge into the gelling agent, the G′, G″ as
well as the τy considerably increases. This effect can be attributed to the
formation of a stiff network of particle interactions. The ceramic inks
show a LVR at strains below 5–8%. On the other hand, τy takes place at
15–25% for the ceramic inks while it takes place at 50% of the shear
strain applied for the gelling agents. These results confirm that both ce-
ramic inks can have appropriate rheology to be used to 3D printing ce-
ramic components by using the DIW technology as summarized in
Table 1. As it is evident in this table as well as in Fig. 6a, the in-
creases with the Y content. This trend can be attributed to the fact that
the flow of the hydrogel is constricted by the presence of ceramic parti-
cles that share some of the load. In this sense, larger overall stress is re-
quired to instigate flow. On the other hand, by plotting the complex
modulus (G*) or the phase angle (δ) as a function of stress amplitude,
exists a point where the trend loses the linearity that defines the limit of
the linear viscoelastic region as shown in Fig. 6b.

3.3. Relationship between rheological properties vs. extrusion

The flow behavior of these ceramic inks investigated along this re-
search can often be approximated by the Herschel-Bulkley model [41].
This has been found to be useful for describing the flow of robocasting
inks and describes ideal non-Newtonian fluids which do not flow below
certain stress (the yield stress). When they are stressed above their yield
stress, they exhibit shear thinning behavior, such that their viscosity de-
creases greatly as shear rate increases [41]. They can be mathemati-
cally described by the Herschel-Bulkley equation [27,41];

(1)

where is the applied shear stress, is the yield stress, is the shear
rate, n is the shear thinning exponent and K is the viscosity parameter.
For robocasting and in particular for the DIW, a low value of n is desir-
able such that extrusion pressures are reasonably low and to aid mixing.
This model describes materials with viscosity that varies with shear
rate, and exhibit a yield stress ( > 0). When viscosity will de-
crease with shear rate [27,41]]. This phenomenon is known as shear
thinning or pseudo-plasticity, and is a very common rheological behav-

ior. Materials where and are Newtonian fluids, while mate-
rials where are shear thickening, meaning their viscosity increases
with shear rate [27,38,41]]. Within the aforementioned information,
Fig. 7 shows data of calculating the viscosity parameter (K) and shear
thinning coefficient (n) of 3Y–ZrO2 and 8Y–ZrO2 inks under the best
rheological properties. As the yield stress is the yield stress with the
flow point in Herschel-Bulkley model. The slopes are 0.39 and 0.82
which means that they are the values of (n) for 3Y-73% and 8Y-70%
ink, respectively. The intercepts are 5.01 and 2.75 which are equal to ln
(K), so the value of K are 149.9 Pa.sn for 3Y-73% and 262.4 Pa.sn for
8Y-70% ink, respectively. All of our inks and hydrogel exhibited a yield
stress ( >0) and were shear thinning at stresses above the yield stress
(0 < < 1).

4. Conclusions

A systematic study to determine the optimal formulation of a ce-
ramic ink with two different yttria content for DIW technology is con-
ducted. Key parameters studied are ceramic content and rheological
properties. The following conclusions can be drawn:

(1) The rheology and processing ability of the inks depends on
feedstock content and particle-size distribution.

(2) The viscosity of the different examined decreases when the shear
rate increases. This behavior highlights that the ceramic inks
present a shear thinning effect. This means that there is a great
resistance to flow at a low shear rate and this behavior is
enhanced by the addition of ceramic charge and high connection
between the particles.

(3) Furthermore, the shear thinning behavior is preferable as it
allows the paste to be extruded through smaller nozzles at a
lower pressure. As might be expected, at low shear rates,
viscosity was found to increase with increasing yttrium content.

(4) The shear stress curve of the different ceramic inks showed the
reversible behavior that means break down and build-up of
microstructure due to the reversible disruption and breakdown of
the gelling agent network under stress.

(5) Through rheological characterization, the optimal ceramic
charge for the different investigated ceramic inks are 73 and
70% for the 3Y- and 8Y–ZrO2, respectively. These inks present a
pseudoplastic behavior.

(6) The optimized ceramic inks exhibited a similar trend as for the
gelling agent but with the main investigated rheological
properties (G′, G″, and η) slightly higher for the ceramic inks
due to the addition of the 3Y- and 8Y–ZrO2 charge into the gelling
agent.
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Fig. 6. (a) Shear and loss modulus vs shear strain amplitude for the gelling agents as well as for the optimized ceramic inks and (b) variation of the complex modulus
(G*) and phase angle (δ) as a function of the shear stress sweep test performed at a constant frequency of 1 Hz.
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Fig. 7. Ln-plot calculation of K and n for (a) 3Y–ZrO2 (73 wt% of ceramic charge) and (b) 8Y–ZrO2 (70 wt% of ceramic charge). This representation has been con-
ducted by using the data from Fig. 5.
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