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ARTICLE INFO ABSTRACT

Keywords: Robocasting is a commonly used method for depositing ceramic and glass inks, especially for glass-based seal-

Rheology ants. Developing an ink recipe that optimizes an existing process can be a complex and time-consuming task. This

gla;s'bas_ed sealant study utilized a statistical approach based on the Design of Experiment theories to fine-tune the rheological
obocasting

properties of a water-based glass-based suspension with a limited number of experiments.

The key components of the sealant were characterized with a scanning electron microscope, and a fractional
factorial design 21 was implemented to investigate the influence of each component on the rheological
characteristics of the ink within a predefined domain of variation. The information obtained and the resulting
models were useful in designing a new formulation that closely mimics the rheology of a state-of-the-art ink
formulation.

This analytical approach not only facilitated the development of a new sealant ink but also enabled its
seamless integration into an existing industrial robocasting deposition process without requiring additional
adjustments. The study contributes to a better understanding of the influence of each ink component on the
rheological behavior and to the design of a new formulation with rheological characteristics very close to those of

Design of Experiment
Fractional Factorial Design
Joining

a reference paste.

1. Introduction

Glass-based materials have been extensively studied since the 1990 s
as versatile sealants for joining advanced ceramics, ceramic matrix
composites, and ceramic-to-metal components for high-temperature and
harsh environment applications [1-6]. One of the most appealing
characteristics of glass is the straightforward manner in which its
properties can be manipulated by altering its chemical composition.
Thus, it is possible to tailor important properties such as the Coefficient
of Thermal Expansion (CTE), the glass-transition temperature (Tg), and
chemical stability [7,8] by properly tuning the amount of oxides that
form the glass. These properties are selected based on the specific
application for which the sealant has been designed. The energy sector is
one of the fields of application for this class of joining materials. For
example, glass and glass—ceramic sealants are used to assemble energy
conversion and storage devices, such as Solid Oxide Cells and batteries.
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Molten Sodium Batteries, including Na-NiCl, Na-S, and Na-ZnCl, are
state-of-the-art technologies for stationary storage systems due to their
high energy density, long lifetime, and improved safety compared to
other alternatives [9-11]. These types of batteries require high oper-
ating temperatures ranging from 270-350 °C and work in corrosive en-
vironments, mainly due to the presence of sodium - both liquid and
vapor — and molten salts [12-14]. For this application, the sealant
should be thermo-mechanical compatible with the ’’-alumina electro-
lyte, ensuring proper tightness between the cathode, anode, and external
environment, and establishing strong bonds between the alumina
components [15]. Several examples of the successful use of glass and
glass—ceramic sealants, including the Na-ZnCl solid electrolyte battery
have been reported in the literature [15-20]. As part of the SOLSTICE
EU project (www.solstice-battery.eu), a new joining material has been
developed to lower by approximately 100 °C the sealing temperature
currently used by FZSoNick SA company to assemble the ZEBRA®
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battery, reducing the energy consumption. The newly glass-based seal-
ing system must be deposited on one of the substrates using an automatic
industrial process that has already been optimized for the water-based
ink composed of the glass system currently used by the company in its
manufacturing process.

The robocasting technique was introduced in 1996 [21] and nowa-
days has become one of the most versatile additive manufacturing
technologies for in-situ deposition of glass and glass—ceramic powders
[22-25]. It has also been explored as a reliable solution for the
controlled deposition of sealants [26,27]. To improve control over paste
printability and the shape fidelity of extruded material during ink direct
deposition, it is essential to precisely adjust the rheological behavior of
powder suspensions [28,29]. Indeed, the inks must possess suitable
rheological properties, displaying a shear-thinning behavior during the
printing process and consistency after its deposition. However, robo-
casting inks are complex systems composed of various components,
including the solid load (the sealant itself), the solvent, plasticizers, and
surfactants [30]. The equilibrium of the system depends on a delicate
balance of its components, each exerting a distinct influence on the ink’s
flow behavior.

A comprehensive study of the effect of each component can be
challenging and time-consuming, particularly with the common
approach of varying one variable at a time. In contrast, the Design of
Experiment (DoE) is a multivariate approach that can be highly bene-
ficial in studying complex systems. This statistical approach, first
introduced by Ronald Fisher in 1935 [31], has been successfully adopted
in many different fields, including pharmaceutics [32-34], wire bonding
[35,36], water treatments [37,38], and many others [39-42]. This
approach analyzes how a certain system is modified by changes in the
value of variables or factors, by measuring responses. The DoE allows for
the creation of mathematical models that can accurately predict the
value of a response at any point within the experimental domain
[43-45]. This statistical approach has been used to optimize additive
manufacturing processes [40,46,47], such as in the case of A. Renteria
et al. who improved the performance of a piezoelectric device by con-
trolling four different printing parameters [48]. Moreover, I. Buj-Corral
et al. successfully used DoE to correlate variations in printing parame-
ters with the roughness and dimensional errors of printed ceramic
prostheses [49].

However, for industrial-scale applications, modifying the direct
deposition process by altering machine-specific printing parameters is
not always feasible, as such adjustments can disrupt the efficiency of the
production line. Consequently, the ability to tailor the rheological
behavior of inks based on their recipe to accommodate a standardized
printing process, rather than adapting the method to the ink, presents a
compelling and practical approach. To the best of the authors’ knowl-
edge, existing studies on the optimization of printing processes through
tuning the inks’ recipes usually considered the effect of one costituent at
a time, lacking a holistic overview af the whole system [24,50-52].

Thus, this study aimed to develop a replicable methodology for
investigating the influence of ink composition on its rheological prop-
erties. This was achieved using DoE combined with analysis of variance
(ANOVA) to optimize ink formulations capable of consistent perfor-
mance under fixed printing parameters. Furthermore, the study intro-
duced novel indexes to support the standardization of a common
definition of printability in robocasting deposition, addressing a critical
challenge identified by the scientific community [24,29]. These indexes
are intended to serve as a foundation for advancing both practical ap-
plications and theoretical understanding in this domain.

2. Materials & Methods

The reference ink (labeled as Ref), is a water-based suspension
composed of a solid load, a solvent, and several additives acting as
rheology modifiers. The solid load consists of a mixture of commercial
glass and alumina powder (> 95 % pure), while the solvent used has
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been deionized water. The rheology modifiers used for this ink are
bentonite (sodium form, A15795) [53,54], microfine NaCl (Custom
Powders Ltd, Gateway, United Kindom) [55-57], and fumed silica
(Merck KGaA, Darmstadt, Germany) [58,59]. To guarantee the best
homogeneity possible in the preparation of the inks, all the constituents
were used from a singular batch. However, based on the robust expe-
rience of FZSoNick, the variability introduced by employing different
batches does not result in substantial alterations to the inks’ rheology.

In previous work, F. D’Isanto et al. [60] developed a new sealant
based on the commercial silica-based G018-402 glass specifically
developed by SCHOTT AG (Landshut, Germany) for the hermetic sealing
and joining of ceramics and/or metals in highly corrosive environments,
such as molten sodium batteries. The chemical composition of this glass
and the Ref one has been reported in Table 1. The G018-402 glass system
has been successfully modified by adding alumina powder (> 95 % pure)
and LioCO3 powder (Merck KGaA, Darmstadt, Germany) to improve the
wettability on alumina substrates at the sealing temperature. This new
sealant was used to substitute the solid load of the Ref ink, obtaining a
new formulation of the ink labeled GL. Both the Ref and the GL inks have
been prepared by weighing the correct amount of distilled water. The
microfine NaCl was first dissolved inside, followed by the addition of
fumed silica and bentonite. The obtained compound was homogenized
on a roller mixer for 30 min at a speed of 60 rpm. The solid load mixture
has also been prepared and mixed following the same procedure just
presented. Finally, the solid load was added to the other components of
the ink and the final suspension was mixed for 18 h on the roller mixer.

For the first screening, the sedimentation time of the Ref and GL inks
has been observed, resulting in a very poor stability of the second
formulation. For this reason, the powders of Ref glass and G018-402
glass, together with the LioCOs3, have been observed and compared in
morphology by a Field-Emission Scanning Electron Microscope (FESEM)
(MIRA3, TESCAN). The grain size distribution has been also measured
by considering the dimension of at least 200 particles, calculated by
using ImageJ software.

To increase the suspension stability of GL ink, Targon 899 was
introduced in the formulation as a dispersant [61,62], leading to the
recipe named GLT. All the inks’ recipes are presented in Table 2. Since
the composition of the Ref ink is commercially sensitive information,
ranges rather than exact values are provided.

2.1. Design of Experiment

Starting from the GLT formulation previously defined, the DoE
approach has been applied to analyze the experimental space around
this formulation. By considering the solid load as a unique component,
the GLT ink is then constituted by the following six ingredients: solid
load, water, bentonite, fumed silica, NaCl, and Targon.

In the context of studying the composition of a mixture in the DoE, it
is important to note that each constituent cannot be regarded as a wholly
independent variable. This is due to the requirement that the total sum
must equal 100 % [43]. In such instances, employing of a Mixture Design
becomes essential [63-65]. However, R. Leardi et al. [43] previously
reported that in cases involving more than four constituents, applying of
a Mixture Design can be challenging, necessitating the division of the
system into smaller Mixture Designs comprising no more than four

Table 1
Chemical composition of both Ref and G018-402 glasses.
Ref glass G018-402

Si0, 40-50 wt% 40-50 wt%
B,03 20-30 wt% >25-30 wt%
Al,03 9-12 wt% 17-25 wt%
Na,O 3-5 wt% 5-15 wt%
MO (MgO + CaO + SrO + BaO) 10-18 wt% <2 wt%
Others (K20 + ZnO + TiO; + SnO3) < 1.5 wt% 0-5 wt%
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Table 2

Inks recipe of the Ref paste, the GL, which introduces G018-402 glass and Li,CO3
in the solid load, and GLT, where Targon has been added to the GL formulation
to increase the suspension stability.

Role Substance Ref GL GLT
solvent water 34-38 wt% 34-38 wt% 35.87 wt
%
rheology Bentonite 0.6-1.4 wt 0.6-1.4 wt 1.29 wt%
modifiers % %
fumed silica  0.1-0.2 wt 0.1-0.2 wt 0.12 wt%
% %
NaCl <0.1 wt% <0.1 wt% 0.03 wt%
Targon - - 1.23 wt%
solid load 60-65 wt% 60-65 wt% 61.46 wt
%
Ref glass 74-77 Wt% - -
G018-402 - 74 wt% 74 wt%
Li»CO; - 2 wt% 2 wt%
alumina 23-26 wt% 24 wt% 24 wt%

variables. However, the system studied in the present work — and inks
for robocasting in general — exhibited a distinctive characteristic: except
or solvent (water) and solid load, the remaining components possessed a
negligible concentration, falling below 5 % in total. Consequently, it was
feasible to consider bentonite, fumed silica, NaCl, Targon and solid load
as independent variables, with water being regarded as dependent on
the others. This assumption facilitated the utilization of a fractional
factorial design 2°1 [66], a methodology that has been identified as
more convenient for the study of the interactions between each couple of
variables. This kind of model requires the definition of two different
levels for each variable (i.e. the minimum and the maximum values the
variable assumes during the experiments) coded as -1 and 1. The level
corresponding to the intermediate value is coded as 0. As mentioned
later, the recipe with all variables at level 0 will be used to measure the
experimental error associated with the measurements and to validate
the models that have been postulated. The value of the variables at all
levels is given in Table 3.
The resulting equation of the model is reported as follows:

Y = bo+
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Table 4
Experimental matrix for the fractional factorial design. List of the experiments
carried out with the corresponding coded values for each variable of the system.

Experimental matrix
Sample X, Xy X3

el
£

Xs

GLT1 -1 -1 -1
GLT2 1 -1 -1
GLT3 -1 1 -1
GLT4 1 1 -1
GLTS -1 -1 1
GLT6 1 -1 1
GLT7 -1 1 1
GLT8 1 1 1
GLT9 -1 -1
GLT10 1 -1
GLT11 -1 1
GLT12 1 1
GLT13 -1 -1
GLT14 1 -1
GLT15 -1 1
GLT16 1 1
GLT17 0 0
GLT18 0 0
0 0
0 0

1
-1
-1

I R A I B
e )
-

[
_ s

GLT19
GLT20

OO 0O R H KM=
O O O O F H =
co oo~ |

—_

Thus, by using the ANOVA it is possible to evaluate the effect of the
single variable (X,,) and its mutual interaction with another one (X;Xy,),
although the responses could be confused with the interactions of a
higher grade (triple, quadruple, etc.). This means that the same coeffi-
cient (b; for instance) can describe the effect of two different phenom-
ena at the same time (the change in X; and the interaction between all
other factors). Perhaps, it has been demonstrated that interactions of a
grade higher than 2 are commonly very rare, so it is possible to consider
them negligible [66].

Since the postulated model has 16 degrees of freedom, the same
number of experiments is necessary to define them. Thus, one experi-
ment in each edge points of the five-dimension hyperspace described in

+by (X; + XoX5X4X5) + by (Xp + X X5X4X5) + b3 (Xs + X1 X2X4Xs) + ba(Xs + X1 X2X5Xs) + bs(Xs + X1 XoXaX4 )+
+b12 (X1 Xz + X5X4X5) + b3 (X1 X5 + XoX4Xs) + b1a(X; Xy + XpXsXs) + bys(Xg X5 + X2XsX4)+

D23 (XoXs + X1 XeXs) + baa (XoXy + X3 X5Xs) + bos (XoXs + X1 XaXa )+
+bss (X3Xs + X1 X5X5) + bss (X5Xs + X1 X2 X4 )+

)
+bas (X4Xs + X1 X2Xs5)

Table 3
List of the variables taken into account in the fractional factorial design, their
corresponding names, and coded values.

Fractional factorial design 2

Component Variable name Coded values

-1 0 1
Bentonite X, 1 wt% 1.3 wt% 1.6 wt%
Fumed silica Xo 0.09 wt% 0.12 wt% 0.15 wt%
NaCl X3 0.01 wt% 0.03 wt% 0.05 wt%
Targon X4 0 wt% 1.2 wt% 2.4 wt%
solid load Xs 58.5 wt% 61.5 wt% 64.5 wt%

@

Table 3 was performed, allowing the calculation of each coefficient by in
Equation (1). In addition, 4 more experiments were conducted at the
central point of the model, with all variables at level 0, to estimate the
experimental error and to validate the model prediction accuracy.
Consequently, the experimental matrix composed of a total of 20 ex-
periments has been defined as reported in Table 4. For instance, the
sample GLT3 was made by adding to the water 1 wt% of bentonite (X; =
-1), 0.15 wt% of fumed silica (X5 = 1), 0.01 wt% of NaCl (X3 =-1), 0 wt
% of Targon (X4 = -1), and 58.5 wt% of solid load (X5 = -1). All the
computations and the plots related to the DoE were generated by the
software CAT 4.3.
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2.2. Rheological characterization

A rotational rheometer (Anton Paar Physica MCR 301) equipped
with coaxial cylinders (CC17/T200/SS) was used to characterize all the
different compositions of paste by means of a Flow Sweep Test (FST) and
a 5-Interval Thixotropy Test (5ITT). All the measurements were per-
formed at a temperature of about (25 + 1)°C, which was detected
directly by the instrument. In the FST the shear rate was varied from
0.01 s™! to 1000 s~! and back to 0.01 s~ and 51 measurements were
collected every 5 s. Then, the obtained characteristic curves were used to
evaluate the Newtonian or non-Newtonian behavior of the powder
suspensions. On the other hand, the 5ITT aimed to investigate the
rheological response of the inks under conditions that mimic the print-

ing process. In particular, the 5ITT was set as follows:

e Step 1: y = 0.01 s1; interval time = 30 sec; 6 pts
e Step 2: 7 = 60 s1; interval time = 30 sec; 6 pts
e Step 3: 7 = 0.01 s’l; interval time = 120 sec; 24 pts

Table 5

A list of all the responses analyzed with the DoE correlated with the given

definition and a brief explanation of the purpose of the specific response.

Parameter  Definition Meaning

Y1 stabilized viscosity at step 2: viscosity of the paste at the nozzle
first point which differs from the  exit
viscosity of the last point of the
step by less than 2 %

Y1 stabilized viscosity at step 4: viscosity of the paste at the nozzle
first point which differs from the  exit
viscosity of the last point of the
step by less than 2 %

Y2 coefficient of variation, referred = measuring how much stable is the
to as the stabilized value, of the  viscosity of the ink during this
viscosity points measured in step
step 2

Y2' coefficient of variation, referred =~ measuring how much stable is the
to as the stabilized value, of the  viscosity of the ink during this
viscosity points measured in step
step 4

Y3 ratio between Y1 and Y1' measuring the reproducibility of

the rheological behavior during
two consecutive prints

Y4 ratio between Y2 and Y2' measuring the reproducibility of

the rheological behavior during
two consecutive prints

Y5 stabilized viscosity at step 3: viscosity of the paste after
first point which differs from the ~ deposition
viscosity of the last point of the
step by less than 2 %

Y5’ stabilized viscosity at step 5: viscosity of the paste after
first point which differs from the ~ deposition
viscosity of the last point of the
step by less than 2 %

Y6 coefficient of variation, referred ~ measuring how much stable is the
to as the stabilized value, of the  viscosity of the ink during this
viscosity points measured in step
step 3

Y6’ coefficient of variation, referred measuring how much stable is the
to as the stabilized value, of the  viscosity of the ink during this
viscosity points measured in step
step 5

Y7 ratio between Y5 and Y5' measuring the reproducibility of

the rheological behavior after two
consecutive prints

Y8 ratio between Y6 and Y6' measuring the reproducibility of

the rheological behavior after two
consecutive prints

Y9 the stabilization time of step 3 time passed before viscosity

reaches the stabilized value from
the beginning of step 3
Y9’ the stabilization time of step 5 time passed before viscosity

reaches the stabilized value from
the beginning of step 5
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e Step 4: y = 60 s71; interval time = 30 sec; 6 pts
e Step 5: 7y = 0.01 s_l; interval time = 120 sec; 24 pts

The shear rate of 0.01 s~} was meant to reproduce the paste at rest (i.
e. inside the syringe and after the deposition), while 60 s~! is the shear
rate associated with the maximum stressed condition at which the paste
is subjected at the exit to the nozzle. This value was estimated by [67]:

. 4Q
= 2
where y is the maximum shear rate in a cylindric nozzle of diameter r
equal to 1 mm and the volumetric flow rate Q of 0.04-0.05 ml/s. The
resulting shear rate is in the range of 50.9-63.7 s™L.

From the 5ITT results, 14 different parameters have been defined, in
order to quantitatively describe the inks response. Table 5 collects all the
parameters, with their definition and meaning. The coefficients of
variation (Y2, Y2, Y6, and Y6') were calculated according to the
following equation:

3

where e is the generic coefficient of variation, 7 is the viscosity measured
by the instrument at one specific point i, and n is the number of points
measured in the step under consideration (equal to 6 for Y2 and Y2/, and
24 for Y6 and Y6').

3. Results and discussion

As previously mentioned, the present study aims to replace the
commercial glass of the existing Ref ink — which is listed in Table 2 —
with a mixture of the G018-402 silica-based glass and Li»CO3, guaran-
teeing similar sealing performances while decreasing the temperature of
the joining process.

In the development of inks for robocasting, it is well known that the
rheological properties of a suspension are greatly influenced by the
composition and the morphology of its constituent particles.

For this reason, SEM imaging has been used to investigate the size
and shape of the powder grains. Fig. 1 shows micrographs and the
corresponding grain size distribution of the Ref glass, G018-402, and
LioCO3 powders. It is evident that no significant difference in shape or
size is observable between the powders of the two glasses, while the
carbonate presented a completely different grain morphology, with a
D50 and a mean grain size about three times higher than the one of both
the glass powders. On the other hand, focusing on the composition of the
two glasses reported in Table 1, one can notice the higher amount of
alumina in the G018-402 silica-based system (>17 wt%), compensated
by a lower presence of alkaline-earth oxides (under 2 wt%, compared
with 10-18 wt% of the Ref glass).

Indeed, once the ink was prepared using the new glass, GL ink in
Table 2, a significant modification in the behavior of the paste was
observed: the suspension was not as stable as the Ref ink, demonstrating
a visible separation after 30 min of resting time, as shown in Fig. 2. The
modification in the composition of the glass powder, as well as the
presence of an additional component with a different granulometry —i.e.
Li»CO3 - is sufficient to modify the equilibrium within the suspension.
For this reason, it has been necessary to introduce into the ink a
dispersant, Targon, which improved the stabilization leading to the GLT
formulation.

As previously presented in the DoE section, based on the GLT
formulation, a fractional factorial design 2°! was defined and an
experimental matrix of 20 samples was obtained (Table 4). Thus, all the
different ink formulations were prepared and rheologically character-
ized by FST and 5ITT tests in a randomized order. The FST has revealed a
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Fig. 1. SEM picture of the (a) Ref glass powder, (b) G018-402 glass powder, and (c) Lio,CO3 powder, and the corresponding particle size distribution graphs reporting
the mode of diameters (D), Dgg, and Ds.

c) Rl

L
separation

Fig. 2. Pictures of a centrifuge tube filled with Ref, GL, and GLT before (a, b, and c, respectively) and after 30 min of resting time (d, e, and f, respectively). Ref and
GLT suspensions looked stable during the detection time, while GL showed a slice phase separation (e).

(b)
—&— Ref
—<—GLT3 ]
—e—GLTI0 1000
—&o— GLTI8
— 100 —_
= 2100 4
3 =]
& &
= 10 4 > 0]
o ]
2 14 2
) 4 14
> >
—&— Ref
0.1 0.1 —<4—GLT3
—o—GLTI10
—&o—GLTI18
0.01 T T T T 0.01 T T T T T T
0.01 0.1 1 10 100 1000 0 50 100 150 200 250 300 350
Shear Rate (1/s) Time (s)

Fig. 3. (a) Curves obtained by the Flow Sweep Test conducted on the paste Ref, GLT3, GLT10, and GLT18. The dashed curve represents the viscosity during the step
of decrease of shear rate from 1000 to 0.01 s*. (b) 5-Interval Thixotropy curves corresponding to the same samples.

shear thinning behavior, characterized by an exponential decrease in colored bar. In particular, GLT3 and GLT10 - i.e., the experimental
viscosity as the shear rate increases, of all the tested formulations, which points [-1; 1; —1; —1; —1] and [1; —1; —1; 1; 1], respectively — repre-
constitutes a key factor in robocasting deposition [68]. Some of the most sented the formulations that described the two extreme responses,
representative curves from this test are reported in Fig. 3a, in which the considering the FST test, while GLT18 is the one that best reproduces the
interval of the shear rate expected at the nozzle outlet is highlighted by a reference characteristic curve. By changing the composition of the ink,
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the viscosity value at the shear rate at the nozzle exit varies in a wide
range, i.e. 0.04-0.9 Paes. As expected, it was observed that the highest
viscosity values were obtained for high concentrations of bentonite,
Targon, and solid load (e.g. GTL10). Similar considerations on the
variation in viscosity as a function of composition can be made by
analyzing the 5ITT results shown in Fig. 3b. Looking at how the viscosity
varies when going from high to very low strain rates, a marked thixot-
ropy is observed for the GL3 paste.

To investigate further the existing correlations between the inks’
formulation and their rheological behavior, the DoE was used. Based on
the 5ITT curves, the 14 indexes listed in Table 5 were used as Y responses
in a 265V fractional factorial design and the corresponding models have
been calculated with the CAT software. Moreover, the four replications
at the central point (GLT17-GLT20) were used to estimate the standard
deviation and thus experimental error associated with these measure-
ments. The hypothesis of homoscedasticity within the analyzed experi-
mental domain was useful to easily validate the models by comparing
the real value measured in point (0,0,0,0,0) — the four replications — and
the one predicted by the model, both net to the uncertainty related to
both values as indicated by B. Benedetti et al. [44].

From this analysis, the models associated with the coefficient of
variation of the rheological characteristics (i.e. Y2, Y2, Y6, and Y6')
were not validated and then discarded. This result demonstrated the
impossibility of describing the effect of the selected variables using the
linear model described in Equation (1) in the limits of the experimental
domain defined in Table 3. Thus, it may be necessary to introduce
quadratic terms or, alternatively, modify the definition of the coefficient

(a) Coefficients of Y1
*_Jf_* Interactions
0.254
0.204
0.154
k|
0.10- o
* %
0.05 * ’—*—‘ *
0.00+ I —J |_J|_—Il_l
by by bs by bs by3by3b14b 5brsbaybasbssbssbus
(©) Coefficients of Y5
40 pxx *l* Interactions
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of variation. On the other hand, the remaining models were all validated
and used to analyze the effect of individual components (such as
bentonite, fumed silica, NaCl, Targon, and solid load) and their mutual
interactions on the rheological response during the different phases of
the ink printing process.

By evaluating the coefficients (b,) associated with each variable (X;)
and their mutual interactions (X;Xj), it is possible to estimate the influ-
ence that a variation in the dosage of a specific component has on the
final response Y. Examining Equation (1), it becomes clear that it is the
values of the coefficients associated with the variables (or their mutual
interactions) that determine the response value predicted by the model.
Therefore, the greater the value of the coefficient associated with a
certain variable, the greater its impact on the predicted response.
Furthermore, when a coefficient b, assumes positive values, an incre-
ment in the amount of the corresponding component (X;) leads to an
increment of the value of the generic response Y. On the contrary, an
increment of a component’s concentration can be associated with a
decrease in the value of the response Y when the corresponding coeffi-
cient b, is lower than zero.

As shown in Fig. 4a and Fig. 4b, the viscosity of the paste at the
nozzle exit (Y1, Y1) is primarily affected by the solid load content
(variable Xs) — characterized by the higher value of the coefficient bs and
a p-value lower than 0.001, followed by bentonite (X;) and Targon (X4)
with p < 0.01, and NaCl (X3) with p < 0.05. Among the considered in-
teractions, only the ones involving solid load are relevant (X4Xs with p
< 0.01, X;Xs5, and X3X5 with p < 0.05).

On the other hand, looking at Fig. 4c and Fig. 4d, the viscosity of the
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Fig. 4. Plots of the coefficients of the models corresponding to (a) Y1, (b) Y1/, (¢) Y5, and (d) Y5'. Each bar corresponds to the value of the coefficient referred to a
variable or a specific interaction. The number of asterisks indicates the p-value for each coefficient: * indicates p < 0.05, ** indicates p < 0.01, and *** indicates p

< 0.001.
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Fig. 5. Plots of the coefficients of the models corresponding to (a) Y9 and (b) Y9'. Each bar corresponds to the value of the coefficient referred to a variable or a

specific interaction. The number of asterisks indicates the p-value for each coefficient: * indicates p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.001.

paste after deposition (Y5 and Y5') is mainly affected by bentonite (X;)
and solid load (Xs) with p < 0.001. At this stage, mutual interactions,
particularly those related to bentonite, become more relevant. The
broader influence of bentonite on the ink viscosity after deposition can
be justified by the randomized orientation of the clay platelets when at
rest. Indeed, at the nozzle exit, the platelets tend to align, creating
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preferred planes of shifting. For this reason, at high shear rates, the
bentonite dosage becomes less relevant. These results are in agreement
with what was already observed by Y. Liu et al. on the influence of
bentonite concentration on the viscosity of a water suspension [69].
Moreover, the presence of Targon, acting as a dispersant, increases the
ink’s viscosity, with its effect more evident at high shear rates.
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Fig. 6. Plots of the coefficients of the models corresponding to (a) Y3, (b) Y4, (c) Y7, and (d) Y8. Each bar corresponds to the value of the coefficient referred to a
variable or a specific interaction. The number of asterisks indicates the p-value for each coefficient: * indicates p < 0.05, ** indicates p < 0.01, and *** indicates p

< 0.001.
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The responses Y9 and Y9, representing the time passed before vis-
cosity reaches a constant value in steps 3 and 5 respectively, were used
to monitor the speed at which the ink recovers its original stabilized
internal structure after deposition. These parameters are important
because they return information on the ability of the ink to maintain the
given shape after printing. Fig. 5 reports the coefficients calculated by
the model and it shows that a higher concentration of solid load and
Targon leads to a decrease in stabilization time. In particular, for Y9 the
influence of these two components on the stabilization time is lower
(equal to —12.2 and —10.8 for b4 and bs, respectively, with a p < 0.05)
with respect to the stabilization time after the second deposition Y9 (b4
and bs equal to —14.0 and —12.7 with a p < 0.01 and p < 0.05,
respectively). Moreover, Fig. 5b shows that an increase in the concen-
tration of Targon and the solid load conducts in a decrease in the sta-
bilization time at the second consecutive printing process, not only for
the effect of the two components separately, but also for their mutual
interaction, with a p < 0.05.

As regards the response measuring the viscosity stability during two
consecutive printing processes (i.e. Y3), as shown in Fig. 6a, this is
mainly influenced by bentonite (b;) and its interactions with fumed
silica (b12), with p < 0.01 and p < 0.05 respectively. The interaction
between NaCl and solid load (bss) also appears to influence Y3, with a p
< 0.05.

The other coefficients that look at the stability of the rheological
properties of the ink in two consecutive printing processes (i.e. Y4, Y7,
and Y8) are negligibly influenced by the concentration of the compo-
nents in the range of variation considered. As shown in Fig. 6, only
Targon is expected to influence the stability of the viscosity after
deposition (i.e., Y7), with a low p-value (equal to 0.04).

The models presented above were also used to explore the experi-
mental space defined by the variation range of each variable (Table 3)
and find the ink composition whose responses Y correspond to the ones
of the Ref paste.

From the previous analysis, it has been demonstrated that X5 and X3
do not have a significant influence on the majority of the predicted re-
sponses, while bentonite (X;), Targon (X4), and solid load (Xs) demon-
strated an important effect. For this reason, the optimized recipe of the
ink was selected from 342 potential candidates, which represent all the
possible combinations obtained by varying the values of X;, X4, and X5
among seven equally spaced values (corresponding to the coded values
—1.00, —0.66, —0.33, 0.00, 0.33, 0.66, 1.00), while X, and X3 were
considered constant and set to the coded value O (corresponding to a
concentration of 0.12 wt% and 0.03 wt%, respectively). All the different
recipes were identified by assigning them with a number from 1 to 342
(all the recipes were reported in the Supplementary S1). Subsequently,
the previously presented models were used to calculate the predicted
value for each Y response associated with all the recipes considered. The
predicted responses, plotted in Fig. 7, were compared to the ones
measured on the Ref ink, represented by the green-colored areas on the
charts.

From Fig. 7a, Fig. 7i, and Fig. 7j, it is evident that two main macro-
families can be observed. One group of recipes with a high concentration
of Targon and solid load (respectively X4 and X5 coded > 0) have sta-
bilization time values (Y9 and Y9') comparable to the Ref ink. On the
other hand, several ink formulations have a viscosity at 60 s~! (Y1 and
Y1) similar to the Ref, but with higher stabilization times. These inks are
constituted by a lower amount of Targon and solid load. In fact, from the
analysis of the coefficients reported in Fig. 4a, Fig. 4b, and Fig. 5, it was
observed that X4 and X5 have opposite effects on viscosity at 60 s and
stabilization time. Specifically, as the value of X4 and X5 increases, an
increase is observed on Y1 and Y1/, but a consequent decrease on Y9 and
Y9' is faced.

Hence, some criteria of selection have to be assumed, in order to
identify the best recipe for our purposes. For this reason, the following
considerations were taken into account:
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e Firstly, we found that, within the experimental space explored, the
X, variables selected did not significantly affect Y4, Y7, and Y8 re-
sponses (see Fig. 6b, Fig. 6¢, and Fig. 6d). For this reason, the cor-
respondence of the inks with the behavior of the Ref paste was not
considered relevant. In fact, differences in response values between
different points are more likely due to random variation than to
adjustments controlled by the ink composition.
Even if the response Y3 was also minimally controlled by the ink
composition, bentonite was found to affect the stability of the vis-
cosity in two subsequent printing steps. For this reason, the matching
between the value of Y3 with the Ref recipe was not completely
excluded, but it was considered less influential than the remaining
responses in determining the best recipe.

e The recovery time (Y9 and Y9') and rest viscosity value (Y5 and Y5")
are considered important parameters for controlling the printing
process, however, they are more related to the post-printing step
rather than the printing itself. Since the objective of the study has
been to replace the Ref recipe with a new one without changing the
parameters of the robocasting machine, the accordance in the value
of the viscosity at 60 s~ (Y1 and Y1') with the one of the Ref has been
prioritized rather than the other two criteria mentioned above.

The best ink composition has been selected by assigning 1 point to
the compositions for which the predicted responses Y1 and Y1’ corre-
spond to the Ref, 0.5 points every time Y5, Y5/, Y9, or Y9' corresponds,
and 0.25 points when Y3. The inks that obtained the highest rank were
the numbers 14, 21, and 55 (coded recipes collected in Supplementary
S1) which have a predicted value for the viscosity at the nozzle exit (Y1
and Y1) and resting conditions (Y5) comparable to the one of Ref paste.
Among them, the ink number 55 — whose complete composition is given
in Table 6 — showed the expected responses comparable to those of the
reference. Furthermore, the predicted responses Yn for recipe 55 have
been experimentally validated by repeating the measurements through
the rotational rheometer on ink with the same composition. All
measured parameters were found to be in line with model predictions,
except for Y5 and Y5' which showed a discrepancy. Finally, the ink
prepared by using recipe 55 was also printed by means of the robo-
casting apparatus in the production line of the FZ SoNick SA company.
Pictures of the final component after deposition are shown in Fig. S1.
The performances obtained by using this new ink were completely
comparable to the one shown by the Ref paste; printability and shape
fidelity fit all the performance requests by the company without further
modification.

4. Conclusions

Accordingly with the aim of the study, the work presented above
resulted helpful for a comprehensive characterization of the rheological
properties of glass-based ink for robocasting deposition. The promising
results obtained by applying DoE and ANOVA on the effect of the
components of the ink on its rheological properties highlighted the
sognificant effect that solid load has on determining the viscosity of the
glass powder suspension at different shear rates. Additionally, the effect
of bentonite on determining the rheology of inorganic-based inks was
decreased as shear rates increased. However, an opposite trend was
observed for the amount of the commercial dispersant Targon.

The knowledge derived from the validated models was also suc-
cessfully used to tune the ink recipe and adapt its rheological behavior to
a standardized printing process in line with industrial-level production.
This result showed the possibility of using an original approach which is
rheology-based rather than printing process-based with a satisfactory
success potential. Such an approach can be beneficial at the industrial
level or when, for different reasons, the operator has limited access to
modify the printing parameters of a robocasting.

While the intrinsic characteristics of Design of Experiments (DoE)
and Analysis of Variance (ANOVA) preclude the generalization of
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Table 6
Ink recipe that replicates better the rheological behavior of the Ref ink, within
the experimental domain primarily selected.

14 21 55

coded values coded values coded values wt%
water - - - 38.85 wt%
Bentonite 1 1 0.66 1.50 wt%
fumed silica 0 0 0 0.12 wt%
NaCl 0 0 0 0.03 wt%
Targon —0.66 —0.33 -1 0.00 wt%
Solid load -1 -1 —0.66 59.50 wt%
G018-402 - 74.0 wt%
Li,CO3 - 2.0 wt%
alumina - 24.0 wt%

conclusions regarding the effects of various compounds on the rheology
of the ink beyond the specific experimental domain of this study, this
work represents a significant initial effort to develop a systematic
approach for optimizing robocasting deposition processes. Specifically,
this study underscores the necessity of defining indices that can
contribute to standardizing the printability assessment in robocasting.

Although the proposed indices were successfully applied to the case
study analyzed here, they may require further refinement to enhance
their applicability. For instance, the coefficient of variation defined in
this study demonstrated limitations, resulting in a linear model that
could not be experimentally validated. While incorporating quadratic
coefficients might yield different outcomes, developing a new index to
measure the long-term stability of paste viscosity after printing could
provide additional insights into process optimization.

This research’s findings reaffirm DoE and ANOVA’s utility in opti-
mizing and tailoring processes by minimizing the experimental work-
load, reducing the time required, and lowering associated costs. These
methodologies facilitate a more efficient exploration of process vari-
ables, underscoring their potential for broader application in advanced
manufacturing techniques.
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