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Robocasting stands as a pertinent additive manufacturing technique for producing intricate ceramic parts.
Amidst stricter environmental regulations, the adoption of natural additives becomes imperative. This study
investigates the influence of plant-based additives on the rheology and printability of eco-friendly pastes.
Various 50 vol%-alumina pastes were formulated using natural binders, plasticizers and dispersants (e.g.,
lignosulfonate, polysaccharides, glycerol) and then assessed through oscillation and flow rheological analyses.
Paste viscosity and rigidity often deviated from printability maps reported in the literature, showing the
complexity of defining universal printability criteria. A comprehensive investigation was conducted on the water

retention capabilities of additives, liquid phase migration and paste drying kinetics.

This paper highlights the critical importance of constraining liquid phase migration within eco-friendly
ceramic pastes and the crucial role of polymer chain reorientation under shear. Consequently, this research
lays diversifying formulations, offering sustainable solutions for industrial ceramic applications.

1. Introduction

Robocasting, also known as the micro-extrusion process, has become
a prevalent 3D printing method for producing on-demand parts, with a
complex geometry. It enables the implementation of various ceramic
materials in diverse fields, including information and communication
technologies, healthcare [1,2] or energy [3]. Daily advancements in
scientific and technical capabilities continue to expand the possibilities
of this technology. For instance, porous structures have been recently
printed using zirconia with potato starch and rice starch, thus demon-
strating the ability to control the structural organization of pores
through tips of 410 pm inner diameter [4]. Wahl et al. [5] have devel-
oped pastes with a varying amount of uncoated SiC platelets for the
production of reaction-bonded silicon carbide. In both cases, the for-
mulations comprise aqueous systems and typically include conventional
additives like Darvan 821A or 670 as dispersants and polyethylene
glycol (PEG) as a binder. It is worth noting that the additives used in

paste preparation are generally sourced from the petrochemical in-
dustry, which can have a negative impact on the environment or the
operator’s health. As an example, the most commonly used dispersants
are polyelectrolytes, such as polyacrylic acid, polyethyleneimine or
polymethacrylate [6].

In the industrial sector, legislations governing the use of organic
substances are becoming increasingly stringent, whether at the national,
European, or global levels, as exemplified by standards such as ISO
14006:2011 or ISO 9001:2008. These regulations often entail substan-
tial additional costs, whether due to the need for upgrading industrial
facilities or the introduction of new environmental taxes on waste
recycling. In their review paper, Duran et al. [7] highlighted a
contemporary approach for addressing the current challenges posed by
waste disposal restrictions and stringent environmental regulations.
This approach involves the use of substances characterized by low
toxicity and a reduction in their amount within ceramic green bodies
[7]. Hence, developing materials in alignment with the principles of

Abbreviations: ALS, ammonium lignosulfonate dispersant; P95, psyllium P95; GG, guar gum; DCN, ammonium polymethacrylate dispersant; PL, plastic limit.
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green chemistry involves a specific focus on using water-based solvents
and environmentally friendly additives. There have been promising
research endeavours in this regard that warrant further investigation.
Nowadays, traditional petrochemical-derived products can be replaced
with plant-based alternatives, as demonstrated by the use of polylactic
acid (PLA) for certain bottle applications [8] or the substitution of glass
wool with hemp wool. Moreover, despite the frequent use of binders like
phenolic resin [9] and polyvinyl butyral (PVB) [10], more
eco-responsible formulations, based on cellulose derivatives like
ethyl-hydroxyethyl cellulose or methylcellulose, have been extensively
reported in the literature [11]. Nonetheless, it is noteworthy that cel-
lulose derivatives themselves are produced through chemical trans-
formations of cellulose.

To move further and advance towards a more sustainable industry, it
becomes compelling to substitute all petrochemical-derived additives (e.
g dispersant, binder, plasticizer) with more natural components. Plant-
based additives are firmly established in the food industry and have
already undergone testing in the field of extrusion, such as xanthan [12],
psyllium [13] or guar gum [14]. Water-soluble polysaccharides like
these are capable of forming a gel-like network, making them
well-suited for suspending and binding ceramic particles. As reported in
the literature, polymer chains can undergo disentanglement when sub-
jected to sufficient force, thereby influencing the shear-thinning
behaviour of the pastes during the robocasting process [15].

However, based on the current state of knowledge, achieving a fully
eco-friendly system that includes natural binders, dispersants, plasti-
cizers, etc., remains an ongoing challenge. Furthermore, the complex
interactions among polymer chains have not undergone exhaustive
investigation and reached complete comprehension [16]. Better un-
derstanding these interactions holds the potential to facilitate the
development of stable, highly loaded pseudo-plastic ceramic pastes
using plant-based additives. Consequently, this could lead to a reduction
in the required amount of additives, without compromising the struc-
tural and mechanical integrity of the printed parts.

Various studies present the rheological properties of ceramic pastes
or suspensions (for example based on alumina) used for micro-extrusion
[17-20]. There is a wide variety of rheological methodologies to char-
acterize a paste; one of the most encountered in the literature is the
amplitude sweep test. The latter provides access to the viscoelastic
properties of a paste, such as the storage modulus (G') or the yield point
(ty). Hence, some work reported this method as a way to provide
printability criteria, in order to develop a printable paste without the
need for trial-and-error printing tests. For instance, Zocca et al. [21]
recommend a G’eq value (i.e. G in the linear viscoelastic region) between

10° and 10° Pa for a printable paste. Smay et al. [22] went further by
providing a minimum value of G, to print a scaffold without collapsing.
The latter is defined as a function of the density of the paste and the
geometric characteristics of the part. M’Barki et al. [23] did the same for
the yield point value, by taking into account the effects of both gravity
and capillary forces. However, Chan et al. [24] showed that the pre-
dictions of Smay et al. [22] and M’Barki et al. [23] did not always
correspond to reality, especially in the case of high-density ceramic
pastes. They have defined another criterion from their experiments,
showing that the product of G, and t, must exceed 5.10°. Nevertheless,
a printable boron carbide paste [25] was reported to have G/eq and T,
around 1000 and 120 Pa respectively, making their product much lower
than the constant provided by Chan et al. These examples therefore
show all the complexity of defining universal printability criteria [26].

Regarding rheological characterization in flow, when using a rota-
tional rheometer, rupture occurs even at moderate shear rates for some
formulations, despite their suitability for extrusion. This raises questions
about the paste flow behaviour in classical capillary rheometry. Instead
of undergoing simple shear (Poiseuille flow), plug flow is likely to occur
with only a thin viscous layer on the walls. It is also important to note
that a paste is a non-continuous medium, consisting of at least two
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phases: the mineral and organic phases. Therefore, theoretical ap-
proaches to flow are insufficient to fully understand their behaviour, as
rheology characterizes only the macroscopic response of a paste sample.

Based on both oscillation and flow analyses, the present paper in-
troduces ceramic pastes with higher values of rheological parameters
than those typically reported in the literature. The latter often deviate
from established printability maps [27,28]. This divergence arises from
an aim to maximize solid loading while utilizing aqueous and
eco-friendly systems.

Thus, it becomes evident that research should encompass factors
beyond viscoelastic parameters, such as plasticity and phase segregation
(e.g., the filter-pressing phenomenon). If liquid phase migration occurs
during extrusion, the composition and the rheological behaviour of the
paste within the barrel may undergo continuous variations. This situa-
tion is particularly prone to occur when the paste flow is exceedingly
slow, as noted by Liu et al. [29]. Such a phenomenon is identified as a
source of defects in the final part [30]. In general, the water content of
the paste, both before and after printing, significantly impacts its
rheological behaviour. It is thus crucial to prevent the paste from drying
out before its introduction into the reservoir and to control the drying
kinetics after printing. Bio-based additives can play a substantial role in
these aspects, particularly in terms of retaining water within the ceramic
system. Indeed, they can serve as water retention agents, thereby
assisting in preventing premature paste drying, which is crucial to
maintain the appropriate paste rheology and ensure optimal printing
performance.

The present paper focuses on the incorporation of environmentally
friendly additives into concentrated aqueous alumina pastes
(approaching 50 vol% solid loading). Particular attention was paid to
the use of polymers not commonly employed in the ceramic field, such
as polysaccharide gums (guar, psyllium) as binder. This study aims to (i)
investigate the interactions between plant-based polymers and ceramic
raw materials and (ii) optimize paste formulations for robocasting ap-
plications. Ultimately, unveiling printability criteria by comprehen-
sively investigating the rheological properties, plasticity and cohesion of
the pastes, paves the way to propose ready-to-use industrial-scale
solutions.

2. Materials and methods
2.1. Raw materials

The ceramic paste formulation was carried out using alumina pow-
der (P172SB, Alteo, France) as a reference material. Its specific surface
area, measured from the B.E.T. method, is about 7.7 m> g_1 and its
median particle size D50 is of 0.4 pm. Ammonium lignosulfonate
(STARLIG AM®, LignoStar Group B.V., The Netherlands) was chosen as
an eco-friendly dispersing agent. It is a harmless biological by-product in
the traditional pulp processes, considered as the second most abundant
natural polymer on Earth, after cellulose [31,32]. Its dispersion effi-
ciency for alumina has been reported in a previous work by Marie et al.
[33]. In comparison, ammonium polymethacrylate (Darvan® C-N,
Vanderbilt Minerals LCC, USA) was also used as a reference dispersant
[33].

Glycerol (Alfa Aesar A16205, Thermo Fisher GmbH, Germany) was
used as a plasticizer. The latter is extracted from triglycerides naturally
present in animal or vegetable fats such as olive, coconut or palm oils.
For industrial purposes, it can also be synthesized.

The binder was introduced in the form of a physical gel, corre-
sponding to an entanglement of polymer chains within a solvent. This
gel was obtained by mixing in a planetary ball mill 5 wt% of a water-
soluble polysaccharide powder with distilled water as a solvent. Dur-
ing this work, two natural polysaccharides were tested: psyllium
(VITACEL® P95, J. Rettenmaier & Sohne, France) and guar gum
(G4129, Sigma-Aldrich Chimie, France), that are both of plant origin
[14,34,35]. Due to their high hydrophilic properties, psyllium and guar
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gum are both able to form a gel-like network thanks to the swelling of
their particles [36]. Furthermore, their ability to bind ceramic particles
have already been demonstrated with a ceramic system [13] or
manufacturing process [15] different from those reported in this work.
Hence, their nontoxicity, their life cycle [14,35] and several properties
(as thickening, stabilizing, gelling and/or binding [14,34] agents) make
them interesting natural additives.

Oscillation and flow rheological analyses (see Appendix A in Sup-
plementary data) conducted on psyllium and guar gum-based binders
have confirmed their classification as gels. Furthermore, they have
exhibited similar rheological characteristics, displaying a shear-thinning
behaviour with a yield stress. Hence, they emerged as excellent candi-
dates to replace traditional petrochemical-based binders in ceramic
formulations.

2.2. Paste preparation

Alumina powder (noted A in the nomenclature of the pastes) was
first pre-dispersed by mixing it with a dispersant — i.e. ammonium
lignosulfonate (ALS) or Darvan® C-N (DCN) - and distilled water in a
planetary ball mill for 1.5 h. Then, the slurry obtained was dried in an
oven (100 °C) until the free water is completely removed. The resulting
dried powder was crushed and sieved through a 200 pm mesh in order to
limit the presence of residual agglomerates.

The mains focus of the upcoming study primarily explores two
alumina pastes pre-dispersed with ALS: one utilizes P95 gel, while the
other employs GG gel as a natural binder. Depending on the type of
binder, a nomenclature has been introduced for these pastes: A-ALS-P95
for those based on psyllium and A-ALS-GG for those based on guar gum.

As part of this work, the reference paste formulation contains 49 vol
% of alumina. The dispersant, polysaccharide and glycerol contents are
respectively set at 1 wt%, 1.1 wt% and 3.9 wt% relative to the mass of
alumina powder, according previous works [13,37]. The A-ALS-GG and
A-ALS-P95 pastes contain 15.0 and 15.3 wt% of water relative to the
mass of alumina, respectively.

As for the paste preparation protocol, the pre-dispersed alumina
powder was introduced into a container with the glycerol (plasticizer)
and the gel (binder), after achieving thermal equilibrium with the
ambient conditions. Ceramic pastes were then made by mixing all these
components at room temperature in a THINKY ARE-250 machine at
1000 rpm during three consecutive cycles, each lasting 3 min. After
mixing, the paste was refrigerated at 4 °C for preservation. A minimum
of 24 h of rest is preferred before using it in micro-extrusion.

2.3. Robocasting machine and printing conditions

Micro-extrusion of ceramic parts was performed by digitally con-
trolling the movement of an in-house designed extrusion head. The latter
is mounted on the platform of a CAD machine making it possible to move
in X, Y and Z directions over a build tray. The printing paths were
programmed with the computer language G-code which is read by the
machine.

The paste was loaded into a 6 mm inner diameter barrel. The fila-
ment is deposited at a constant speed of 8 mm s~*. The displacement of
the plunger thus forces the flow of the paste through a 400 pm inner
diameter nozzle, corresponding to a shear rate of 160 s 1. In the present
paper, the pastes under investigation display notably high viscosity,
which is attributed to their high solid loading. Therefore, their extrusion
through a narrow opening requires high extrusion pressures. Unlike
commercial devices, the in-house developed extrusion head has the
advantage of achieving extrusion pressures of up to several hundred
bars.

The alumina parts are made in the form of scaffolds with a porous
grid-like structure. This kind of architecture is commonly achieved for
ceramic robocasting, especially in bio-printing, which enables a com-
parison with the literature [11,13,38]. In addition, it allows to evaluate
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printability in a simple and empirical way. Indeed, on the one hand,
extrudability is checked from the continuous flow of the ceramic paste
through the nozzle. On the other hand, the fidelity of the printed part
with respect to the trajectory of the tool, is controlled by checking the
periodic stacking of the layers and the shape retention of the filaments.
The layer deposition paths were calculated for the design of scaffolds (10
x 10x 10 mm®). The distance between the filaments is set at 0.8 mm,
with an angular offset of 90° between two consecutive slices. The layer
thickness is set at 320 pm, in order to compress the filaments by 20 %
and promote their adhesion from one layer to another.

The environmental printing conditions were established and main-
tained constant using a climatic chamber that enclosed the robocasting
machine. Parts were manufactured at room temperature (20-22 °C)
with a high relative humidity between 65 and 75 %, in order to avoid
possible defects due to poor partial drying conditions.

After printing, the alumina green parts were left to dry under room
conditions (21 °C, 50 % relative humidity) for a minimum of 24 h before
proceeding with the consolidation steps (i.e. debinding and sintering
heat treatments).

2.4. Debinding and sintering heat treatments

After drying, alumina green parts were first heat treated in a muffle
furnace (CT 9, Ceradel) for debinding at 500 °C (heating ramp: 1 °C.
min~!, dwell time: 1 h). The samples were subsequently sintered at
1580 °C (heating ramp: 5 °C.min’1, dwell time: 4 h).

2.5. Characterization of polymers

2.5.1. Adsorption of the dispersant on the surface of alumina

A quartz crystal microbalance (QSense® QCM-D E4 Analyzer, Biolin
Scientific) was used to collect information on the interactions between a
polymer and a sensor. In particular, it allows to control the formation of
a layer of polymer in solution on the surface of a sensor [39]. The latter
is covered with a material whose surface simulates that of ceramic
particles. As part of this work, alumina-coated quartz crystal sensors
(QSense® QSX 309, Biolin Scientific) were used.

To allow good circulation of the solution through the analysis system
and not to obstruct the capillaries of the measurement modules, the
dispersant (either ALS or DCN) was diluted to a concentration of 0.5 g
L. Subsequently, the pH of the dispersant solution was adjusted to 8,
matching the pH of the alumina pastes. Microbalance experiments were
conducted to monitor the time-dependant changes in the thickness of
ALS and DCN dispersants adsorbed onto the surface of the sensor.

2.5.2. Molecular weight of the polysaccharides

Size Exclusion Chromatography (SEC) is a technique based on the
separation of macromolecules in solution, in the order of decreasing
sizes. This method evaluates the molar mass M; of each fraction eluted
from a sample. Coupled with Multi-Angle Light Scattering (MALS), it
provides information about the concentration c; of each eluted fraction
and overcomes many limitations of column calibration. SEC-MALS thus
makes it possible to determine molar mass, polydispersity and radius of
gyration of the macromolecules in solution [40].

SEC-MALS analyses were performed on natural polysaccharides, of
which there is poor information in the literature. GG and P95 powders
were diluted to 0.25 g L~ 'in a 0.1 mol L™! LiNOj solution, which cor-
responds to the eluent of the SEC columns. The sample recovery (%) was
evaluated as an indicator of the dissolution of the polymers in the eluent.
It must be at least 70 % for the analyses to be representative.

2.5.3. Study of the aggregative nature of polysaccharides

The presence of proteins within polysaccharides is likely to induce an
aggregation phenomenon. Hence, the protein content in both GG and
P95 powders was determined through the Bradford assay [41]. The
latter is based on a colorimetric reaction between Coomassie Brilliant
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Blue dye and proteins in solution. The intensity of the resulting blue
color, measured as the solution absorbance at 595 nm, is proportional to
the protein concentration. This enables the quantification of protein
content, considering a calibration curve established from solutions of
known protein concentrations.

Bovine serum albumin (BSA) was used as a reference substance for
the calibration. It was diluted in ultra-pure water at various concen-
trations ranging from 0.01 to 0.1 mg mL ™" to prepare a series of standard
solutions, whose absorbance was measured at 595 nm. The resulting
calibration curve [42] was then described by a Beer-Lambert law. After a
linear regression (coefficient of determination R? of 0.9962), it corre-
sponds to the following expression:

A=0.0008 x C (€Y)

where A is the absorbance at 595 nm and C the protein concentration.

GG and P95 powders to be analysed were initially diluted to 1 mg
mL! in ultra-pure water. The solutions were then placed in hemolysis
tubes, to which 2.5 mL of Bradford reagent was added, followed by
vortex mixing. The samples were kept in the dark for 5 min before
measuring their absorbance at 595 nm, the wavelength at which ab-
sorption is proportional to the protein concentration according to Eq.
(1.

2.6. Paste characterizations

2.6.1. Viscoelastic properties

The viscoelastic properties of the pastes were determined with a
Discovery HR-2 rotational rheometer (TA Instruments) by using the
oscillatory mode. This method allows a better understanding of the
behaviour and structure of materials neither purely solid, nor purely
liquid. It involves subjecting a material to a sinusoidal stress sweep and
then measuring its strain.

The dynamic viscoelastic properties are characterized by the com-
plex shear modulus G* expressed by the following relation:

G' =G +iG” 2)

where G* is composed of a real part G’ called the storage (or elastic)
modulus and an imaginary part G” called the loss (or viscous) modulus
[23]. The higher G*, the more rigid the material.

Experiments were carried out by using a 4 mm diameter parallel
plate with a 2000 pm gap size. The bottom plate temperature was
controlled at 22 °C thanks to a Peltier plate. Moreover, each measure-
ment was performed with a metal cover and distilled water as a solvent
trap to prevent samples from drying out while testing. The linear
viscoelastic region (LVER) was evaluated by an oscillatory stress sweep
ranging from 0.2 to 2.10° Pa at a constant frequency set at 1 Hz.

The ageing of the pastes (see Appendix B in Supplementary data) was
investigated by monitoring the evolution of their viscoelastic properties
over time.

2.6.2. Capillary rheometry assembly on the extrusion head

Flow and oscillation analyses carried out by rotational rheometers
are not necessarily suited to the description of ceramic bodies intended
to be extruded. Capillary rheometry appears more adapted for the
rheological study of a paste because its operating principle is close to
robocasting conditions.

Classical capillary rheometry requires a large quantity of paste and
the multiplication of analyses in order to be able to apply the Bagley
[43], Mooney and WeiRenberg-Rabinowitsch [44] corrections when
dealing with non-Newtonian fluids. From a practical standpoint, setting
up these analyses presents challenges, as it necessitates multiple reser-
voir fillings. Stresses may develop even before the experiment starts,
potentially introducing air bubbles that disrupt measurements. This
method is also likely to induce filter-pressing in the paste, altering its
flow behaviour. Consequently, these challenges can result in
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measurement reproducibility issues and complicate the interpretation of
classical capillary rheometry findings.

To overcome all these limitations, a capillary rheometry device was
developed directly on the robocasting machine, in order to get as close
as possible to robocasting conditions. A pressure sensor was installed on
the extrusion head to measure the pressure drop. The volume flow is
imposed by the speed of an extruder screw, controlling the movement of
the plunger within the extrusion chamber. Three different capillaries
were used at the outlet, with respective length-to-radius ratios of 8.3,
10.6 and 18.6. After verifying the reliability of the capillary rheometry
device using standard formulations, the A-ALS-GG and A-ALS-P95 pastes
were analysed by imposing decreasing shear rate values.

There are several models capable of describing the rheological
behaviour of a fluid. A common representation involves plotting shear
stress 7 versus shear rate y to create rheograms. Robocasting formula-
tions are usually shear-thinning pasty fluids, with a minimum shear
stress required to break their internal structure and initiate flow (yield
stress). After applying the Bagley, Mooney and WeiBenberg-Rabino-
witsch corrections, the behaviour of the pastes was thus described by the
Herschel-Bulkley model [45], which applies to pasty fluids such as:

T=15 +kj" 3

where 7; is the yield stress, k is the consistency and n is the flow index.

2.7. Plastic limit and drying kinetics

Plasticity is usually defined by the ability of a material to deform
irreversibly under a mechanical stress, without breaking. In this work,
the plastic limit has been assessed from two methods.

Atterberg’s work allowed defining a standardized test method to
determine among others the plastic limit (PL) of fine-grained soils. The
thread hand rolling procedure is described in the ASTM Designation
D4318-17el [46]. It consists of hand rolling a homogeneous portion of
material into a thread, between two flat and non-porous surfaces. The PL
is defined as the water content (on a dry weight basis) at which the
material thread starts to crumble when it is 3 mm in diameter, changing
from a plastic state of consistency to a solid one.

However, the Atterberg method, originally designed for clay mate-
rials, is known to exhibit some limitations [47]. Consequently, shrinkage
was simultaneously monitored alongside mass loss to determine the
water content corresponding to the end of the linear section of the Bigot
curve, denoted as EL (see Fig. 1). As the drying process progresses and
shrinkage occurs, particles move closer until they establish contact with
each other. The end of the linear segment (EL) of the Bigot curve cor-
responds to the initiation of grain-to-grain contacts. Given that water

m
-
4

Water content (wt% of the dry basis)

Linear shrinkage (%)

Fig. 1. Schematic representation of a typical Bigot curve.
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initially contributes to plasticity by enveloping the particles, the EL
point provides insights into the conclusion of the plastic domain.
Kornmann [48] has noted that these two points, ie., PL from the
Atterberg method and EL from the Bigot curve, are very close.

A Bigot device was set up to monitor the weight loss and the
shrinkage in one direction of a paste sample over time. The primary
objective of this experiment is to derive the Bigot curve from the
collected data and subsequently determine the EL of a paste. The data
are collected respectively by a precision scale (+1 mg) and by a laser
distance sensor (+5 pm) placed above the sample. Both are connected to
a computer, which allows data to be recorded throughout the drying
process.

The A-ALS-GG and A-ALS-P95 pastes were analysed two days after
their elaboration, to ensure they are in the same ageing conditions.
Homogeneous paste samples were prepared so as to form a cube of about
20 mm square, according to the same method as Oummadi et al. [49]. To
avoid their drying before the start of the analysis, each sample was kept
3 h in a chamber saturated with water vapor. Each measurement was
performed under identical environmental conditions (20 °C and ambient
relative humidity of about 40 %). Data were recorded during 48 h.

The Bigot curve is obtained by plotting the evolution of water con-
tent as a function of the linear shrinkage, both expressed on a dry basis
[50]. Three main drying steps constitute the Bigot curve [48,51], as
shown in Fig. 1.

During the first stage of drying (step A — B in Fig. 1), the water
removal is balanced by a volumetric shrinkage: the height and weight of
the paste sample decrease linearly as long as the pores are saturated with
water. The EL point corresponds to the water content at the end of this
stage, when the sample ceases to be plastic and begins to have a solid
state of consistency [48,49]. The second drying stage (step B - C in
Fig. 1) is characterized by a deceleration in shrinkage, as particles begin
to come into contact. Shrinkage becomes negligible during the last
drying stage (step C — D in Fig. 1); the sample’s structure solidifies while
its moisture content continues to decrease. At the end of drying, air has
completely displaced the free water within the pores.

2.8. Quantification of the liquid phase migration

The ability of the paste to retain water was investigated under a shear
rate similar to that applied in robocasting. The capillary rheometry as-
sembly (see Section 2.6.2) was utilized to replicate the printing condi-
tions, specifically the extrusion head equipped with a pressure sensor.
An analysis was conducted by continuously monitoring the extrusion
pressure over a 10-min duration, while keeping a constant shear rate
(y =160 sfl) within the chamber of the robocasting machine.

2.9. Characterization of the printed parts

2.9.1. Density measurements

Green density was geometrically calculated from the mass ratio to
apparent solid volume of the dried samples.

The sintered scaffolds were also characterized for density according
to Archimedes method described in the ASTM Designation B962-17
[52]. The relative density was calculated from the sintered density
and the true density. The latter was measured with a helium pycnometer
on a dried alumina powder sintered at 1580 °C.

2.9.2. Microstructural observation

The microstructure of the samples was studied using a scanning
electron microscope (JSM-IT300, JEOL). It allowed observing the fila-
ments, possible defects such as porosity or cracks, but also the grain
arrangement and size after sintering. For the latter case, a thermal
etching treatment (1530 °C, heating ramp: 20 °C/min, dwell time: 20
min) was conducted on a polished sample to reveal grain boundaries.
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3. Results and discussions
3.1. Printability control of the pastes

Printability of the A-ALS-GG and A-ALS-P95 pastes was first evalu-
ated by checking whether it was possible to print a scaffold by robo-
casting. Both alumina pastes were tested under the same conditions in
order to establish a basis of comparison. These include aging of the
pastes after elaboration, environmental conditions during printing and
drying of the parts, but also parameters specific to both the machine and
the layer deposition path. The resulting green parts are shown in Fig. 2.

Printability tests highlight different paste behaviour under the set
robocasting conditions. It depends on the composition of the paste, in
particular on the nature of the binder.

The A-ALS-GG paste extrudes well (Fig. 2a). When priming the
nozzle, the paste flows properly, in a straight and continuous manner. Its
flow stops when the plunger stops applying pressure. This leads to the
manufacture of a 3D part faithful to the CAD model. The filaments
exhibit good adhesion between two consecutive layers. They are also
rigid enough to ensure excellent shape retention.

However, the A-ALS-P95 paste does not print well (see Fig. 2b and
Fig. 2c). When priming the nozzle, it comes out in irregular waves.
During printing, a liquid phase gradually appears in the thread of the
nozzle, while the extrudates come out more and more stiff and dry. The
part is weakened by cracked filaments which were caused by many
discontinuities during printing.

The printability of both pastes differs under similar experimental
conditions, even though they contain identical proportions of disper-
sant, binder, plasticizer and ceramic particles. The paste flow behaviour
and the cohesion of the systems, in terms of water retention under shear,
appear to be significantly influenced by the choice of binder. Conse-
quently, a more comprehensive study of the gels and pastes was con-
ducted, to gain a deeper understanding on how changes in additives can
impact printability.

3.2. Characterization of the pastes at rest

3.2.1. Viscoelastic properties

The viscoelastic behaviour of both alumina pastes was studied
through dynamic analyses in oscillatory mode with amplitude sweep, as
shown in Fig. 3.

The A-ALS-GG and A-ALS-P95 pastes exhibit similar viscoelastic
properties. They typically behave as an elastic solid (G' > G") for a stress
ranging from 150 and 6.10° Pa. In the LVER, the storage G’ and loss G’
moduli are 1.10% and 2.107 Pa, respectively. After remaining constant in
this linear region, they gradually decrease once the yield point 7, is
reached. The flow stress 1y is approximately 4.10* Pa. The latter points
out the transition to a viscous liquid-like behaviour (G < G").

Thanks to the ease of implementing amplitude sweep tests, the
viscoelastic properties are commonly used in the literature to define
“printability criteria”, as mentioned in the introduction [21,22,24,26,
53]. The reliability of the primary existing criteria was assessed using
the data collected for both A-ALS-GG and A-ALS-P95 pastes. Based on
these criteria, except for Zocca’s [21], it is predicted that both pastes
should be printable. However, as outlined in Section 3.1, one paste is
printable (A-ALS-GG) while the other (A-ALS-P95) is not. This highlights
the necessity of developing more reliable criteria, as well as character-
ization methods adept at discerning variations in paste printability.

3.2.2. Drying kinetics and plastic limit

Given that the printability issues of the A-ALS-P95 paste appear to
stem from water retention problems under shear, particular attention
was paid to the drying kinetics (see Fig. 4) and the plastic limit (denoted
as PL and EL when obtained from Atterberg method and Bigot curve,
respectively). Overall results are reported in Table 1.
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A-ALS-P95 paste

Fig. 2. Printability tests of the (a) A-ALS-GG and (b) A-ALS-P95 robocasting pastes, the latter (c) having filter-pressed during printing.

9
10 — AALS-GG
= LVER A-ALS-P95
L ¢
= e e
=
T
o o W 0 N 1 0 1
E 107
T
© 08
e
c
©
| 10
[
104
102 108 T, 104 T 10

Oscillation stress 7 (Pa)

Fig. 3. Stress dependence of G’ and G’ for the A-ALS-GG and A-ALS-
P95 pastes.
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Fig. 4. Drying kinetics of the A-ALS-GG and A-ALS-P95 pastes.

The EL values of the A-ALS-GG paste obtained from the Bigot curve
(16.4 wt%) is slightly higher than that of the A-ALS-P95 (15.2 wt%). The
PL values obtained using the Atterberg method yield similar results
(15.8 and 14.7 wt%, respectively), considering measurement un-
certainties. Considering that the initial water content of both pastes is
approximately 15 wt%, it can be concluded that their solid loading is

Table 1
Plastic limit values (obtained from the Atterberg method and the Bigot curve)
and duration of the first drying stage for both A-ALS-GG and A-ALS-P95 pastes.

PL (Atterberg method) EL (Bigot curve) First drying stage

A-ALS-GG
A-ALS-P95

15.8 £ 0.2 wt%
14.7 £ 0.8 wt%

16.4 wt% 2-3h
15.2 wt% 2-3h

indeed maximized.

In the context of drying kinetics (see Fig. 4), the drying rate decreases
as the drying process advances. The mass loss of both pastes became
negligible after 40 h of drying. Fig. 4 also shows that the initial minutes
of drying are critically important due to significant water loss. There-
fore, special attention should be given to paste packaging (airtight) and
minimizing handling time. Otherwise, considering the plastic limit
values, water loss during the first drying stage may lead to a rapid
transition from a plastic to a solid state.

In any case, the Bigot curve do not show any significant difference
between the A-ALS-GG and A-ALS-P95 pastes, as their EL point and
drying kinetics are similar. These data were collected while alumina
pastes were at rest under ambient conditions; they are insufficient to
characterize the pastes when subjected to high shear rates, as it might be
during robocasting. Indeed, one can imagine that the nature of the
binder influences the ability of a paste to retain water under extrusion
conditions.

3.3. Flow behaviour of the pastes under high shear rates
Capillary rheometry tests were carried out as dynamic analyses in

oscillatory mode did not detect any significant difference between the A-
ALS-GG and A-ALS-P95 pastes. The behaviour of the pastes was thus
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Fig. 5. Shear stress vs. shear rate of both A-ALS-GG and A-ALS-P95 pastes. Data
were obtained from the capillary rheometry assembly installed on the extru-
sion head.
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described in flow. Fig. 5 shows the rheograms of both alumina pastes,
obtained after applying Bagley, Mooney and Weienberg-Rabinowitsch
corrections.

In Fig. 5, the experimental points (corresponding to the three
different ratios of capillaries) are compared to the Herschel-Bulkley
model. The latter allowed to identify the flow properties of each paste,
given in Table 2.

In both cases, the experimental points show an increase in shear
stress with shear rate. Although the measurements were carried out
under the same conditions and repeated, the experimental points of the
A-ALS-GG paste are much tighter around the Herschel-Bulkley model
than those of the A-ALS-P95 one. This shows that the A-ALS-GG paste
remains stable and homogeneous throughout the tests. However, as the
analysis progresses with changing capillaries, the A-ALS-P95 paste ex-
hibits less pronounced shear-thinning behaviour. Regarding this phe-
nomenon, the data in Table 2 may be questionable because of the non-
negligible difference that exists between the experimental points and the
model.

According to Table 2, both pastes exhibit shear-thinning behaviour
(0 < n < 1) with a yield stress (z; > 0). In contrast to amplitude sweep
tests (see Section 3.2.1), capillary rheometry reveals differences in the
flow properties of the studied pastes. The A-ALS-P95 paste exhibits
lower 7, and k values compared to the A-ALS-GG paste, while its flow
behaviour index n is higher. The low flow index value of the A-ALS-GG
paste suggests possible plug flow behaviour, warranting further inves-
tigation under pressure conditions. Nevertheless, as discussed in Section
3.1., the A-ALS-GG paste flows better through a nozzle than the A-ALS-
P95 paste, the latter being not printable under the same conditions.
Thereby, a phenomenon potentially linked to the evolution of the A-ALS-
P95 system during extrusion may be responsible for its non-printability.
Consequently, the ability of the pastes to retain water under shear
conditions of robocasting was further investigated.

3.4. Correlation between printing parameters and liquid phase migration

The ability of the pastes to retain water under shear conditions was
assessed using pressure tests conducted with the capillary rheometry
setup directly connected to the extrusion head of the robocasting ma-
chine. Fig. 6 shows the extrusion pressure profiles as a function of the
time at y = 160 s~ In the first few seconds of the test, the extrusion
pressure continuously rises while priming the nozzle. However, once the
pastes flow, two different scenarios occur.

Regarding the A-ALS-GG paste, the extrusion pressure stabilizes
around 8 bars and remains constant all during the test. It drops after 10
min, when the experiment ends and the plunger ceases to exert pressure
on the paste. This behaviour is typically that of a homogeneous paste
whose composition does not vary during extrusion.

Regarding the A-ALS-P95 paste, the extrusion pressure gradually
increases as the plunger moves. It reaches almost 40 bars, a value clearly
higher than that necessary to force the flow of the A-ALS-GG paste.

Alongside liquid phase migration measurements, extruded filaments
were sampled from the nozzle outlet to measure their water content.
This allowed to determine whether this value changed during extrusion
and how it related to the states of consistency, as indicated by the plastic
limits reported in Table 1. In both cases, at the start of the test, the water
content of the filaments exceeded the plastic limit of the pastes, indi-
cating that they were in a plastic state of consistency.

The water content of the A-ALS-GG extruded filaments remained

Table 2
Flow properties of the A-ALS-GG and A-ALS-P95 pastes, identified from the
Herschel-Bulkley model.

Yield shear stress 7; (Pa) Consistency k (Pa.s™) Flow index n

1.3 x 10* 0.30
3.2 x 10° 0.70

1.0 x 10°
4.5 x 10°

A-ALS-GG
A-ALS-P95
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Fig. 6. Time dependence of the extrusion pressure as the plunger moves at
constant speed (7 = 160 shH through the reservoir to force the flow of the A-
ALS-GG and A-ALS-P95 pastes.

stable (14.9-15.0 wt%) during the test, confirming the stability and the
homogeneity of this paste under robocasting conditions.

However, the water content of the A-ALS-P95 extruded filaments
decreased from 15.3 to 11.8 wt%. Comparing these data with those
presented in Table 1 reveals that A-ALS-P95 paste changes from a plastic
state of consistency to a solid one during extrusion. This paste thus
undergoes a shift towards an increased dryness. As a result of filter-
pressing, it becomes progressively more challenging to extrude
(Fig. 6), explaining the disparity of the experimental points in Fig. 5 as
well as the printability issues described in Section 3.1.

Therefore, this study has highlighted water retention in the paste
under robocasting conditions as a crucial experimental criterion for
printability. Additionally, it enabled real-time detection of a common
extrusion issue: the migration of the liquid phase. These measurements,
conducted directly at the nozzle inlet of the extrusion head during
printing, hold promise for broader adoption in assessing the printability
of various pastes in the future. Furthermore, machine learning ap-
proaches could potentially facilitate real-time adjustments to either
printing conditions or formulation. However, the latter requires a more
in-depth understanding of the underlying mechanisms governing
printability at the level of paste components.

3.5. Better understanding printability through the study of paste
components

3.5.1. Organization of the dispersant around alumina particles

In-depth characterization of both alumina pastes revealed the
macroscopic reason why one paste (A-ALS-GG) prints while the other (A-
ALS-P95) does not. However, this does not quantify the impact of the
binder change or explain why filter-pressing occurs in the P95-based
paste but not in the GG-based. To gain a deeper understanding of
printability and insights for direct formulation adjustments, particular
attention was paid to the paste components and their interactions
around the alumina particles.

On the one hand, the minimum distance d between two adjacent
alumina particles was estimated, by making an analogy with the hard
spheres model. By assimilating alumina particles to spheres, this as-
sumes that each grain is spherical, of constant radius and density. In
theory, when d is zero, the maximum solid volume fraction ®@p,, is 0.74
for a classical compact structure, such as the face-centered cubic (fcc)
one, for which a unit cell is modeled in Fig. 7.

Regarding ceramic pastes, the maximum solid volume fraction & is
much lower than 0.74; it corresponds to the alumina solid loading, i.e.
about 0.49 in this work. Unlike theoretical close packed structures, the
surface of two adjacent alumina particles would not be in direct contact,
but separated by a layer of minimum thickness d/2. The latter,
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Fig. 7. CAD modeling (a) of a fcc compact structure and (b) of the spheres occupying the unit cell volume, to assess the solid volume fraction as a function of the

inter-particle distance d.

corresponding to an interstitial fluid surrounding each particle, can be
expressed as:

-1/3
)"

where R is the mean radius of alumina particles. The numerical appli-
cation thus estimated d at 59.5 nm for A-ALS-GG and A-ALS-P95 pastes.
This value was confirmed from a CAD software, by plotting the evolution
of @ as a function of d, the latter being defined as an input variable. The
findings shown in Fig. 8 align with those obtained from Eq. (4).

On the other hand, the dispersant adsorption on the alumina surface
was examined using a quartz crystal microbalance. In addition to con-
firming the affinity between alumina and the ALS dispersant, it revealed
that the layer thickness of the latter was about 40 nm on the surface of
the particles. By comparing this value to d, it indicates overlapping
zones occupied by the dispersant between adjacent alumina particles.

Consequently, the interstitial fluid surrounding alumina particles is
already occupied by the dispersant. It is assumed that the steric hin-
drance and/or the interactions (such as chain entanglement or bonding)
of other components (binder, plasticizer) within this fluid will impact
the reorientation of polymer chains under shear and, subsequently, the
paste flow behaviour during robocasting.

d=2R
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Fig. 8. Solid volume fraction @ vs. inter-particle distance d between two
adjacent alumina particles, for which the medium particle size Dso equals
400 nm.

3.5.2. Steric hindrance of the polymers within the interstitial fluid

In addition to the dispersant, the interstitial fluid consists of a binder
(GG or P95 gel) and a plasticizer (glycerol). At the formulation level, the
only difference between the A-ALS-GG and A-ALS-P95 pastes lies in the
nature of the binder, since the glycerol is introduced in the same pro-
portions. Attention has been paid to an in-depth characterization of the
natural polymers GG and P95, about which there is poor information in
the literature. It is assumed that a greater steric hindrance of P95 than
that of GG hampers paste flow; this would explain the lack of cohesion
and the filter-pressing of the A-ALS-P95 paste observed during printing.

Data obtained from SEC-MALS analyses on both raw powder and gel
of GG and P95 polymers are given in Table 3.

SEC-MALS analyses obtained for GG show similar data between the
raw powder and the gel, which means that preparing the gel in a plan-
etary ball mill does not break the polymer chains. However, the sample
recovery is only of 33 % for P95, due to sample losses during filtration
upstream of the SEC columns. Thus, it is assumed that P95 aggregates in
the LiNOj eluent. As a result, the collected data for P95 only pertain to
fractions smaller in size than the filter porosity (0.45 pm), and, by
extension, to the less aggregative fractions.

The aggregative nature of P95 may be linked to the reduced water
retention observed on the A-ALS-P95 paste under the shear conditions of
robocasting.

The presence of micro-aggregates could be attributed to various in-
teractions among polysaccharides and/or other constituents in the
extracted powder source. For instance, hydrogen bonds and hydropho-
bic interactions may offer plausible explanations for this aggregative
behaviour. Moreover, the presence of proteins is a known factor that can
lead to strong associations and induce aggregation. Consequently, a
Bradford assay [41] was conducted on both GG and P95 powders to
further investigate this phenomenon. Results are reported in Table 4.

This colorimetric protein assay determined a negligible protein
content in GG (less than 1 wt%), compared to 3.6 wt% in P95. Hence, the
P95 gel contains impurities which could be in the form of micro-
aggregates, within the entanglement of the polymer chains.

It is assumed that the micro-aggregates add steric hindrance in the
interstitial fluid surrounding the alumina particles of the A-ALS-P95
paste, compared to that of A-ALS-GG. This can affect the mobility of the
components under high shear rates, especially between two alumina

Table 3
Number and weight average molar masses and sample recovery rate obtained by
SEC-MALS analyses made on GG and P95 polymers.

M, (kg.mol %) M,, (kg.mol %) Sample recovery (%)
GG (powder) 1.9 x 10° 1.9 x 10° 71
GG (gel) 1.9 x 10° 1.9 x 10° 70
P95 (powder) 0.5 x 10° 1.5 x 10° 33
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Table 4
Protein quantification in GG and P95 polysaccharides using the Bradford
method.

A C (pg of proteins per 1 mg of Protein content (wt
sample) %)
GG (powder) 0.008 <10 <1.0
P95 0.029 36 3.6

(powder)

particles, where y is maximum. A schematic representation is given in
Fig. 9, depending on the nature of the binder. The reorientation of the
polymer chains under robocasting conditions is also shown.

According to Fig. 9 a, it is assumed that the polymers reorient under
the shear effect, which allows the A-ALS-GG paste to flow homoge-
neously. However, the micro-aggregates present in the A-ALS-P95 paste
reduce the mobility of the components, and therefore the reorientation
of the polymer chains (Fig. 9 b). One can infer that under shear, only the
solvent is able to move. Hence, this explains the liquid phase migration
observed while printing the A-ALS-P95 paste.

3.6. Some solutions to improve the printability of a paste

In the preceding section, the comprehensive study of the paste
components and their interactions has provided insights into some
correlations between formulation and printability.

To validate the substantial role of polymer steric hindrance within
the interstitial fluid, efforts focused on making a P95-based paste
printable under the robocasting conditions established for this study. In
this example, two scenarios have been considered to improve the reor-
ientation of polymers under high shear rates and increase the mobility of
the components.

The first possibility consists in reducing the presence of micro-
aggregates within the P95 gel. An A-ALS-P95 paste was formulated as
described in Section 2.2, but introducing a less concentrated gel, con-
taining 3 wt% of P95 powder instead of the previous 5 wt%.

By keeping a P95 gel concentrated at 5 wt% by weight, another
source of improvement lies on using a less steric dispersant than ALS. A
study on the dispersion of alumina showed that an ammonium poly-
methacrylate dispersant (or DCN for Darvan® C-N) had a dispersing
power similar to that of ALS [48]. Unlike ALS, which is rather steric due

(a)
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to the large number of cycles in its structure, DCN corresponds to a
rather linear polymer chain and has a preponderant electrostatic effect.
An analysis carried out with a quartz crystal microbalance confirmed
that the layer thickness of the DCN dispersant, adsorbed on the surface
of alumina particles was lower than that of ALS; it is indeed of 6 nm,
compared to 40 nm for ALS. In contrast to the previous cases, this time
there is no overlap of the zones occupied by the DCN dispersant, even at
the minimal inter-particle distance d (60 nm). This results in the inter-
stitial fluid surrounding the alumina particles being less congested for
the A-DCN-P95 paste compared to the A-ALS-P95 paste. It is also
assumed that there is less entanglement between the dispersant and the
rest of the polymers, as the DCN polymer chains wrap more tightly
around the particles.

Printability tests were conducted for these two scenarios under the
same robocasting conditions as those detailed in Section 3.1: the A-ALS-
P95 paste with a 3 wt% gel (referred to as A-ALS-P95(3) paste) and the
A-DCN-P95 paste. In both cases, a noticeable improvement is evident, as
both P95-based pastes become printable and enable the construction of
grid-like scaffolds.

Fig. 10 illustrates pressure measurements, demonstrating enhanced
printability in the novel P95-based pastes due to reduced filter-pressing.

In contrast to the initial A-ALS-P95 paste, which exhibited gradual
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Fig. 10. Measurement of liquid phase migration over time through the analysis
of extrusion pressure in improved P95-based pastes, in comparison to the initial
A-ALS-P95.
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Fig. 9. Schematic representation of the organization of the components between two alumina particles and their mobility during extrusion of (a) A-ALS-GG and (b)

A-ALS-P95 pastes.
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Fig. 11. Synthesis diagram showing the correlations between paste formulations and their printability under the same robocasting conditions, assuming that the

amounts of alumina and plasticizer are identical.

and unstable extrusion pressure throughout the test, the new pastes
display a distinct behaviour. Upon nozzle initiation, extrusion pressure
rapidly increases and then stabilizes at average values. Extrusion pres-
sures for A-ALS-P95(3) and A-DCN-P95 pastes are approximately 20 and
32 bars, well within the capacity of our in-house robocasting machine,
capable of handling pressures of several hundred bars. It is worth noting,
however, that minor irregularities are observed, possibly linked to ag-
glomerates. In any case, despite the need for further optimization, a
significant improvement over the A-ALS-P95 paste is evident, aligning
with the theoretical framework of this paper. Thus, precise control of
polymer steric hindrance and interactions remains essential to minimize
liquid phase migration under shear.

A synthesis diagram is shown in Fig. 11 to summarize the printability
of all the studied eco-friendly formulations.

This study underscored the importance of focusing on the in-
teractions among all the components of a robocasting paste. All tested
formulations have highlighted the necessity for striking a compromise
between polymer steric hindrance (both in the interstitial fluid and on
the alumina surface) and the strength of the interactions among poly-
mers themselves and/or with alumina. If these two criteria are too low,
the paste may exhibit excessive fluidity under identical robocasting
conditions, resulting in poor elastic recovery after printing and the
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collapse of the part (as seen for the A-DCN-GG paste in Fig. 11). While
further optimization of P95-based formulations is required, in particular
to reinforce the mechanical strength of green bodies, these tests have
provided valuable insights for improving printability.

3.7. Final properties of sintered parts

Beyond studying printability, this work led to the 3D printing of
totally eco-responsible robocasting pastes. Typical scaffolds obtained
after sintering from the A-ALS-GG paste are shown in Fig. 12.

In addition to excellent shape fidelity compared to the CAD model,
the sintered scaffolds exhibit similar properties to alumina parts ob-
tained with conventional formulations: grains of 3.7 pm on average, 98
% relative density for the solid skeleton and 17 % of shrinkage after
sintering [54].

Dense parts printed from this A-ALS-GG paste were mechanically
tested and yielded results comparable to those reported in the literature
for conventional alumina-based formulations. The experimental char-
acterization procedure is outlined in previous work through 4-point
bending tests and ultrasonic testing [55]. Fig. 13 provides an example
of a response curve from a 4-point bending test conducted on one of the
ten tested samples. A typical brittle behavior of an alumina piece is
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Fig. 12. SEM micrographs of alumina scaffolds sintered at 1580 °C: (a) top and (b) (c) side views of the grid-like pattern, and (d) morphology and arrangement of

the grains.
150
= 100
o
£
b
0n
0
g
2
i
0 0,0003 0,0006 0,0009 0,0012
Strain €

Fig. 13. Evolution of the stress as a function of strain for a dense part printed
from a A-ALS-GG paste during a four-point bending test.

clearly identified. In particular, the synthesis of the test campaign results
highlights a sample exhibiting a Young’s modulus of 355 GPa, a Pois-
son’s ratio of 0.23 and a flexural strength of 140 MPa [37,42] (Fig. 13.).
Therefore, this confirms the promising potential of using natural addi-
tives for industrial applications.

4. Conclusions

Valuable insights were provided into the mechanisms governing the
printability of pastes intended for the robocasting process. The rheo-
logical characteristics, as well as other properties relatively under-
reported in the literature, including plasticity and paste water retention
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under shear, have been assessed and correlated with printability.

Findings suggest that while characterizing the viscoelastic properties
of pastes is necessary, it is largely insufficient to distinguish a printable
paste (A-ALS-GG) from a non-printable one (A-ALS-P95). Traditional
analyses conducted with rotational rheometers do not adequately cap-
ture the behaviour of pastes subjected to high shear stresses, such as
those experienced during extrusion. This highlights the limitations of
existing printability criteria reported in the literature, which may not be
reliably applicable to the robocasting process. To gain a deeper under-
standing of paste flow behaviour under conditions approaching those of
robocasting, it is essential to consider alternative means of
characterization.

The properties of both the pastes and their components have been
correlated to the concept of printability. This work demonstrates that
the organization and interactions among polymer chains of binders,
plasticizers and dispersants around ceramic particles, as well as their
ability to move and reorient under high shear stresses, strongly affect the
paste behaviour at various stages of printing: (i) the initiation of flow,
(ii) the homogeneity and viscosity during the extrusion and (iii) the
cohesion between the mineral (ceramic particles) and organic (inter-
stitial fluid) phases.

In this respect, controlling liquid phase migration under high shear
stresses emerged as a crucial criterion for the good progress of the
robocasting process. A novel method for testing printability has been
developed to observe and quantify, at the nozzle inlet, the segregation of
the mineral phase under the pressure applied by the plunger during
extrusion.

The focus on eco-friendly paste formulations has highlighted the
importance of mastering the mechanisms that govern printability in
robocasting. In the future, printability criteria could integrate factors
like steric hindrance and polymer interactions in the interstitial fluid
surrounding ceramic particles through numerical approaches. This
would potentially enhance the development of ready-to-use feedstock
for robocasting, particularly when replacing traditional petrochemical
additives with plant-based polymers. Indeed, additives of natural origin
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Appendix A. Rheological properties of the polysaccharide binders

Psyllium and guar gum are plant-derived polysaccharides. In powdered form, their particles have the unique property of swelling upon contact
with water, forming a gel-like network. This characteristic makes them excellent candidates to serve as binders and promote cohesion in the green
state of ceramic parts printed by robocasting.

Al. Methods for the rheological characterization of psyllium (P95) and guar gum (GG) gels used as binders

Al.1. Definition of a gel
A gel corresponds to a three-dimensional network of molecular chains dispersed in a solvent. From a polymer perspective [56], a gel is defined
based on three main criteria, namely:

- Containing at least 95 wt% of the solvent.
- Having a decade difference between the storage (G and the loss (G") moduli, at a given frequency.
- Demonstrating stability in the storage (G') and the loss (G") moduli with frequency, across a given range of frequencies.

A1l.2. Viscoelastic properties of binders

The viscoelastic properties of GG and P95 binders determined with a Discovery HR-2 Rheometer (TA Instruments) by using the oscillatory mode.

Amplitude sweep tests were carried out by using a 4 mm diameter parallel plate with a 2000 pm gap size. The temperature was controlled at 22 °C
thanks to a Peltier plate Steel. Moreover, each measurement was performed with a metal cover and distilled water as a solvent trap to prevent samples
from drying out while testing. The linear viscoelastic region was evaluated by an oscillatory stress sweep ranging from 0.2 to 2.10° Pa at a constant
frequency set at 1 Hz.

Frequency sweep tests were performed from 0.1 to 100 Hz at a constant oscillation amplitude stress. The latter is chosen in the middle of the LVER,
as determined from amplitude sweep tests. In the present study, analyses were conducted at 75 Pa.

A1.3. Flow properties of binders

The flow properties of binders were studied using the rotational Discovery H-R2 Rheometer. A flow sweep test provided insights into the viscosity
and flow behaviour of the gels under controlled rotational conditions.

Experiments were carried out by using a 40 mm diameter 4° cone plate. Temperature was set at 22 °C, the latter being controlled by a Peltier plate
Steel, and each experiment was carried out under a metal cover to limit drying of the binders. Viscosity and shear stress were measured as a function of
shear rate, for values ranging from 0.1 to 200 s~L.

A2. Rheological characterization of the binders
A2.1. Verification of the criteria to define a gel
Rheological analyses were carried out in oscillation to ensure that the aqueous mixtures of polysaccharides correspond to gels. As a reminder, these

mixtures correspond to 5 wt% of polysaccharide powder and 95 wt% of water.
Similar data having been obtained with psyllium (see Section A2.2), only the results concerning guar gum are displayed in Fig. A-1.
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Fig. A-1. Viscoelastic properties of the aqueous mixture of guar gum: (a) amplitude and (b) frequency sweep tests.

According to Fig. A-1 a, the linear viscoelastic region (LVER) is defined in a range of oscillatory stresses ranging from 2 to approximately 150 Pa. In
this range, the storage (G') and the loss (G") moduli are approximately 2.10* and 1.10° Pa, respectively.

Fig. A-1 b shows that G’ and G’ remain relatively stable over a frequency range extending from 0.1 to approximately 3 Hz. On average, they are
approximately 1.6.10% Pa and 1.5.10° Pa, respectively, which coincides with the values obtained from Fig. A-1 a. Beyond this frequency range, the
system begins to lose structure and starts to flow, making the collected data unusable.

These two analyses conducted under the oscillation mode have thus highlighted that the viscoelastic moduli differ by at least a decade.
Furthermore, G' and G” are independent of the oscillation frequency over a certain frequency range, ranging from 0.1 to 3 Hz. Considering that the
polysaccharide mixture contains 95 wt% of solvent, the three criteria mentioned in Section 1.1. are met. This confirms that the aqueous mixtures of
polysaccharides are gels.

A2.2. Rheological behaviour of GG and P95 gels

The rheological properties of both GG and P95 gels were studied through oscillatory stress sweep and flow sweep tests. Results are shown in Fig. A-
2.

According to Fig. A-1, both GG and P95 gel exhibit similar viscoelastic properties, with a LVER defined between 2 and 150 Pa, approximately. In
this range of oscillatory stresses, G’ and G’ moduli are about 1-2.10* and 1.10° Pa, respectively.

According to Fig. A-2, both gels exhibit a shear thinning behaviour with a yield stress. Indeed, as the shear rate increases, the viscosity decreases,

13
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and it begins to stabilize at around 2-3 Pa s at a shear rate of 150 s .

The yield stresses of the GG and P95 gels are quite close, i.e. 17 and 23 Pa, respectively. For high shear rates, the viscosity of P95 gel is higher than
that of GG gel, even though both gels have the same mass fraction of polysaccharide powder. This slight difference between both gels could be
explained by the aggregation phenomenon present psyllium (as discussed in Section 3.6.2 of the main article). In fact, the P95 gel may not be just a
simple entanglement of polymer chains, as for GG gel. Instead, it appears to have a structure with micro-aggregates (comprising proteins) distributed
within the entanglement of polymer chains.

Therefore, the presence of micro-aggregates within psyllium is likely to restrict the movement of polymer chains. This would explain why a higher
yield stress than that of guar gum is required to initiate flow and also why the P95 gel is more viscous.
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Fig. A-2. Rheological characterizations of the GG and P95 gels: (a) amplitude sweep test and (b) flow behaviour.

Although their characteristics vary slightly according to Fig. A-2, both GG and P95 gels exhibit a shear-thinning behaviour with a yield stress.
Hence, this behaviour makes them suitable candidates for various applications, as it enables them to maintain structural integrity at rest and
become less viscous when subjected to shear forces, facilitating their use as binders or additives in different formulations.

Appendix B. Ageing of the alumina pastes

The ageing of both A-ALS-GG and A-ALS-P95 pastes was studied by monitoring the evolution of their viscoelastic properties over time.

Amplitude sweep tests were conducted over a period of one month. Each analysed sample was individually and tightly sealed after preparation to
ensure that the measurements were not affected by paste drying. Two conditioning modes were investigated: (i) refrigeration at 4 °C or (ii) storage at
room temperature (20 °C). Results are shown in Fig. B-1.
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Fig. B-1. Evolution of the equivalent storage modulus in the LVER (G,,) as a function of time and the conditioning mode, for both A-ALS-GG and A-ALS-P95 pastes.

Based on dynamic measurements, the viscoelastic properties of A-ALS-GG and A-ALS-P95 pastes remain stable for one month when stored in the

refrigerator. Both exhibit an equivalent storage modulus (G,,) on the order of 1.10® Pa and a yield stress (zy) ranging between 5.10% and 6.10° Pa.

In contrast, A-ALS-GG and A-ALS-P95 pastes gradually degrade when stored at room temperature. G’eq progressively decreases after 7 days of

ageing. In both cases, the size of the LVER reduces, indicating a loss of stability within the pastes. Their deterioration is evidenced by the progressive
appearance of mold. Enzymatic activity is increasing with temperature, promoting bacterial growth. Therefore, similar to gels, refrigeration has been
chosen for storing the ceramic pastes.

Printability tests were conducted concurrently with the ageing of the pastes. After one month of refrigeration, parts were successfully printed from

both pastes, with a quality comparable to that obtained from freshly prepared pastes. These tests confirm the benefits of refrigeration for storage.
Moreover, the usability duration of the eco-friendly formulated pastes appears promising for industrial applications.
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