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Ceramic is among the complicated materials to use in the design of fine objects. Complex
shapes without any major defect are not easy to produce. In most of the cases, the
production of ceramic parts is the results of three steps. Firstly, the “sculpture” of the raw
piece by adding raw materials to lead to the final object. Secondly, the “drying” and finally
the “high temperature oven-dry” of the dried raw object to transform the granular dough
into a nice consistent compact material. Exploiting the special characteristics of ceramic is
not only a thing of the past. Nowadays new possibilities, i.e., shapes and styles, can be
offered in the use of ceramics, and especially where it concerns the application of the
Additive Manufacturing (AM) concept. The combination of Computer Aided Design (CAD)
to AM opens a completely new means of finding novel ways of processing final objects. By
choosing to use kaolin clay without any chemical additions (or improvers) as “a model
material,” the ability to produce controlled structures with freedom in design by additive
deposition modeling is exposed. Discussions relate to the concomitant control of the
process parameters, the kaolin hydration and the complexity of printed structures. The
optimization of process parameters (nozzle speed, layer thickness, wall thickness) were
defined with the calibration of the material flow. Both windows adjusting water content in
dough (%wt) and imposing pressure in the tank of the 3D printer have been defined
accordingly. The role of layer impression support was also found to be important. This
study credits to use the state-of-the art technique (8D printing) to explore sustainable
manufacturing of potteries.

Keywords: ceramics, 3D dough printing, metastable state, kaolin hydration, artistic pottery

INTRODUCTION

The three-dimensional (3D) printing is transforming the manufacturing technology space. It brings
original concepts and promotes the emergence of native materials (and taken in their pristine state),
such as biomaterials, within new possibilities of CAD engineering (Guvendiren et al., 2016; Bourell
etal, 2017; Bose et al., 2018; Gutierrez-Heredia et al., 2018; Ngo et al., 2018; Harris et al., 2019; Jovic
etal., 2019; Wasti and Adhikari, 2020). As example, Bose et al., in 2018 classified selected Addititive
Manufacturing (AM) (binder jetting, direct energy deposition techniques, material extrusion and
jetting, powder bed fusion and vat polymerization) and presented some combination of AM and
biomaterials (ceramics, metallic biomaterials, polymers) to finally focus on applications of AM in
biomaterials and biomedical devices (metallic implants to improve osteointegration, hard tissue
engineering, soft tissue engineering). Gutierrez-Heredia et al., in 2018 presented a method for
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printing 3D models of coral colonies; they generated accurate 3D
models suitable for research and education. Ngo et al., in 2018
discussed the revolutionary applications of AM (fused deposition
modelling, powder bed fusion, inkjet printing, and contour
crafting, stereolithography, direct energy deposition, laminated
object manufacturing) in trending applications, i.e. biomedical,
aerospace, buildings and protective structures. Materials of survey
were metal alloys, polymer composites, ceramics, and concrete.
They identified few drawbacks as defaults (voids), inferior and
anisotropic microstructure and mechanical properties, divergent
from design to execution, layer-by-layer appearance. Additional
information can be found in the indexed work of Bourell et al., in
2017. Harris et al,, in 2019 reported multimaterial 3D printing by
fused filament fabrication and showed the ability of
Thermoplastic PolyUrethane (TPU) to adhere to Acrylonitrile
Butadiene Styrene (ABS) and acrylonitrile styrene acrylate (ASA).
More recently, Jovic et al., in 2019 outlined the most widely used
biomaterials derived from land plants and marine algae
(nanocellulose, pectin, starch, alginate, agarose, fucoidan, and
carrageenan) with an in-depth focus on nanocellulose and
alginate. They discussed their potential in 3D bioprinting for
tissue engineering, drug delivery, wound healing, and implantable
medical devices. And Wasti and Adhikari in 2020 reviewed
biomaterials (Poly-Lactid Acid (PLA), PolyHydroxy-Alkanoate
(PHA) and blends used in fused deposition modeling technique.

Various ranges of applications are concerned, for instance
aerospace, electronics, aeronautics, automobile, art, biomedical,
healthcare (Azad et al., 2020; Fan et al., 2020), architecture, and
building (Shakor et al., 2019), fashionable food industries (Godoi
et al, 2016). Since the pioneer works reported in 2013, 4D
printing is introduced and proposes a new strategy that
involves the design of a 3D printed part able to undergo a
controllable shape change with time as described by (Ge et al.,
2013; Tibbits, 2014; Gonzilez-Henriquez et al., 2019).

The Rapid Prototyping (RP) is based on the local deposition of
small volumes of material to directly form as a solderlike shape.
The available technologies have been improving constantly since
the first French artist Willeme’s photosculpture in 1860. The
history and evolution of AM technologies are comprehensively
discussed by Bourell et al. (Bourell et al., 2009). Among the AM
technology, the concept of continuous microextrusion printing is
used. The material is selectively dispensed through a nozzle over a
movable platform (build stage). When using extrusion, two
primary approaches are found. i. First, the commonly FDM
(Fused Deposition Modeling) where the material is molten
(heat) inside the channel of the liquefier. This step allows flow
out through the nozzle and bonding before complete solidification.
And ii. second, the revisited use of a supersaturated fluid slurry, as a
material for extrusion, is usually carried out without heating. The
later includes pressure-assisted methods such as pneumatic (air,
compressed gas) and piston methods (Godoi et al., 2016), as both
presented in micro-extrusion bioprinters (Bose et al., 2018; Kumar
et al,, 2019).

Continuous efforts have made possible the use of geo-
materials in 3D printing technologies. Issues, potentialities and
opportunities are illustrated in works such as (Travitzky et al.,
2014; Zocca et al., 2015; Gosselin et al., 2016; Zhong et al., 2017;
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Buswell et al., 2018; Lin et al., 2019; Shahsavari and Hwang, 2020;
Wang et al., 2020). However, progress is still needed in this geo-
materials domain. Indeed, as introduced by (Nair et al., 2020;
Shakor et al., 2020a; Shakor et al., 2020b), the printing procedures
and dimensional accuracies of printed objects lack details. These
details call for a large crossing of knowledge, i.e. interdependent
factors of geo-based matrix/control of the process/functional
properties.

For this reason, the present research has evaluated kaolin clays
in its pristine state. Kaolinite is one of the widely used
aluminosilicate minerals, encountered in the manufacturing of
traditional ceramics, paper, pottery, paintings and cosmetics.
Generally speaking, chemical additions (or improvers) are
brought together to propose the best formulation to meet a
specific clay-based material; the improvement requiring to
answer diverse features as thermal and mechanical properties,
rheology, inter-particle interactions, stable phase (Revelo and
Colorado, 2018; Revelo and Colorado, 2019).

The regular fused deposition modeling apparatus (FDM) was
adapting with a pressure-assisted piston connected to a single
screw extruder before the regular nozzle used for printing
thermoplastics. For a fundamental approach, the clay-water
mixture was selected as a model system, without any chemical
additions (or improvers). Concomitant control of the tested
process parameters, the kaolin hydration and the complexity
of printed structures permitted to understand the effect of the
printing conditions on the green mixture. A like-pottery part was
fabricated, illustrating the ability, and feasibility of this
technology. Post-processed temperature curing, i.e. sintering or
as called “high temperature oven-dry,” validated the structural
stability of the pottery.

MATERIALS AND METHODS

Material Properties

Kaolin Clay and Slurries

Kaolin clay was chosen due to its availability worldwide as
minerals found in the Earth’s crust, particularly in South of
France with its pottery. The porcelain powder (PT010B:
composition of kaolin clay 50-100% and quartz 10-25%,
density of 2.6 g/cm’) was supplied by Imerys (France).

The eco-responsible character and the low cost of kaolin clays
is also an important factor for scaling up and promoting the
results, for individual artists to big traditional ceramics industry
and specific use. The single clay was used throughout all slurries,
without purification. Only the amount of water was varied from
one formulation to the other to, in the end, work with a single
formulation optimized for processing. Therefore, the chemical
composition and the solid particle characteristics (network
microstructure, size distribution and shape of particles) may
be deemed as constant and practically without any effect on
the final printed parts.

From Atomic Composition to Hexagonal Sheets
The crystallographic structure of kaolin is made of two layers.
One is formed by octahedral meshes sharing their oxygen atoms
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successive layers of sheets.

FIGURE 1 | Hexagonal booklet-like sheets of native (powder) kaolin clay (A) scale of 2 um, (B) scale of 500 nm. Hexagonal structure forms of steps which reveal

at their corners with other neighbour octahedral meshes. The
second one is an assembly of tetrahedral meshes connected to the
octahedral layer with hydroxide groups. Aluminum is in the
center of the octahedra and silicon in the center of the tetrahedra.
Kaolinite is a widely used hydrated alumino-silicate minerals,
mainly composed by kaolin clay with a theoretical molecular
formula of Al,O; 2510, 2H,0 (Bergaya et al., 2006; Loginov et al.,
2008). In the observable morphology scale, the assembly of a layer
formed of octahedra to a layer formed of tetrahedra forms is
called a leaflet. The surfaces of these single sheets have hydroxide
and oxygen atoms which allow water molecules to be inserted
between the sheets (Awad et al., 2017; Awad et al., 2019). Figure 1
displays the hexagonal sheets, on native kaolin clay.

Hydration

The suspensions of kaolin clay were prepared from dry kaolinite
powder. These suspensions were conducted by mechanically
mixing the clay powder with water (or dispersant solution) at
appropriate quantities. Water to clay ratios (in % wt) was of 23
and 27% (see Results part). The water content was checked for
each test, by collecting a certain mass of the suspensions and
measuring it before and after drying at 37°C. This temperature of
37°C was selected to follow the kaolin clay loss of water mass over
time and to avoid any deformation of objects. For a standard
consideration, recent work by Shakor et al. (Shakor et al., 2020a)
post-processed the objects in an oven for 3 h at 60°C.

Viscosity and Filament Size
The rheological behavior of the green slurries was directly verified
with the 3D printer. The flow rate was determined using a
capillarity test (controlled directly by the 3D printer).
Appropriate G-code files with different “extrusion screw speed
rates” were tested to perform a single linear path with the printer.
The nozzle speed was varied while the nozzle diameter stayed
constant (1.0 mm). Then a visual appreciation was made to
maintain the optimal print flow. This is necessary to calibrate
the throughput, which is unique to each individual printer.
The real flow and the flow programmed from a test code in
which the printing time was set (and so only the flow was
changed) were compared (see Results part, Figure 2). Then
single line objects were printed to determine the optimal speed

Extruded mass(g)

0 200 400 600 800 1000 1200

Imposed flow (no unit)

FIGURE 2 | Collected data of extruded mass with imposed flow. Flow is
without unit, taken as in the hardware. It corresponds to an activation of the
stepper motor of the extruder, and it is compatible with the G-code which
controls it.

TABLE 1 | Key parameters in 3D printer, constant flow of 1 mm/s, nozzle diameter
of 1.0 mm.

Material Printing Layer Wall Infill
flow speed thickness thickness
60% 1 mm/s® 1 mm 1 mm Concentric

2Proper to our software controller.
bTo be tested directly on the printer with the clay extruder.

of the nozzle. Again a visual inspection of the surface of the
filament was made to verify the homogeneity of the printed lines.
A slow speed of 1 mm/s was chosen to produce a very good
surface definition of the pottery, with a thickness of 1 mm for all
layers (see Table 1).

Methodology and Approach

As identified in the spectrum of works of (Buswell et al., 2018), the
clay in all its forms is surrounded: properties of wet materials
prior to solidification (i.e. pumpability and extrudability);
hardened properties of 3D parts, achievement of geometric
conformity.
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Pressure-Assisted Deposition Modelling
A commercial Delta WASP 2040 TURBO Printer (Italy) was

employed to produce prints of the kaolinite parts. The Delta
printer is composed of three mechanical arms powered by three
independent motors. In the present work, the 3D printer is a
modification of a regular Delta fused deposition modeling (FDM)
machine in which the thermo-mechanical system for carrying out
the extrusion process was adapted to the clay configuration. In
clay configuration, no more temperature control is possible.

The machine extrusion unit is connected to a piston tank (3 L),
which contains the clay dough, and a nozzle for filament layer
deposition. The material is directly transported in its paste (i.e.
slurries) form with a pressure-assisted piston system (2.5-3.5 bar)
just before it is extruded (see Results part). The whole system
works at ambient temperature (nozzle, print with tray).

The Delta printer can produce parts of 400 mm in height and
200 mm in diameter. The advantage of such a printer is its
aptitude to print large parts in height unlike other printers.
The minimum thickness of a layer is about 50 um and the
maximum thickness is 330 um. The maximum speed at which
the paste can be deposited is 300 mm/s just as the speed of moving
the print head.

The modelled-parts (digital one) were scaled and orientated in
an upright position. They were printed with the amount of infill
for all prints set at 100%, without any scaffold support material,
i.e. only walls.

Printed parts were developed layer by layer at a thickness of h
= 1 mm per layer. The thickness was optimized by reporting a
study with thickness variation from 0.3, 0.6 and 1.0 mm
respectively. Simultaneously, the speed of the moving of the
print head was taken to be 1 mm/s. The speed of 1 mm/s is in
adequacy with the flow speed that was used in the Gcode
“capillary” test, directly on the 3D machine.

The basement orientation layers, that is, the first layers of the
support surface or foundation of the modeled part, have been
defined by the printer specifications (concentric or square). No
effect was evidenced in the quality of the successive building
layers, even if a concentric or squared foundation was chosen.

But it could and can find its importance when looking at
drying, sintering and mechanical behavior.

Skin overlap was set to 1, which indicates full overlap between
the outer perimeter and the infill.

To ensure good adhesions of the first deposit layer (which
supports the rest of the structure), different support surfaces for
impression were tested, i.e. aluminum foil, paper, and polishing
paper (see Results part).

Specimen Replication, Software vs.

Hardware

Each trial PAM files (gmesh, version 4.1.4) were imported into
Cura 3D, an open source slicing software for 3D printers (version
4.4.1) to generate the individual printing slices, paths, or patterns
(software). These slices were then compiled and exported as a
G-code file ready to be printed on the printer. The file transfer is
made via an SD card to the printer (hardware).

Additive Manufacturing Pristine State Kaolin

Thermal Stabilization, Sintering
Selected printed parts were open-air dried at 37°C for 24 h. They

were then sintered in a furnace (Carbolite type, United Kingdom)
at 500°C (campaign 1) or 700°C (campaign 2) for 1 h, and then at
1,200°C for 1h, respectively in air atmosphere. The conditions
were selected by following a pottery process and to control the
evolution of the metastable states encountered in clay. The
heating and cooling temperature ramps were 10°C/min.

Structural Characterization and Mechanical

Tests

Nano-Micro-Meso-Scales Structure

The morphology of nano-micro scales structure was evaluated for
the raw and in-transition materials. Scanning Electron
Microscopy with a high resolution Field Emission in high
vacuum mode (MAIA3 Triglav FESEM, TESCAN type, Czech
Republic) was used. Samples were mounted on carbon tape and
coated with a 7 nm platinum film controlled by a quart crystal
nano-balance using a Quorum QI50TES to 30 mA AC. The
meso-scale structure was characterized with a binocular
microscope (Olympus SZHI10, Japan) and an optical
microscope (Olympus PMG3, Japan) in reflexion mode.

Compression

Bulk compression test on sintered parts were performed at 1 mm/
min, total deformation of 25%, at 23°C (Dartec HA250 type,
United States).

Hardness

Bulk hardness was tested using a single lap joint specimen (on a
sanded surface of sintered parts), by Knoop indentation tests
done for 10s in force loading 1Kgf, at 23°C (Buehler type,
Switzerland) (Ghorbal et al., 2017).

RESULTS AND DISCUSSIONS

To ensure reproducibility, a methodology has been developed.
Itemized protocols concern first the slurries and second the
adaptation of the thermoplastic 3D printer to clay configuration.

Slurries

Hydration

In this step, our g-code calibration test maintains two process
parameters constant: the flow of 1 mm/s and the nozzle diameter
of 1.0 mm. Different hydration %, in H,O wt, have been tested.
The conditions to allow the identification of as named “good
printing” slurries are summarized in Table 2. The filament
diameter and the collapse between filaments were checked
post process after the g-code calibration test. The viscosity can
play an important role in ensuring defect-free products (Chan
et al,, 2020). The best solution of the g-code test depends on the
conjunction with a suitable combination of printing pressures
and speeds. Indeed, at first kaolinite dough should present
viscoelastic characteristic to allow extrusion through the fine
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TABLE 2 | Percentage of water in printing paste, constant flow of 1 mm/s, nozzle diameter of 1.0 mm.

Water, %wt Aspect with illustration
<23 Too solid

24.5-26 Fine line between too solid-too fluid

>27 Too fluid

100%

80% 70% 60%

FIGURE 3 | Shear-thinning kaolinite dough suspension behaviors, for
highest to lowest speed (%).

nozzle, and then turn into self-supporting clay prior post-
deposition of the consecutive layers.

Nonplastic Dry Kaolin Clay

As water is added, the kaolin clay becomes plastic (Table 2A). The
water (<27 %wt H,O) acts as a lubricant, surrounding the clay
platelets and allowing them to glide over each other. Surface tension
forces acting both on the water and the clay bind them weakly
together and allow a printed object to retain its shape (24.5-26 %wt
H,O) (Table 2B). The diameter of filament of kaolinite dough
(950 pm checked) respected the nozzle one (1.0 mm). When excess
water is added (>27 %wt H,O), more than the needed minimum to
maintain surface tension, water and mass will start to flow
(Table 2C). Kaolin clay becomes too fluid to retain the original
shape of the object as it was formed from the CAD part.

Consequence

-Poor merger between filaments
-Irregular flow

-Good performance of the piece
-Homogeneous filaments
-Regular flow

-Bad behavior of the printed part (slumping)
-Non-homogeneous filaments
-No regular flow, in the form of drops

The development of plasticity in clay is critical to the
manufacture of ceramics. Depending on the composition of
the clay, plasticity will develop over a narrow range of water
content. The hydration window for processing is identified
between 24.5 and 26 %wt H,O; that shows all the importance
in preparing valuable slurries.

Real Flow Rate

In our g-code calibration the flow is saying constant. The flow rate
is set on the Cura software as a percentage. It is per default equal
to 100%. Data translation between software to hardware jobs
needed to make a correction of 60% in hardware flow rate. The
average extruder mass as a function of the programmed flow rate
was then checked, as collected in Figure 2. The real flow and the
programmed flow are perfectly equivalent. The correlation
coefficient of 0.999 allows us to validate the adaptation of the
throughput in hardware when it is modified in software.

In addition, it can be visually noticed (Figure 3) that for the
same movement speed, the flow rate changes the behavior of the
kaolinite dough: the higher its speed, the less viscous the fluid. In
fact, the supersaturated suspensions of kaolin clay display a shear-
thinning (non-Newtonian thixotropic) behaviour (Coussot, 1995;
Loginov et al., 2008; Ordonez et al., 2019). The difference in
viscosity behavior gives evidence that suspensions of kaolin clay
can flow much easier during a print. Thus, the flow of the slurries
does not depend merely on its water content but also on the
printing speed, and temperature around. This behavior would
allow kaolin clay to settle more easily into the n-1 layer, meaning
that the cold adhesion would be inherently stronger. The addition
of water to raw kaolinite produces a plastic mixture which can be
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TABLE 3 | Tank inlet pressure adjustment, constant flow of 1 mm/s, nozzle diameter of 1.0 mm.

Pressure, bar Water content, %wt

<25 24.5-26
2.5-3.5 24.5-26
>3.5 24.5-26

FIGURE 4 | First layer of a cylinder printing of kaolinite dough with
different substrates (A) aluminium, (B) paper, and (C) polishing paper (mesh
size P320).

shaped without rupture. Kaolinite exhibits plastic properties for
primary reasons: kaolin clay particles themselves are crystalline
platelet-like structure; with small size of particles; and the
presence of water called “water of formation” between the
crystalline clay particles. The water acts as a lubricant and
allows the clay particles to slide across each other rather than
rupture when a shear force is applied.

Adaptation of Thermoplastic 3D Printer to

Clay Configuration

The Effect of Print Order on Pressure

Two parameters are used to modify the print throughput: the
throughput imposed by the software and the pressure imposed in
the pressurized tank. To have a total control of the flow, a window
for adjusting the imposed pressure in the tank was kept constant,
(<2.5; 2.5-3.5, and >3.5) bar, only the software parameter has
been changed. It was possible then to fix the following pressure
window as given in Table 3, the data are collected on the
optimized water content given in Table 2.

The Effect of Print Order on First Layer Impression
Support

The very first layer was printed and only the optimal condition
was tested (24.5-26 wt% H,0, nozzle diameter of 1.0 mm, nozzle

Consequence

-No dough flow even when an impression is launched (clogging)
-Good flow, dough only came out when the print is launched, setting validated
-Dough flowed alone, without the printing being launched

speed of 1mm/s, software rate 100% (60% in hardware),
thickness layer 1mm, skin overlap set at 1). Figure 4
illustrates the first layer (foundation) of a cylinder printing of
kaolin clay with different substrates A aluminium, B paper, and C
polishing paper (mesh size P320, which corresponds to a grain
size of 46.2 pm). Aluminum adhesion is the worst; the material
slides over the surface and gives heterogeneous dimensional
control. For the paper, the adhesion in the early stages of
printing is correct, but after a while the adhesion becomes of
poor quality. In fact, it has been observed that the surface of the
paper does not stay dry but absorbs water (moisture) from the
slurry of kaolinite; the surface curls. The best compromise is
found for the polishing paper (P320 mesh size). It is mainly due to
the surface roughness and probably to its impermeable surface or
poor water absorbing character, giving a better anchorage to the
deposited material. A P1200 mesh size (equivalent to 15.3 pm)
was also tested and did not give better adhesion. Generally
speaking, on one hand, the adhesion must be sufficient to
allow the slurries to follow the required printing conditions.
On the other hand, the adhesion must leave certain freedom
to the layer of slurries to avoid any cracking as the slurries start to
dry during printing. Indeed, once printed, water can evaporate
freely and the slurries will contract (see To Access to the Effect of
Print Order on Structural 3D Making and Sintering).

To Access to the Effect of Print Order on Structural 3D
Making and Sintering
Kaolin needs post “high temperature oven-dry” treatment to
produce solid ceramic objects. This additional processing
should be carefully checked and carried out to prevent
further defects in the part such as its explosion or change of
dimension during sintering (such as an unwanted
deformation) and to ensure controlled phase change of the
hydrated kaolin (Njoya et al., 2017). The sintering profile is
illustrated in Figure 5A with morphology in Figure 5B. The
chemical changes can be summarized as here after:

Step 1: heating ramps 10°C/min

Step 2: annealing 500°C (or 700°C), 1h

Alz(OH)4SIzO i A1203 28102 + 2H20

(hydrated kaolin) (metakaolin) (water)

Step 3: heating ramps 10°C/min

350—750°C, A1203 25102 i A1203 + 5102

(metakaolin)  (alumina) (silica)
950-1050°C, ALO; 2Si0, — MgALO,+ SiO,
(metakaolin)  (spinel) (amorphous silica)

Step 4: annealing 1200°C, 1h

A1203 28102 i 2(3A1203 28102) + 58102

(metakaolin) (mullite)  (amorphous silica)

Step 5: cooling ramp 10°C/min
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FIGURE 5 | From hydrated kaolin to pseudo-ceramic: (A) thermal
history, (B) morphology after thermal sintering. Depending of the nature of the
system, variety of higher temperature mineral phases may crystallize.

Chemical Reaction-Scale

Before sintering process of ceramics, the first stage is the “air drying”
(Figure 5A). It is generally carried out at temperature around 150°C,
but in our case 24 h at 37°C (see Material part, Material Properties).
At this stage of “air drying,” the water is in the form of films
surrounding the kaolin sheets; the mechanically admixed water is
lost. The kaolin mixture shrinks and loses its plasticity. The solid to
solid transition gives specific results, here the kaolin sheets draw
closer together, until they may eventually come into contact and start
to adhere. The next water loss takes place more slowly, coming from
the pore spaces between the clay particles. Induced-stresses may later
lead to structural damage (cracking or warping) of the printed part.
The printed layers experience maximum shrinkage while exhibiting
maximum of water loss. Water first evaporates from the surface of
the printed part, then by capillary action, water rises from the
interior to the surface and in turn evaporates. One can notice
that this property makes clay a candidate for environmental
remediation applications (Garrisson, 2016; Awad et al., 2019).

When the temperature rises to 200-400°C®, any
mechanically bound or interstitial water, still present after the
ambient drying, is vaporized and driven off.

In addition to water, as the temperature rises to over 200°C,
any carbon or organic matter in the clay will start to oxidize,
migrate to the surface and finally escape as CO or CO,. The
oxidation rate and completeness depend on the temperature scan
(rate), the time hold at the maximum annealing temperature, the
size (wall width) of the parts, the clay and paste nature.

Additive Manufacturing Pristine State Kaolin

Two plateaus then follow the “air drying” stage. Indeed, when the
clay is sintering at temperatures over 600°C@®, and in particular at
higher temperatures of ~1,200°C@, the clay undergoes major
structural and chemical changes due to dehydroxylation (i.e.
hydroxyl ions (OH") lost which are chemically bound within the
clay lattice) (Johnson and Kessler, 1969). Chemically bound water is
lost. These changes dictate the conversion of clay into a useful
ceramic. High temperatures dislodge ions from original positions
held in the clay structure into more favorable sites, thus converting
the clay into chemically stable and structurally stronger material.

Plateau at 450-500°C® permits a complete evaporation of the
water contained between the sheets of the kaolin structure. The water
loss occurs abruptly during the structural transformation of hydrated
kaolin to metakaolin with minor shrinkage but with increased
porosity. Heating kaolinite above about 500°C results in a
disordered crystalline form which is still reversible by rehydration
back to its ordered kaolin structure. At 550°C, the organic matter is
fully oxidized. At 750-850°C®, mineral water was successfully
expelled from the clay. Clay starts to lose its characteristic
crystalline structure, the crystal lattice itself will break down. At
950-1,100°C, the structure of kaolin is irreversibly lost, but some illite
may persist. With the breakdown in clays, high-temperature
alteration and reaction products can appear, generally
accompanied by pronounced shrinkage. Si-Al kaolin chain
collapses on sintering into metakaolin, followed by the rejection
of amorphous SiO, during spinel formation. Above 1,000°C®, high
temperature new mineral mullite phase (3AL,0; 2Si0,) is expected
to form (Yamuna et al., 2002); >1,100°C is the glassy phase of the
ceramic where porosity diminishes rapidly. Notice that starting
about 600°C, vitrification or “sintering” can start in the more
fusible impurities. At the plateau of 1,200°C, the microstructural
arrangements take place during the processing transformation of
kaolin to ceramics. In theory, the piece should be cooked over
1,400°C to be completely transformed, but we only had at our
disposal an oven reaching 1,200°C (Revelo and Colorado, 2018).

Morphology-Scale

Morphology of kaolin particles after sintering at 1,200°C for 1 h is
illustrated in Figure 5B. Compared to the morphology of native
kaolin (Figure 1), the hexagonal shapes have given way to more
rounded shapes with a densification (Figure 5B). The
densification would be done by two mechanisms, the volume
distribution or/and the grain boundaries diffusion (Johnson,
1969). At this stage (it is not the scope of the works to discuss
the processus that will require further analysis) diffusion in
volume therefore in the solid state is a time dependent
processus sensitive to the sintering speed. Secondly, the
diffusion at interfaces (grain boundaries) would be plausible
since observations with Scanning Electron Microscopy shows
that the pseudo-hexagonal plate structure seems to be retained
during densification and after transformation of metakaolin. This
morphology as well as small size (about 2 um) would favor
obtaining a large specific surface of solid-solid contacts
necessary for efficient diffusion at grain boundaries. It is also
necessary to consider the simultaneous existence of a mechanism
of densification by viscous flux which has been demonstrated in
the literature during the sintering of compacts or kaolinite-based
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FIGURE 6 | Printed pawns after sintering, first campaign with Step 2: annealing at 500°C, 1 h. The illustrations (9, 12, and 21 mm) show the dimensional stability of
the parts. Right side: facies of rupture after compression test (1 mm/min 25% deformation, T 23°C) on 9 mm pawn. Medium side: size of the inter-filament on 12 mm
pawn. Printed-layer thickness of 1 mm. Cylinders of 20 mm in diameter.

ceramics (Cambier et al., 1984). This point considers additional
open questions, the application of the speed method, the constant
annealing, the growth of primary mullite above 1,150°C and, but
around 1,250°C the crystallization of new phases (cristobalite and
secondary mullite).

3D Printed Part-Scale

Printed pawns of different size (3, 9, 12, 15, 18, and 21 mm
corresponding to the superposition of the number of layers) after
sintering were observed. Bearing at Step 2: 500°C® (campaign 1)
was of interest because the pawns did not break during sintering,
whatever their size, with dimension stability and conformity.
Figure 6 shows 9, 12, 21-layered pieces fabricated using kaolin
clay, after the first sintering campaign. The inter-layers coexist
with one another much more smoothly than the top adhesion
layer does (Figure 6, 12-pawn Top and Bottom and graph),
thickness variation 970-730 pum. The layer on the top adhesion is
flush, thickness of 250 pum.

While observing the pawns, their difference to the touch
clearly shows that the microstructural arrangement expected
during baking has taken place, even with a color change from
beige to light pink. The kaolin is then supposed to be found in a
frozen metakaolin-mullite transient state (Figure 5B).

To examine the dimensional stability idea more closely, optical
microscopy was used to look at the cross-section of a rupture

facies of a pawn after a compression test (1 mm/min, 25%
deformation, 23°C) (Figure 6, 9-facies of rupture). The facies
of rupture revealed that kaolin clay indeed well settled, in the bulk
and outer shell. The interlayer connection shows no defaults, only
few small individual porosities are found within layer thickness
itself. The hardness of the bulk material has been checked, by
indentation Knoop test (10°s in force loading 1 Kgf, 23°C); a HK
of [300-350] was revealed, typical values for hard materials.
Enough vitrification has taken place to give a moderate degree
of hardness, the clay is considered baked.

Nota, a second sintering campaign, with a Step 2: annealing at
700°C®, 1h was also experimented. This second campaign
confirmed that the first level annealing step at 500°C is essential
to allow the water to fully evaporate. At 700°C, some water would still
be confined and blocked before processing the kaolin. The pressure
exerted by the water during heating would cause the fissuration or
even the explosion of the object with temperature increasing. It also
allowed studying the influence of the thickness of the pawn on the
quality of sintering. The 3 mm high pawn became curled after
sintering, no crack is visible showing strong inter-layer contact
(Figure 7, 3-pawn). The pawns of 9, 12, 15, and 18 mm exhibit
slight cracks. This clearly evinces concentric failure along the filament
interfaces and inter-layer distortion of the outer shell (Figure 7, 18-
pawn Top and Bottom and graph), thickness variation range of
800-700 pum. The layer on the top adhesion is very flush, thickness
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FIGURE 7 | Printed pawns after sintering, second campaign with Step 2: annealing at 700°C, 1 h. The illustrations (3, 18, and 21 mm) show the three tendencies of
dimensional loss: 3 mm with curled deformation, 18 mm with cracks formation and inter-layer delamination batches, and 21 mm broken parts with a zoom showing
voids between inter-filament inside the bulk part due to the printing 3D process. Printed-layer thickness of 1 mm. Cylinders of 20 mm in diameter.

Outer shell,

Inter-layer,
act and._void

less than 250 um. We can speak about anisotropic shrinkage
considering that the border effect or inter-layer discontinuity
makes these areas the weakest points of the printed paste, where
local constraints are concentrated while water evaporates. The
thickest pawn of 21 mm completely exploded (Figure 7, 21-pawn
and facies of rupture). The facies of rupture revealed additional
weakest mesoscale points between inter-layers with rectangular
sometimes accentuated air gaps in the printed-bulk; sometimes
compact area. Noting that these cohesive peel failures resulted
from each individual pass of the printer. Internal stresses are set
up in the ceramic if it loses water too fast according to the kinetics of
vitrification of the kaolin. This information is very useful. The quality
of the print depends on the type of structure you want to print.

A 3D-PADM CERAMIC AS A PROOF OF
CONCEPT

From a CAD Idea and Using Hydrated Kaolin
Of these observations, an artistic pottery sculpture was designed,
printed, dried and sintered. The main steps of the AM process are
combined in Figure 8. Step 1. Software—3D model is designed by
using the specialized computer-aided gmesh (version 4.1.4)
modeling software. It is digitized and sliced into a number of
consecutive layers (Cura 3D version 4.4.1). Step 2. Software to
Hardware—The file is subsequently converted to an appropriate
format for printing and exported as a G-code file to be transferred to
the PADM set up. Step 3. Optimal process parameters—the printing
conditions are adjusted depending on the printing methodology, i.e.
slurries, pressure, air temperature, and nozzle material flow.

To an Artistic Pottery
Step 4. 3D printing—The designed structure is processed. Step 5.

Drying and sintering—The structure is dried and sintered at 500
and 1,200°C (campaign 1, Figure 5A, Steps 2 and 4). Successfully
a pottery part was fully designed. Kaolinite of low plasticity
undergoes no shrinkage upon drying, the printed sculpture did
not show deformation. This method permits the fabrication of
fully customized and personalized products with a geometrical
complex structure in an economical manner (mostly for limited
productions). It is worth mentioning that ceramics PADM offers
environmental responsible implications, kaolinite slurries can be
recycled before complete sintering.

SUMMARY AND OUTLOOK

Manufacturing industries are being forced to create and deliver
quality products while decreasing their environmental impact.
Kaolinite dough taken in its pristine state is offered to bring
insight to help frame and direct future research around the
technology.

Specifically:

o Applying PADM technology to print complex structures in geo-
materials does not rely on the concentration of manufacturing
processes of the product in a single step. It is associated with the
synergetic combination of the states of the materials:

- properties of wet materials prior to solidification (i.e.
pumpability and extrudability), ie. the essential constituents
of ceramics (design of slurries with enhanced formulation value),
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- binding mechanisms and hardened properties of parts
during 3D deposition of layers
- dehydration
- “high temperature oven-dry”;
o together with the set of PADM parameters such as:
- material flow
- printing speed
- layer thickness.
o Achievement of geometric conformity is demonstrated.
Ceramic parts have no cracks nor shape-instability
(warping) before and after sintering.

There are still research gaps to be explored in the optimization
and sustainability of AM processes. Challenges in the 3D printing
of ceramics are not only attributed to controlling slurries
properties to have sufficient workability and open time for
extrusion but also the metrics to improve the precision and
reliability of the manufacturing process, the efficient post-
processing structural properties e.g. strength, inter-layer
adhesion, deformation, build-ability.

Finally the non-toxic and reusable materials with the
development of new innovative materials are nowadays a
fundamental consideration. Future works will concern the
formulation of geo-materials especially applying for 3D-printing.
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