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Vat Photopolymerization (VPP) enables the fabrication of complex ceramic components with a high resolution
between 10 and 200 um. However, the process is limited by slow thermal debinding and sintering. In this study, a
new photosensitive alumina (Al,O3) resin was developed using camphor as a diluent to reduce viscosity, enabling
successful printing at a high ceramic loading of 56 vol%. A comprehensive feedstock optimization strategy was
implemented with a particular focus on rheological behaviour. Two geometries, a thin bowl (0.42 mm thick) and
a cylinder (1.2 mm thick), were fabricated to investigate the influence of thickness on ultra-fast high-temperature

sintering (UHS). Thin samples were debinded and sintered using a step-wise UHS profile, whereas thicker cy-
lindrical parts required a separate debinding stage. Under optimized thermal conditions, both geometries ach-
ieved relative densities up to 97% without observable defects, demonstrating UHS as a rapid and energy-efficient
alternative to conventional ceramic sintering.

1. Introduction

Traditional ceramic shaping technologies, such as slip casting, tape
casting, injection molding, and die pressing, allow the fabrication of a
green body that has to be sintered at high temperatures to achieve the
desired densification and final properties [1,2]. These techniques pre-
sent significant limitations in terms of design, long processing times and
high costs [3]. Molds cannot produce structures with high geometrical
complexity and tend to be extremely expensive, thus leading to high
production costs.

These problems could be addressed with additive manufacturing
(AM), also known as 3D printing. AM is defined by the ISO/ASTM
standard 52900:2021(E) as the “process of joining materials to make
parts from 3D model data, usually layer upon layer, as opposed to
subtractive manufacturing and formative manufacturing methodolo-
gies” [4]. This revolutionary approach enables the fabrication of
near-net-shape ceramic parts with complex geometries that are impos-
sible to produce with traditional processing methods. Furthermore, the
design of the manufactured components can be modified with ease
without any physical intervention on the machine because no expensive
tooling is required [2]. These characteristics make AM a particularly
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attractive alternative to traditional shaping technologies, especially for
small production volumes such as prototyping [2].

Several ceramic AM technologies have been developed so far,
including Vat Photopolymerization (VPP), Direct ink writing (DIW),
Fused filament fabrication (FFF), Selective laser sintering (SLS), Binder
jetting (BJ), among others [3,5]. Ceramic VPP stands out among the
other families of ceramic AM technologies because it allows high reso-
lution in the order of ~10 — 200 pm [6]. It is also one of the most
established and commercialized processes in the AM market [6].

In general, a resin for ceramic VPP consists of the ceramic powder,
monomer, photoinitiator (PI) and several other additives such as dilu-
ents and dispersant that may be added to improve the rheological
properties of the suspension; these play an important role in determining
the printability of the suspension [6,7]. Shear-thinning behavior, char-
acterized by a decrease in viscosity when the shear rate increases, is
common for suspensions with low-to-moderate solid loadings and ideal
for VPP [7]. Conversely, a highly loaded ceramic suspension might
exhibit shear-thickening behavior [7] and increased, uncontrolled light
scattering [8].

A trade-off between the rheological properties and a high green
density is therefore necessary to ensure a smooth printing process and
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desirable final sintered properties. Several studies have tried to over-
come this trade-off by using diluents in the form of water [9], decalin
[10], octanol [11], camphor [12,13], Gamma-Valerolactone [14],
which decreases the viscosity of the ceramic resin and helps in achieving
higher ceramic loadings in the photocurable resins, with additional
benefits for further processing. In addition, the presence of a plasticizer
can also facilitate the thermal debinding step by promoting pore for-
mation at low temperatures and reduced heat release and gas evolution
rates in inert atmosphere [15,16].

In FFF, typically one of the component in the thermoplastic blend can
be partially dissolved in any organic solvent, leaving behind a small
amount (8 — 10 wt%) of organics to be decomposed thermally [17,18].
On the contrary, in DIW, where water is used as a solvent for the paste
preparation, it evaporates during drying, leaving behind only a small
amount of organics (2 — 5wt%) [19,20]. However, the monomers used
in the VPP process cannot be removed by any means because of the
thermosetting nature of the cured/crosslinked monomers. This leads to a
comparatively higher binder content compared to DIW and FFF (after
considering the solvent debinding). This makes the technology very
sensitive to heating rates during the thermal debinding process.

Recently, Ultra-fast High-temperature Sintering (UHS) has been
employed to debind and sinter additively manufactured components,
enabling a drastic reduction of the processing time [17-22]. UHS is a
pressureless consolidation technique where the sample is placed inside
graphite felt that heats to high temperatures by Joule heating when the
power supply is turned on [23]. The heat transfer from the felt to the
sample occurs mostly by radiation, enabling ultra-rapid heating (around
103-10% °C/min) and cooling with enhanced densification within a few
seconds [24-27].

This technique has been successfully demonstrated on components
fabricated using FFF or DIW, resulting in defect-free and dense samples
with optimized processing parameters [17-21]. Recently, there have
been several studies dealing with UHS debinding and sintering of zir-
conia components fabricated with stereolithography [28,29]. The au-
thors employed step-wise current ramps with intermediate holding
times for the debinding and the sintering processes, enabling a gradual
temperature increase and controlled release of the decomposed prod-
ucts. The sintered components exhibited similar density and mechan-
ical/functional properties when compared to conventionally sintered
components.

Moreover, these works have been carried out on commercially
available resins (45vol% [29] or 84.6 wt% [28]), where neither the
components of the photocurable resin nor the initial ceramic powder
characteristics are known, thereby limiting a detailed understanding of
the feedstock design and processing conditions. In general, high-volume
fraction of polymer in the green body increases the complexity of the
debinding process, particularly in processes where significantly high
heating rates are employed such as in UHS. Therefore, several studies
have employed a prior thermal debinding step to ensure complete binder
removal before subjecting the 3D-printed structures to UHS [30,31].

Herein, the present study is focused on the debinding and sintering
studies of alumina components with camphor as a diluent fabricated
using VPP process. The use of camphor enables to use a ceramic loading
as high as 56 vol% (88.2 wt%) using a low-cost printer for polymeric
materials. Such a high ceramic loading is highly beneficial for thermal
post-processing. A thorough investigation of the different processing

Table 1
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parameters and additives that can affect the rheology has been carried
out. Printing parameters were optimized and then the printed samples
were subjected to debinding and sintering via both conventional and
UHS methods. It is to be noted that this study provides a proof-of-
concept approach rather than constituting a systematic study on the
UHS method limitations, since samples with different geometries were
investigated and correspondingly different thermal treatment schedules
were adopted.

Samples with thin walls were successfully debinded and sintered in
multi-step UHS in 5 — 10 min, depending on the holding time at the final
current, which is already significantly shorter or similar to the pro-
cessing time reported in previous studies [28,29]. Nevertheless, thick
wall samples exhibited defects with this multi-step approach. They were
therefore debinded in a conventional furnace and then sintered using
UHS, resulting in a finer microstructure and enhanced density when
compared to their conventional counterparts. Such enhanced densifi-
cation and finer microstructure were not achieved in the previous
studies for samples processed using UHS [28,29].

2. Materials and methods
2.1. Materials

The ceramic powder used in this study consisted of commercial
a-Aly03 powder (CT 3000 LS SG, Almatis) with 99.8% purity, specific
surface area equal to 7.80 m?/ g and median particle size (Dsg) of 0.5 pm.

Several difunctional monomers were employed to optimize the resin
formulation: 1,6-hexanediol diacrylate (HDDA), tetra(ethylene glycol)
diacrylate (TEGDA), and two types of poly(ethylene glycol) diacrylate
(PEGDA) with average molecular weights of 250 g/mol and 575 g/mol,
respectively (PEGDA250 and PEGDA575). All chemicals were sourced
from Sigma-Aldrich. Some of the most important properties relating to
the monomers are reported in Table 1.

Bis (2,4,6-Trimethylbenzoyl) phenylphosphine oxide (Omnirad 819,
IGM resins) was chosen as a photoinitiator. BYK-111 (BYK Chemie
GmbH), a copolymer dispersant containing carboxyl and ester groups,
was used to ensure homogeneous dispersion of the ceramic particles in
the suspension, as reported in several other studies [33,34]. This phos-
phoric acid ester-based wetting and dispersing agent provides defloc-
culation through steric stabilization. Solid camphor (C;9H;60, Regno
Vegetale (Italy)) with a refractive index of 1.546 [35] was added to the
formulation as a diluent.

Water, acetone, ethanol, isopropanol, 2-phenoxyethanol (TCI), and
propylene carbonate (TCI) were evaluated as solvents to clean the
samples after the printing process.

2.2. Choice of monomers and camphor solubility assessment

The optical transmittance of the different monomers was measured
with a V-570 spectrophotometer (JASCO) to find the one with the op-
tical properties more suitable for VPP.

Three resin formulations were prepared: HDDA/PEGDA250, HDDA/
PEGDAS75, and HDDA/TEGDA, all with a 1:1 monomer weight ratio.
The solubility of camphor in each composition was estimated by pre-
paring mixtures with different camphor contents. The considered resin/
camphor ratios (in terms of weight) were 2, 1.7, 1.5 and 1.3

Average properties of the monomers considered in this study. This data has been reported from Ref. [7,32] and the technical datasheet provided by the supplier.

Monomer Molar mass [g/mol] Density [g/mL] at 25 °C Viscosity [mPa s] Refractive index
HDDA 226 1.01 5-10 1.456
PEGDA 250 250 1.11 12 1.463
PEGDA 575 575 1.12 60 1.467
TEGDA 302 1.11 5-30 1.465
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(corresponding to a camphor content of approximately 33 wt%, 37 wt%,
40 wt% and 43 wt% on the overall weight of the mixture). Camphor was
dissolved in the resin with the help of a planetary mixer (ARE-250,
THINKY) and its solubility was evaluated by visual analysis of the
transparency of the mixture after 24 h.

The resin optimization process was carried out with the HDDA/
PEGDA250 in 1:1 wt ratio because of better optical and rheological
properties. A detailed explanation is provided in the results (Section 3.1,
Section 3.2). The combination of HDDA and PEGDA250 also resulted in
easier removal of the sample from the print head compared to the pure
HDDA, and HDDA/TEGDA.

2.3. Preparation of the resin

Several resin formulations were prepared to study the effect of
different constituents on the properties of the resin. In particular, the
ceramic loading (48 — 58 vol%), the dispersant content (2 — 4 wt% of the
ceramic powder), the monomer type, and the presence of camphor as a
diluent were investigated. The photoinitiator concentration was always
1 wt% of the total monomer weight.

The liquid photocurable resin was prepared by first mixing the
monomers and dispersant, then camphor was progressively added to the
formulation. To ensure its complete dissolution, each addition was fol-
lowed by mixing in the planetary mixer (ARE-250, THINKY) for 2 min at
2000 rpm. Once the mixture was homogenized, the alumina powder was
gradually incorporated: a small amount of powder was poured into the
resin and manually stirred, then the suspension was put into the plan-
etary mixer at 2000 rpm for 2 min. These steps were repeated until all
the ceramic particles were added and uniformly dispersed into the resin.
A ball mill (Pulverisette 6 classic line, Fritsch) was then used to break
down the agglomerates and further homogenize the resin. Several ball
milling parameters, including the milling speed and duration, were
varied to optimize the process. The speed of the ball milling was varied,
but it could not exceed 350 rpm, otherwise, the resin would spill out of
the jar. During this step, some of the ceramic resin was lost as it adheres
to the milling balls and the ball milling container.

After ball milling, the ceramic resin was transferred to a container
and the photoinitiator was added to the resin, which was then homog-
enized in the planetary mixer at 2000 rpm for 2 min. The container with
the photocurable resin was immediately wrapped with aluminum foil
and stored in a dark cabinet to prevent undesired light-induced re-
actions. The ceramic resin remained suitable for use even the following
day, when leftover resin from the printing process was reused.

2.4. Printing process

The printer utilized to fabricate the green bodies was a commercial
SLA SL1S SPEED (Prusa Research) with a bottom-up configuration
operating at a wavelength of 405 nm and light intensity of 2.2 mW/cm?.
This machine featured a 5.96" monochrome LCD with a resolution
2560 x 1620 p.

Table 2
Composition of the ceramic resins in terms of volume percentage and their
corresponding printing parameters.

48 vol% alumina 56 vol% alumina

Monomer 28.56 23.56
(HDDA and PEGDA250 in 1:1 wt ratio)

Camphor 19.90 16.40

Dispersant (BYK-111) 3.28 3.84

Photoinitiator (Omnirad 819) 0.26 0.21

Printing parameters

Layer thickness 50 pm 50 pm
Layer exposure time 3s 4s
First layer exposure 20s 20s
Lift speed Faster Slower
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The customizable printing parameters are as follows and have been
summarized in Table 2:

o Layer thickness, set to 50 pm.

“Layer exposure time”, which is the time for which a generic layer
would be exposed to the UV light. In our case, it was set between 3 —
4 s: the lowest value for the 48 vol% resin and the highest one for the
56 vol% resin.

“First layer exposure time”, which is the time for which the first
printed layer would be exposed to the light. It was usually set to
higher values (20 s) with respect to the previous parameter, to ensure
better adhesion between the green body and the building platform.
e The “setting” of the printer (also known as lift speed or z-axis speed),
which determines how fast the build head moves when it rises to
detach the printer layer from the vat bottom and then descends again
to prepare for the new layer. For resins with high ceramic loadings
(56 vol%), it was necessary to change the setting from “Faster” to
“Slower” and eventually “High viscosity” to achieve a successful and
high-quality print, but at the cost of longer printing time. Resins with
sufficiently low viscosity (i.e., less than 50 vol% alumina) could be
printed setting the machine to “Faster”, significantly shortening the
duration of the printing operation.

The optimal value of these parameters was determined and used for
each resin composition and for each printed geometry. It should be
noted that the build head was covered in a thin layer of PTFE-based
grease prior to printing to make detachment of the printed objects
easier.

Two resin formulations with different solid loadings were chosen to
fabricate the final samples: 48 vol% and 56 vol% alumina, both based on
a resin composed of HDDA and PEGDA250 with a 1:1 monomer ratio,
and the detailed compositions are reported in Table 2. There were no
issues related to the sedimentation as the prepared ceramic resins were
typically used shortly after preparation, either on the same day or, at
most, the following day.

The samples were printed in the shape of hollow cylinders (nominal
external diameter 7 mm, height 7 mm and wall thickness 1.2 mm), and a
thin bowl-shaped geometry (nominal external diameter 12.5 mm, height
2.5mm and wall thickness 0.42 mm), as shown in Fig. 1.

2.5. Post-processing

Once the printing was completed, the samples were carefully de-
tached from the build head with a razor blade and cleaned to remove the
residual unpolymerized resin from the surface. After testing with several
solvents (ethanol, isopropanol, acetone, propylene carbonate and 2-phe-
noxyethanol), it was decided to rinse the samples with water (1 min
manual stirring) and gently clean with a soft brush and an air jet.
Immediately after cleaning, they were inserted in a UV-chamber

Fig. 1. CAD design of the samples to be printed.
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(Robotfactory) for a post-curing operation ranging from 2 to 4 min.

The green (cylindrical) bodies underwent thermal debinding and
pre-sintering in a tubular furnace (Zetasinter, Zetamix by Nanoe) in
argon atmosphere. The heating rate was set to 1 °C/min (for 48 vol%
alumina) and 2 °C/min (for 56 vol% alumina) until 1000 °C, then they
were held at the temperature for 1 h. The samples were then conven-
tionally sintered at 1500 °C, 1550 °C, and 1600 °C for 1 h in air at a
heating rate of 10 °C/min in a muffle furnace (Nabertherm) and natu-
rally cooled to room temperature.

The UHS experiments were carried out with a custom-made UHS set-
up, as reported in our previous study [20]. Each sample was sandwiched
between two graphite felt strips (SGL Carbon Co.) measuring
24 x 6 mm?. The graphite strips were placed between two steel elec-
trodes with a separation distance of 24 mm and connected to an AC
power supply (Item 3484, TECNA).

In this work, two types of UHS experiments were performed, namely
(i) single-step UHS: the power supply is directly ramped to the preset
maximum power (240 W) and (ii) multi-step UHS: the applied power is
increased progressively in multiple steps (40 W for 60 s, 80 W for 60 s,
120 W for 60 s, 160 W for 60 s, and 240 W for 60 — 300 s) with holding
times until the desired maximum power is reached. These terms are
introduced here only to distinguish the heating profiles used in this
study and are not intended as general classifications of the thermal
treatment process in ceramic processing.

The measurement of temperature during such rapid sintering tech-
niques remains challenging [36]. Nevertheless, to estimate the temper-
ature reached during the UHS process, the power required to melt
around 10 - 20 mg of certain high-purity metals (Copper - Cu, Nickel -
Ni, Platinum - Pt) was measured and reported in Table 3. The melting
point of Ni was considered to be 1326 °C, which corresponds to the Ni-C
eutectic, since SEM analysis after melting consistently revealed a reac-
tion between Ni and C. In our experiments, 240 W can be approximated
to a graphite felt temperature close to 1700 °C. The intermediate powers
at 40 W, 80 W, 120 W, and 160 W can be approximated to 500 °C, 870
°C, 1150 °C, and 1401 °C, respectively, by extrapolating the temperature
data reported in Table 3.

The samples processed using UHS are categorized as follows:

(i) First, the debinded cylindrical samples (Fig. 1(a)) fabricated with
56 vol% alumina were sintered in Ar atmosphere with our
custom-made UHS set-up. The samples were subjected to a single-
step UHS process. The average value of the power at the steady
state was 240 W. The holding time was the other key parameter
of the process, and was set to 60, 300, and 600 s, respectively, for
different samples. The total duration of the experiments ranged
from 60 s to 600 s, excluding the cooling time. The cooling time
varies depending on the final temperature, but the sample could
be taken out after wating for around 1 min. Green cylinders were
also subjected to single-step and multi-step (the conditions are
mentioned below in point (ii)) UHS experiments, but unfortu-
nately, they could not survive such rapid heating rates.

(ii) Second, the green thin bowl-shaped samples (Fig. 1(b)) were
subjected to both single-step and multi-step UHS process. These
samples were debinded and sintered using the UHS in both single-
step (240 W 60 s) and multi-step (40 W for 60 s, 80 W for 60 s,
120 W for 60 s, 160 W for 60 s and finally 240 W for 60 — 300 s)

Table 3

Melting temperatures of selected metals and corresponding power dissipation
required to melt them. These temperature calibration experiments were carried
out with felt size similar to the ones used for the real experiments.

Metal Melting temperature (°C) Power dissipated (W)
Cu 1080 109
Ni-C 1326 150
Pt 1780 250
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UHS process. The total duration of the experiments ranged from
300 to 600 s (depending on the holding time at the maximum
power). This does not include the cooling time. The green sam-
ples subjected to single-step UHS process resulted in severe defects
after the sintering.

The heating rate in the single-step UHS process can be approximated
to about 1680 °C/min, whereas for the multi-step process it varies from
approximately 250 — 480 °C/min. It should be noted that two samples
were tested for each UHS condition.

2.6. Characterization

A rotational rheometer (Kinexus prime lab+, Netzsch) with parallel
plate configuration was used to characterize the resins in a range of
shear rates between 0.01 and 100 s™! at 25 °C. A plate with 40 mm
diameter was used and the gap between plates was set to 0.5 mm. Vis-
cosity () and shear stress (7r) measurements were performed using a
shear rate ramp from 0.01 to 100 s~! at room temperature. The shear
stress vs. shear rate curves detailing the effect of different solid loadings
on the behavior of the suspension were fitted with the Herschel-Bulkley
model [37]:

T=19+kej" (€]

where 7 is the measured shear stress, Ty is the initial yield stress, k is the
consistency factor, y is the true shear rate, and n is the flow index.

Thermo-gravimetric analysis (TGA) and differential scanning calo-
rimetry (DSC) of the printed samples and of camphor was carried out
using STA 449 F3 Jupiter (Netzsch, Germany) in Ar atmosphere with a
heating rate of 10 °C/min.

Optical microscopy (AxioCamERc 5s, Carl Zeiss Microscopy, US)
was used to evaluate the presence of defects in the printed parts. The
dimensions of the samples were measured by means of a digital caliper
with a sensitivity of 0.01 mm before debinding and after sintering, to
evaluate the linear shrinkage.

The relative density (p) of the debinded and sintered parts was
measured with Archimedes’ method following ASTM C 830 as a refer-
ence with some changes, using the formula:

_Pp My
Pai2o3 Mwer — My

(2)

where pp is the density of the buoyant medium (water at room tem-
perature) that was approximated to 1 g/cm®, paizo3 is the density of
alumina, which was considered equal to 3.99 g/cm3 [38], mgry, is the
mass of the dry sample, my, is the mass of the sample measured after
soaking it in water for 10 min under vacuum, and m; the mass measured
while the sample was immersed in water. The vacuum was obtained
with a venturi pump that managed to reach the set level of about 0.064
kPa.

The phase composition of the alumina powders, of the samples sin-
tered conventionally and of the samples consolidated through UHS was
examined by X-ray diffraction (XRD) using a D8 ADVANCE diffrac-
tometer (Bruker) in the 26-range of 10-80° (A(260) = 0.02° with a scan
time of 1 s/step) using 15 Cu K, radiation (A = 1.5418 }o\). The X-ray
source operated at 40 kV and 40 mA. Raman spectra was recorded with
a Raman Witec alpha 300 R, using a 532 nm laser with a 50 x objective
to check for the presence of the residual carbon.

A mercury intrusion porosimeter (Carlo Erba) was used to determine
the pore size distribution of the printed sample and sample exhibited to
220 °C for 4 h. The cylindrical samples were used for the tests.

The morphology and fracture surface of the sintered parts were
analyzed through scanning electron microscopy (SEM, Solaris, Tescan)
after sputtering with 70 nm of chromium to obtain the microstructure
and check for the presence of defects.

The Vickers microhardness of the cylindrical sintered samples was
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measured in five different regions on the polished cross-section (cutting
the sample into halves along the X-Y plane) using a FM-310 micro-
hardness tester with a load of 2 kgf for 15 .

3. Results
3.1. Selection of monomers, and optimization of the amount of camphor

The resin must display high optical transmittance at the wavelengths
at which the printer operates to obtain an adequate curing depth. The
optical properties of the suspensions are determined from those of the
constituent monomers. As it can be seen from the transmittance curve in
Fig. 2(a), the monomer that shows the highest transmittance at a
wavelength of 405 nm is HDDA, followed by PEGDA 575 and PEGDA
250, whose curves practically overlap in this region. TEGDA shows the
worst optical properties out of all the monomers considered, and was
therefore excluded from the resin formulation from this point onward.

The solubility of camphor in different resin compositions was
investigated to better exploit the positive effect of the diluent on the
suspension viscosity. The optical appearance of the resulting mixtures is
reported in Table 4. The HDDA/PEGDA250 solution shows the highest
solubility of camphor, with camphor dissolving up to a ratio of 1.5,
while it remains undissolved at 1.3, as shown in Fig. 2(b). The other two
monomer mixtures show limited camphor solubility, as evident from the
resin-to-camphor ratios of 2 for HDDA/PEGDAS575 and 1.7 for HDDA/
TEGDA reported in Table 4. The highest camphor solubility, combined
with the lowest viscosity and easy detachment from the printing plat-
form, therefore led to the selection of the HDDA/PEGDA250 resin
mixture for further experiments. The camphor content was fixed at an
intermediate ratio of 1.6 to maintain a safety margin and always ensure
complete dissolution.

3.2. Rheological characterization

While HDDA exhibited the best optical properties and a sufficiently
low viscosity, it was found that samples printed from HDDA-based
compositions were extremely difficult to detach from the building
platform of the printer. A significant force needed to be applied and this
often resulted in damages to the samples, which consequently were unfit
for further experiments. Moreover, HDDA is reported to generate in-
ternal stress due to its high polymerization shrinkage [39].

To solve this problem, different resin compositions were investi-
gated. HDDA/PEGDA250 and HDDA/PEGDA575-based resins, both
with 1:1 monomer weight ratio. The HDDA-based resin showed the
lowest viscosity (see Fig. 3(a)), but the other two resins still had suffi-
ciently low viscosity (but higher than pure HDDA) to be suitable for VPP.
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Table 4
Summary of visual appearance of the different mixtures for each resin/camphor
ratio.

Resin/camphor weight ratio

2 1.7 1.5 1.3
HDDA/PEGDA250 Clear Clear Clear Undissolved
HDDA/PEGDA575 Clear Undissolved Undissolved
HDDA/TEGDA Clear Clear Undissolved

Both PEGDA250 and PEGDAS575 proved effective in facilitating the
detachment of the printed samples from the building platform. The resin
based on the HDDA/PEGDA250 mixture exhibited slightly lower vis-
cosity (intrinsic viscosity of PEGDA250 is low compared to PEGDA575
as reported in Table 1). Therefore, this resin composition was selected
for further optimization.

The efficacy of camphor was verified by comparing the rheological
behavior of resins with two different ceramic loadings, both with
camphor and without camphor. The viscosity vs. shear rate curves in
Fig. 3(b) show that the resins with camphor are characterized by much
lower viscosities than those without camphor [12,13]. The diluent effect
is particularly evident in the resins with 56 vol% alumina; the one
without camphor does not satisfy the requirement of viscosity lower
than 3 Pa s at a shear rate of 30 s~ ! [40,41] and hence could not be
printed, while the resin with camphor was printable.

Ball milling of the resin is an efefctive way to break down aggregates
formed by the ceramic particles and to homogenize the suspension. The
optimal ball milling time was determined by comparing the rheological
curves shown in Fig. 3(c). All curves exhibit shear thinning behavior and
viscosity lower than 3 Pa s at a shear rate of 30 s ! [40,41], thus dis-
playing suitable behavior for VPP. It was observed that increasing the
ball milling time from 30 min to 120 min resulted in a decrease in vis-
cosity. Further increasing the ball milling duration to 240 min increased
the viscosity. This indicates that ball milling beyond 120 min does not
provide any significant improvement and worsens the rheological
behavior of the resin when the time approaches 240 min.

The use of a dispersant ensures that the ceramic particles in the resin
remain well dispersed and prevents sedimentation. It is evident in Fig. 3
(d) that a higher amount of dispersant (> 2 wt%) caused an increase in
viscosity [42]. The resin with 2 wt% dispersant was that with the lowest
viscosity and therefore was chosen as the optimized amount of disper-
sant to be used for the preparation of the final samples. The dispersant
content below 2 wt% were not tested, as a recent study [34] using
alumina powder with a similar particle size and the same dispersant
(BYK-111) reported that suspensions containing 1 wt% dispersant
exhibited extremely high viscosities, making it unsuitable for printing.

Fig. 2. (a) Transmittance curves of the monomers HDDA, TEGDA, PEGDA250, and PEGDA 575. The dotted line represents the 405 nm wavelength. (b) Photograph of
the monomer mixtures prepared to evaluate the solubility of camphor in a HDDA/PEGDA250 resin with 1:1 monomer weight ratio. From left to right, the resin/
camphor weight ratio is 1.3, 1.5, 1.7, 2; the camphor content with respect to the total weight of the mixture is reported on the cap of each container. The inset (b1)
represents a magnified image of the phase separation between camphor and the resin.
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Fig. 3. Rheological analysis showing the effect of (a) monomer mixtures, (b) camphor, (c) ball milling duration, and (d) dispersant content. The effect of ceramic
loading on (e) viscosity and (f) shear stress as a function of shear rate. The continuous lines in (f) represent the Herschel-Bulkley fitting.

The effect of solid loading on the rheological behavior was studied in
the range of 48 — 58 vol% of alumina. All resins exhibited shear-thinning
behavior as shown in Fig. 3(e). This is an ideal characteristic for ceramic
VPP. Increasing the solid loading causes higher viscosity at all shear
rates. All resins satisfied the requirement of having a viscosity lower
than 3 Pa s at a shear rate of 30 s~ ! [40,41] except for that with 58 vol%
alumina; therefore, the preferred solid loading chosen for this study was
the highest possible that satisfied this requirement, that is 56 vol%.

Fig. 3(f) reports the shear stress-shear rate curves fitted with the
Herschel-Bulkley model. The values of the fitting parameters are re-
ported in Table 5. The yield stress, 7o (with the exception of 54 vol%)

Table 5
Fitting parameters of the Herschel-Bulkley model for resins with different
ceramic loadings.

Solid loading 7o [Pa] k [Pas™] n R?

48 vol% 0.33 £ 0.04 0.24 £+ 0.02 1.010 £+ 0.010 0.99913
50 vol% 0.62 + 0.05 0.39 £0.13 1.020 + 0.007 0.99953
52 vol% 0.63 + 0.04 0.83 £ 0.01 0.990 + 0.003 0.99989
54 vol% 0.51 + 0.03 1.13+0.01 0.910 + 0.002 0.99919
56 vol% 0.96 + 0.11 4.59 £+ 0.05 0.830 + 0.003 0.99991
58 vol% 2.69 + 0.27 7.12 £ 0.15 0.780 + 0.005 0.99968
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and the consistency index k increased as the solid loading increased. In
general, the value of n decreases as the solid loading of the resin in-
creases [7]. Most suspensions showed n < 1, confirming the observation
of shear thinning behavior, except for the 48 — 50 vol% resin, whose n
was about 1. The R? of the Herschel-Bulkley model was higher than
0.999 for all resin formulations, indicating a high degree of reliability for
the fitting.

Although the behaviour observed at 54 vol% appears unusual,
similar non-monotonic trends have been reported in Fig. 9 of Ref. [43].
The slight decrease in yield stress at moderate solid loading could result
from particles rearranging into a more effective packing arrangement
[44]. Improved packing may decrease the effective interactions between
particles and lower the yield stress of the suspension before the system
reaches the jamming threshold at increased solid fractions. At this stage,
any hypothesis remains speculative, and a comprehensive understand-
ing of this behaviour would require more detailed rheological analyses
combined with high-resolution microstructural characterization
techniques.

3.3. Post-processing: cleaning the green samples

Different solvents were employed to estimate their effectiveness at
removing residual resin from the printed bodies. Different organic sol-
vents, such as ethanol, isopropanol, acetone, propylene carbonate, and
2-phenoxyethanol resulted in severe delamination immediately after the
cleaning. Water was not very effective by itself, but its efficacy was
improved with the use of a soft toothbrush, which mechanically
removed the residual resin from the surface of the printed samples
without inducing any major delamination. The soft toothbrush did not
affect the surface integrity of the samples as shown in Fig. S1.
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Thereafter, the samples were exposed to gentle air pressure to remove
any residual uncured resin.

Even when cleaning with an appropriately non-aggressive solvent
(water), the samples tended to delaminate over the course of time;
therefore, the effectiveness of a post-curing operation was investigated.
Samples were post-cured for different durations (0 — 4 min), and then
they were analyzed with an optical microscope to evaluate the presence
of defects. A curing time of 2 min was insufficient because the samples
still exhibited delamination. Samples cured for 4 min showed no defects.
For these reasons, post-curing for 4 min was deemed necessary to reduce
or eliminate defects in the printed samples.

In Fig. 4 it is possible to compare a sample that was not post-cured
(Figs. 4(a — al)) after being removed from the printer and with a sam-
ple that was subjected to post-curing for 2 — 4 min (Figs. 4(b — b1)). The
former presents evident delamination and is unsuitable for further
thermal treatments. Starting from a green body with severe delamina-
tion would result in a final ceramic body of low quality. Conversely, the
sample that was post-cured shows no macroscopic defects and is a good
starting point for the production of a dense ceramic object. Notably, the
rim at the bottom originates from the printing process parameters
specially used to achieve a good adhesion to the build platform.

3.4. Thermogravimetric and mercury porosimetry analyses

TGA was performed to study the thermal decomposition behavior of
camphor and of the green bodies with 48 vol% and 56 vol% alumina. It
is clearly evident from the inset in Fig. 5(a) that the camphor sublimes
completely at 200 °C and thereafter no mass loss can be observed. The
presence of camphor in the green bodies is evidenced by an early mass
loss, whereas the sample where camphor was intentionally removed

Fig. 4. Optical images of the (a) as-printed sample (no curing), (b) sample cured for 2 min, and (c) sample cured for 4 min. All samples were cleaned after printing.
Images within each group [(a—c), (al-c1)] share the same scale bar, though the scale differs between groups.
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Fig. 5. (a) Thermogravimetric analysis of the printed green sample with 48 and 56 vol% ceramic loadings. For comparison, a sample with 56 vol% was treated at 220
°C to verify its stability. The inset figure shows the decomposition behavior of the camphor used in our work. (b) DSC analysis of the green sample with 48 and 56 vol
% ceramic loadings. (¢) Mercury porosimetry analysis of green samples fabricated with 56 vol% ceramic, and of the green sample with 56 vol% ceramic treated at

220 °C to remove the camphor.

after treatment at 220 °C exhibits mass stability up to higher tempera-
tures (Fig. 5(a)). The most intense mass loss occurs between 350 — 500
°C, with the highest mass loss rate observed at around 420 °C for both
compositions. With increasing temperature and beyond 500 °C, negli-
gible mass loss is observed, denoting that the organic fraction was
almost completely decomposed. As expected, the residual mass observed
for the 56 vol% samples at the end of the process is higher than the mass
observed for the 48 vol%.

The DSC curve in Fig. 5(b) reveals that the decomposition behavior is
predominantly endothermic, with two main peaks. The first peak at
approximately 200 °C corresponds to the volatilization of camphor,
while the second peak at around 485 °C is associated with the decom-
position of the resin and other organic additives. Under inert conditions
the decomposition process typically shows mainly one endothermic
peak (which also agrees with our measurement), whereas decomposi-
tion in air generally results in multiple strong exothermic peaks due to
oxidative reactions [45].

The mercury porosimetry results are in good agreement with the
TGA analysis. One can clearly notice in Fig. 5(a) that the residual
ceramic content in the green body treated at 220 °C is higher than the
untreated green body. This is related to the sublimation of camphor (and
the resulting increase in overall ceramic content) and the corresponding
increase in the open pore volume of the treated sample, which is almost
2.5 times larger than that of the untreated sample, as shown in Fig. 5(b).
The pore size in the range of 0.003 — 0.03 pm can be attributed to the
sublimation of camphor. Further, this pore size range is also present in
the untreated samples suggesting that some camphor sublimation could
have taken place even during the storage of the sample.

3.5. Debinding and sintering

One of the most critical aspects in ceramic processing is the
debinding step. Samples fabricated from the resin with 56 vol% alumina
had an average relative density (69.2%) higher than that of the samples
prepared from the resin with 48 vol% solid loading (58.2%). Therefore,
lower solid loadings result in more porous structures after the removal of
the binder, as highlighted by the SEM images in the Supplementary
Material (Fig. S2). It is evident that samples of both compositions un-
derwent a significant reduction in volume during the thermal treat-
ments, as reported in Table 7. It is also interesting to note that shrinkage
was higher for the samples with 48 vol% alumina when compared to the
one with 56 vol% as shown in Fig. 6(a).

One can observe that for a given composition and sintering tem-
perature, the axial shrinkage is always higher than the radial shrinkage
(see Table 7). This anisotropy is caused by the layer-by-layer approach,
typical of AM processes [46]. In addition, the shrinkage also increased
with the sintering temperature, which is in good agreement with the
density and microstructural analysis detailed later on (Table 7, Fig. 8). It
can also be observed that the anisotropy in the linear shrinkage de-
creases with increasing solid loading, which is a critical aspect govern-
ing the shrinkage behaviour of the samples. Minimizing the sintering
shrinkage is always desirable, as most cracks and defects originate
during this stage, which further highlights the advantage of employing
higher ceramic loadings.

Table 6 summarizes the UHS experiments carried out in this work. A
single-step thermal debinding and sintering process was carried out on
the cylinders; however, the samples were destroyed and fractured into
pieces due to the stress generated by the large amount of decomposed
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Fig. 6. Optical images of (a) conventionally sintered samples with different ceramic loadings, (b) debinded cylinders subjected to different holding times during
UHS, and (c) thin bowl subjected to UHS with step-wise power for 60 — 300 s. It is to be noted that 56 vol% ceramic loading was used to fabricate samples shown in

(b) and (¢).

Table 6
Summary of the UHS debinding and sintering experiments carried out in this
work with 56 vol% of ceramic loading in the photocurable resin.

Sample Condition UHS single-step UHS multi-step

Thick cylinder® Green® Defects Defects
Debinded” No defects -

Thin bowl® Green® Defects No defects
Debinded No experiments carried out

@: sample with 1.2 mm thick wall

&: sample with 0.42 mm thick wall

#: samples were debinded in a conventional furnace prior to UHS
$: printed samples directly subjected to UHS

gases. Even when the power was increased in a step-wise manner, the
samples retained their overall geometry but still exhibited numerous
defects, particularly delamination (Fig. S3). Therefore, the cylinders
were debinded first and then sintered using the UHS as shown in Fig. 6
(b).

A shrinkage trend similar to conventional sintered samples was
observed for the UHS specimens: shrinkage always increases with
holding time (see Table 7). The shrinkage of the UHS samples is com-
parable to that of materials sintered conventionally. For instance, the
shrinkage of the sample subjected to UHS for 600 s is equal to 22.4% in
the axial direction and 16.4% in the radial direction, very close to the
22.0% in the axial direction and 16.8% in the radial direction of the
samples sintered conventionally at 1600 °C. It can also be observed that
the color of the sintered ceramic parts becomes increasingly darker as

Table 7
Shrinkage, density and hardness value for the sintered cylinders. These cylinders
were first debinded and then sintered using UHS.

Sample Radial Axial Relative Hardness

description shrinkage shrinkage density (HV)

CS 48 vol% 16.3 + 0.07 23.6 + 0.07 92.7 £0.17 1649 + 72
1500 °C

CS 48 vol% 16.6 + 0.05 25.0 + 0.06 95.5 + 0.16 1895 + 59
1550 °C

CS 48 vol% 16.7 + 0.09 25.4 + 0.04 96.8 £ 0.27 2016
1600 °C +117

CS 56 vol% 14.1 +0.05 18.8 +0.07 94.8 +0.19 1719 + 49
1500 °C

CS 56 vol% 14.4 £+ 0.06 19.1 £ 0.09 96.7 + 0.17 1975 £ 71
1550 °C

CS 56 vol% 16.8 & 0.09 22.0 + 0.04 96.4 + 0.28 2003
1600 °C + 135

UHS 56 vol% 13.8 +0.06 18.1 £ 0.07 85.9 + 0.31 1519 + 82
60 s

UHS 56 vol% 15.9 + 0.07 20.5 £ 0.05 95.9 £0.18 2011 +£78
300s

UHS 56 vol% 16.4 & 0.04 22.4 + 0.06 97.2 £0.12 2126 + 97
600 s

the UHS holding time increases.

The relative density of the conventionally sintered and UHS samples
is reported in Table 7. The samples subjected to conventional sintering
show densities greater than 95%, except for the 48 vol% samples sin-
tered at 1500 °C, whose average relative density is 92.8%. It was
observed that a slightly higher relative density could be achieved by
increasing the sintering temperature or by starting from a resin with
higher solid loading. The relative density of the samples sintered at 1600
°C was almost the same (average of 96.8% for the 48 vol% samples and
96.4% for the 56 vol% samples), suggesting that this temperature is
sufficient to remove most of the open porosity.

The sample subjected to UHS for 60 s resulted in a low relative
density (84.9%), confirming that this holding time is inadequate to
densify the debinded sample. Samples held for 300 s and 600 s achieved
good relative densities (96.9% and 98.0% respectively), slightly higher
than those obtained for the samples sintered through the conventional
method. Furthermore, preliminary hardness measurements, reported in
Table 7, indicate that hardness increases with density, with UHS samples
exhibiting higher values than conventionally sintered samples. The
hardness values reported in the present study are in good agreement
with previously published data [20].

In another approach, inspired by a previous work where thin spacers
were produced for cold sintering [47], UHS experiments were performed
on these thin structures using both a multi-step approach (i.e.,
increasing the current in steps). These structures were printed using the
resin with the highest ceramic loading. Similar results to those obtained
for the cylinders were observed with the single-step approach, when a
large number of defects was generated, as shown in Fig. S4. However,
with the multi-step approach, the thin spacers could be both debinded
and sintered without defects, as shown in Fig. 6(c). The sintered samples
reached a densification of up to ~92 — 97% (180 - 300 s, Fig. 6(c)),
depending on the applied current and hold time. This was, however,
only a preliminary study aimed at evaluating the limitations of the UHS
approach for debinding and sintering.

3.6. XRD and Raman spectroscopy analysis

The XRD patterns of the alumina powder, the samples sintered
conventionally at 1500 °C and 1550 °C, and the samples subjected to
UHS for 60 s and 300 s are shown in Fig. 7(a). All sintered samples
consist of phase-pure alumina (JCPDS: 00-005-0712) and no evidence
of any additional phase can be observed, which is in good agreement
with the Raman spectroscopy analysis in Fig. 7(b) [48].

Further Raman spectroscopy analysis was carried out on the sintered
cylinder and thin spacers to check for the presence of residual carbon
(Fig. 7(b)). No residual carbon contamination was observed in the
Raman spectra for the cylinder (which was already debinded prior to
UHS), as shown by the missing or weak D and G peaks. However, minor
carbon contaminations could be detected for the thin samples, that were
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Fig. 7. (a) X-ray diffraction (XRD) pattern for the starting powder and the
cylindrical samples consolidated using UHS and conventional sintering. (b)
Raman spectroscopy analysis of the cylinder and thin bowl processed by UHS.
These analyses were carried out on samples fabricated with 56 vol% ceramic
powder in the resin.

debinded and sintered using UHS.

3.7. Microstructure

The microstructure of the sintered samples from resins with 48 vol%
alumina is shown in Figs. 8(a-c, al-c1) and that of samples with 56 vol%
alumina is reported in Figs. 8(d-f, d1-f1). At 1500 °C, the microstructure
is quite fine, however, some isolated porosity can still be observed at the
junction of the grain boundaries. With an increase in temperature, the
porosity decreases and grain growth occurs.

The microstructures of samples with different solid loadings treated
at the same temperature were also compared. For sintering temperatures
of 1500 °C and 1550 °C, the samples with 48 vol% alumina are more
porous than the samples with 56 vol% alumina (Fig. 8(al-bl, d1-el)).
There is instead no noticeable difference in porosity for samples of
different compositions sintered at 1600 °C, consistent with the density
measurement in Table 7.

Micrographs of the fracture surfaces of the cylindrical UHS samples
were acquired by SEM, as shown in Figs. 8(g-h, g1-hl), to analyze the
effect of different holding times on the microstructure. Longer holding
times leads to a larger average grain size. The sample subjected to UHS
for 60 s has an extremely fine microstructure, with grain size very close
to the initial particle size of the alumina powder (Fig. 8(gl)), but a
considerable amount of residual pores. With increasing power (which
means increasing temperature), the porosity disappears and the samples
exhibit coarser microstructure. For instance, the sample held for 300 s
(Fig. 8(h1)), has a grain size and level of porosity comparable or even
smaller than that of the samples with the same composition that un-
derwent conventional sintering at 1500 °C (Fig. 8(el)). The sample
subjected to UHS for 600 s (Fig. 8(i1)) instead has a finer microstructure
when compared to the samples that were sintered conventionally at
1600 °C (Fig. 8(f1)). One can also notice the change in fracture mech-
anism from intergranular to transgranular by increasing the sintering
temperature (or grain size).

In general, the external surface of the samples subjected to UHS
shows no delamination (Figs. 8(j-k, j1-k1)). The stair-case effect is
evident, like in all objects produced through VPP due to the light scat-
tering induced by the ceramic particles. The sample whose holding time
was 60 s reveals some inhomogeneities, as can be seen in Fig. 8(j1),
where pores are concentrated at the junction between different layers.
This is not the case for the samples with holding times of 300 s and
600 s, which confirms that a correct choice of process parameters is
fundamental in order to achieve good inter-layer bonding.

The fracture surface of the thin samples is shown in Fig. 8(1-m). The
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sample sintered for 300 s exhibits a dense microstructure, corroborating
the density results. In contrast, the sample processed for 180 s is char-
acterized by a finer microstructure with open pores.

Irrespective of the sintering method used, the SEM micrographs of
some fracture surfaces reveal that delamination is present only on the
external surface of the body, while the core shows good interlayer
bonding (Fig. S5).

4. Discussion

The rheological properties of the resin play an important role in
dictating the printing behavior, which, in turn, depends on several
factors, such as the chosen monomer, ceramic loading, amount of
diluent, dispersant content, and ball milling time. Monomers with better
optical properties such as HDDA and PEGDA250 (Fig. 2(a)) are always
desired, as they ensure sufficient UV light penetration, leading to better
curing properties. However, it should be noted that the addition of the
ceramic powders to the resin increase the refractive index mismatch
between the resin (Table 1) and ceramic powder (R.I of alumina ~ 1.76),
thereby scattering the light and decreasing the curing depth. Conversely,
the addition of camphor with a refractive index similar to the resin is not
expected to cause scattering of the incident radiation.

Using only HDDA as a monomer causes issues during detachment of
the print head. To overcome this, a mixture of HDDA and PEGDA250
was used, which solves the problem and also exhibits lower viscosity
compared to the other counterparts (Fig. 3(a)).

The curing properties can be negatively affected if the diluent
(camphor) is not completely soluble. Therefore, to ensure reliability, a
monomer-to-camphor ratio of 1.6 was employed, based on the optical
appearance of the camphor and monomer mixtures (Fig. 2(b)). Litera-
ture also reports that camphor content up to 40 wt% in calcium phos-
phate (CaP) based photosensitive resin has no significant effect on the
photopolymerization behavior [12].

Interestingly, the addition of camphor does not cause a pronounced
decrease in viscosity at lower ceramic loading (e.g., 48 vol%). However,
at higher ceramic loading (56 vol%), the reduction in viscosity becomes
significant as the effective free volume for the resin molecules to move
increases (Fig. 3(b)). This is in good agreement with a previous study
[49]. Moreover, camphor reduces overall viscosity and flow resistance
by forming a lubricating layer when flow shear force is applied [50].

Without camphor, resins at such high loadings exhibit excessively
high viscosity, which leads to printing failures. Notably, the printer used
in this study was a simple printer used with polymers, originally
designed for low-viscosity suspensions with low UV intensity. Achieving
successful printing with a ceramic resin containing 56 vol% solids is
already remarkable.

The stability of the suspension is dictated by the amount of disper-
sant, which prevents particle sedimentation. An optimized dispersant
content of 2 wt% relative to the ceramic powder was found to be
optimal. Further increasing the dispersant amount leads to an excess of
dispersant, causing the dispersant molecules to interact among them-
selves rather than with the ceramic particles, leading to an increase in
the viscosity (Fig. 3(d)).

In addition, ball milling time plays a crucial role in breaking down
agglomerates and ensuring homogeneous particle dispersion. A duration
of 120 min results in the lowest viscosity, while further increasing to
240 min increases the viscosity (Fig. 3(c)). This suggests that excessive
milling not only promotes particle size reduction due to the impact of
the milling media [51], but also compromises the chemical integrity and
effectiveness of the organic additives through mechanical degradation
[52]. The maximum ceramic loading that could be printed with this
printer was determined to be 56 vol%. All the prepared resins (except
58 vol%) satisfy the viscosity requirements of < 3Pas at 30s .,
ensuring the printability of the ceramic resins (Fig. 3(e)).

Once the printing process is completed, careful post-processing is
required. The choice of the cleaning solvent is critical: organic solvents



S. Bhandari et al. Journal of the European Ceramic Society 46 (2026) 118427

Fig. 8. SEM micrographs of the cylindrical samples sintered at different temperatures. (a—al) 48 vol% at 1500 °C, (b-b1) 48 vol% at 1550 °C, (c—c1) 48 vol% at
1600 °C; (d-d1) 56 vol% at 1500 °C, (e—el) 56 vol% at 1550 °C, (f-f1) 56 vol% at 1600 °C. Microstructures of the cylinders sintered using UHS at 240 W for (g-g1)
60 s, (h-h1) 300 s, and (i-i1) 600 s. The external surface of the samples is shown in (j-j1) and (k-k1). The fracture surface of the thin bowl structures processed using
multi-step UHS for (1) 180 s, and (m) 300 s is also shown. Images within each group [(a-i), (al-i1), (j-k), (j1-k1)] share the same scale bar, though the scale differs
between groups.
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such as ethanol, isopropanol, acetone, propylene carbonate and 2-phe-
noxyethanol were found to be too aggressive and led to severe delami-
nation of the samples. These delaminations can be attributed to solvent-
induced swelling of the acrylate photopolymer network. Low molecular
weight and polar solvents can diffuse into the cross-linked polymer
matrix and disrupt intermolecular interactions, causing volumetric
expansion and internal stresses that promote cracking and interlayer
delamination [53]. This phenomenon is further accelerated by the
presence of camphor, which readily dissolves in these solvents (as
confirmed by dissolving camphor in these solvents), enabling easier
penetration of the solvents into the polymer matrix. Therefore, water
was employed as the cleaning solvent, and the samples were gently
cleaned with a soft brush and an air jet.

In general, higher ceramic loading results in higher green density and
hence improves sintering behavior. However, increasing the ceramic
loading also increases viscosity (Fig. 3(e)) (yield stress and flow index as
well) and intensifies light scattering [6]. This can lead to poor interlayer
bonding and consequent delamination (as the UV light intensity is fixed
in the used polymeric printer). Literature reports that significant inter-
nal stresses are generated within layers during UV curing [54] and the
curing efficiency is limited to 70% for a 50 vol% alumina-HDDA sus-
pension [55]. Hence, to improve and increase the uniformity of curing
conversion, a post-curing step for 4 min was also necessary to further
strengthen the inter-layer adhesion and avoid delamination (Fig. 4
(c-cl)).

Thermogravimetric analysis (TGA) and mercury porosimetry further
revealed the effect of camphor during debinding. Sublimation of
camphor below 200 °C creates an open pore network with a volume at
least 2.5 times greater than that of green samples still containing
camphor (Fig. 5(b)). The presence of this open porosity facilitates
smoother binder removal [17], allowing the use of relatively fast heating
rates (2 °C/min) during debinding: this is already considered high for
ceramic systems fabricated using VPP.

In a recent study, Huang et al reported that incorporation of
camphor helps to form a network of interconnected, transient pores that
enable the release of decomposition gases without causing cracks [56].
Camphor also possesses a high vapor pressure at room temperature [57],
it can also partially sublime during storage, as confirmed by the simi-
larity in pore sizes between as-printed green bodies and samples inten-
tionally treated at 220 °C to remove camphor.

The importance of the debinding step was verified by attempting to
directly consolidate a green cylindrical sample through single-step and
multi-step UHS. In both the cases, the samples exhibited defects, proving
that despite the sublimation of camphor, the removal of the organic
fraction is necessary to prevent defect formation. In the single-step UHS
process where the heating rate reached ~1680 °C/min, complete shat-
tering of the cylinder into pieces was observed (Fig. S3(a)). On the other
hand, on using a multi-step profile (~250 — 480 °C/min) the samples
retained their shape but exhibited visible delamination (Fig. S3(b)).

The thin bowls however survived the multi-step approach (~250 —
480 °C/min), but presented numerous defects with the single-step UHS
(~1680 °C/min) as shown in Fig. S4. Either complete removal of the
binder before UHS (Fig. 6(b)) or gradual decomposition during stepped
heating can mitigate these stresses (Fig. 6(c)). But one has to consider
the thickness limitation while processing the samples with such high
heating rates [18]. Even the step-wise UHS approach failed to produce
defect-free cylinders. Although it is not possible to conclusively deter-
mine a threshold wall thickness for processing by UHS, the present re-
sults indicate that samples with wall thicknesses below 420 um can be
successfully processed using a multi-step UHS approach, whereas sam-
ples with wall thicknesses of 1.2 mm cannot be processed even with
multi-step approach.

When the temperature increases, the binder volatilizes and it is
eventually pyrolyzed, generating gases that must be expelled from the
structure. In the case of thick walls, the gases have to travel a longer path
to escape and hence generate more stress [18]. This stress effect is
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amplified in UHS due to the extremely short times and rapid heating
rates.

However, applying a stepwise current profile enabled the production
of defect-free thin samples (~420 um in green stage), supporting the
hypothesis that stresses from binder decomposition are the main cause
of failure. This is in good agreement with previous studies, where
samples printed with a 410 um nozzle were successfully debinded and
sintered using UHS [17,18]. However, increasing the nozzle size to
580 um and 840 pm resulted in defects, with the severity increasing with
nozzle diameter [18]. It should be noted that these samples were pro-
cessed using a single-step UHS process, thanks to the comparatively low
binder content (~8 wt%) that makes the debinding process much easier
compared to the present study. Further systematic experiments,
increasing the wall thickness in increments of 50 — 100 um, are required
to identify the critical limits.

After UHS, the samples exhibited a pure alumina phase and typically
appeared black. Raman analysis pointed out that the cylinder debinded
prior to UHS does not contain carbon, confirming that the blackening is
due to oxide reduction in a low-oxygen environment and longer holding
times promote greater reduction of the oxide, leading to increased
darkening [17,29].

On the other hand, for thin samples that were debinded and sintered
together in UHS, carbon peaks are identified (Fig. 7(b)), this indicating
the presence of some residual binder decomposition products. There-
fore, the blackening in the thin samples can be attributed both to the
reduction of the oxide and carbon contamination.

The presence of residual carbon can be associated with both the
heating rates and atmosphere employed in the UHS process. The
extremely high heating rate in UHS may not allow sufficient time for the
binder to fully decompose and volatilize, especially considering that the
binder content in the feedstock is relatively high. Moreover, the tem-
perature was not sufficiently high to induce carbothermal reduction of
alumina, which would otherwise have caused the carbon to disappear
[18]. Furthermore, it is common practice to employ a two-stage
debinding process [58]. In the first stage, debinding is carried out in
an inert atmosphere to prevent rapid or exothermic oxidative reactions
that could damage the sample. In the second stage, the samples are
exposed to air to burn off any residual carbon that may remain after the
initial thermal decomposition step. This indicates that when the binder
decomposes in an inert atmosphere, residual carbon is often left behind
as a byproduct of incomplete decomposition.

The cylindrical structures are thicker than thin-bowl shaped geom-
etries. For the thin structures, 180 — 300 s holding time was sufficient to
achieve a density of ~92 — 97% (Fig. 8(1-m)). Conversely, the cylinder
(debinded before) sintered for 600 s exhibits similar density as thin
bowl, which was processed for 300 s. This indicates that the thermal
inertia of the sample plays an important role in the sintering process:
thicker samples require more time for heat distribution when compared
to thinner ones.

The microstructure of conventionally sintered samples indicates that
higher ceramic loading leads to better densification. For instance, at
1500 °C, samples with 48 vol% reach ~93% density, whereas samples
with 56 vol% already achieve ~95%. This indicates that samples with
higher ceramic loading can reach the same level of densification at a
lower sintering temperature than samples with lower ceramic loading
(Table 7) [59]. As a result, the samples with 56 vol% exhibit slightly
larger grain sizes due to the enhanced particle packing and faster
densification kinetics (Figs. 8(a-f, al-f1)).

A change in fracture mechanism can also be observed, from inter-
granular to transgranular with increasing sintering temperature or grain
size for conventionally sintered samples [60]. In a fine microstructure,
the larger grain boundary area makes cracks more prone to propagate
along grain boundaries, especially in the presence of pores at triple
points. In contrast, in a coarser microstructure with fewer grain
boundaries, cracks are less likely to deflect along boundaries and instead
propagate through grains. It is also worth noting that cylindrical samples
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sintered by UHS exhibit a finer microstructure than their conventionally
sintered counterparts, due to the rapid heating rates of the UHS process.
Hence, no change in the fracture mechanism could be observed (Figs. 8
(g-i, gl-i1)). The hardness values in Table 7 are comparable to or even
higher than those of the conventionally sintered samples, denoting the
mechanical integrity of the sintered structures.

5. Conclusions

In this study, a photosensitive alumina resin was prepared with
camphor as a diluent. A key aspect of this study is the presence of
camphor in the resin, which not only drastically reduces the viscosity,
particularly in the case of 56 vol% ceramic loading, but also generates
open porosity before the decomposition of organic additives begins. As a
result, the printed samples could withstand a heating rate of 1 — 2 °C/
min, depending on the ceramic loading, resulting in a dense micro-
structure with ~ 97% relative density (56 vol% at 1600 °C) and Vickers
hardness of ~ 2003 HV after conventional sintering.

The green cylinders (with a 1.2 mm wall thickness) exhibited defects
when subjected to single-step or multi-step UHS. Therefore, the cylinders
were debinded prior to the single-step UHS process, resulting in a finer
microstructure with densities (~ 97% in 600 s) and hardness values (~
2126 HV) comparable to those achieved by conventional sintering.
Nevertheless, upon reducing the wall thickness to 420 pm in the form of
a thin bowl, these samples survived the multi-step UHS process. Although
part thickness seems to be a limiting factor for such rapid heating rates,
this approach shows strong potential for thin or pre-debinded compo-
nents. A notable aspect to highlight is the drastic reduction in processing
time, from several hours (conventional sintering) to only a few minutes
or even seconds (UHS), depending on the geometry.

Future work should focus on better understanding the threshold
thickness and different complex structures (such as scaffolds) that can be
debinded by UHS. Additionally, the heating rate could be further
reduced with improved equipment control. The use of an air atmosphere
for low-temperature debinding could also be explored to ensure com-
plete removal of organics.
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