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Abstract

Digital Light Processing (DLP), which operates through a layer-by-layer deposition, has
proven to be a promising technique for obtaining complex and customized architectures.
However, there are still numerous unresolved challenges in ceramics additive manufac-
turing, among which is delamination due to suboptimal adhesion between the layers,
which threatens the structural integrity and properties of samples. According to recent
findings, excess surface hydroxyl groups were identified as being responsible for this defect;
a suitable calcination pre-treatment of the ceramic powder could be effective in significantly
mitigating delamination flaws in mullite DLP printed bodies. Therefore, in addition to
optimizing the printable slurry formulation and printing parameters (mainly in terms of
curing energy and layer resolution), this work aimed at investigating the influence of the
calcination of a commercial mullite powder (added with magnesium nitrate hexahydrate,
as a precursor of the sintering aid MgO) as a simple and effective treatment to additively
shape ceramic bodies with limited flaws and enhanced density. The surface characteristics
evolution of the mullite powder was investigated, specifically comparing samples after
magnesium nitrate hexahydrate addition and ball-milling in water (labeled as BM), and
after an additional calcination (BMC). In particular, the effect of the superficial -OH groups
detected by FTIR analysis in the BM powder, but not in the BMC sample, was studied and
correlated to the properties of the respective ceramic slurry in terms of rheological behavior
and curing depth. The hydrophilicity of BM powders, due to superficial hydroxyls groups,
affects ceramic powder dispersion and wettability by the resin, causing a weak interface. At
the same time, it promotes photopolymerization of the light-sensitive resin, thus inducing
the as-printed matrix embrittlement. Anyhow, its photopolymerization degree, equal to

67% and 55% for BM and BMC, respectively, was enough to guarantee the printability

W) Check for updates of both slurries. However, the use of BMC significantly reduced flaw occurrence in the

Academic Editor: Angel L. Ortiz as-printed bodies and the final density of the samples sintered at 1450 °C (without an
Received: 24 December 2025 isothermal step) was increased (approx. 60% and 50% of the theoretical value for BMC and
Revised: 19 January 2026 BM, respectively). Thus, the target porosity of the ceramic bodies was guaranteed, and
Accepted: 20 January 2026 their structural integrity achieved without any increase in sintering temperature but with a
Published: 23 January 2026 simple powder treatment.

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland. Keywords: ceramics additive manufacturing; digital light processing; mullite; calcination;
This article i ticl - . o .

parficeisanopenaccess ameie photopolymerization; conversion rate; delamination; acrylic group; hydroxyl groups
distributed under the terms and

conditions of the Creative Commons
Attribution (CC BY) license.

Ceramics 2026, 9, 11 https:/ /doi.org/10.3390/ceramics9020011


https://crossmark.crossref.org/dialog?doi=10.3390/ceramics9020011&domain=pdf&date_stamp=2026-01-23
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ceramics
https://www.mdpi.com
https://orcid.org/0009-0005-0364-0614
https://orcid.org/0000-0003-2167-2132
https://orcid.org/0000-0001-5777-5438
https://orcid.org/0009-0001-4133-693X
https://orcid.org/0000-0001-7189-2999
https://orcid.org/0000-0003-2419-4383
https://doi.org/10.3390/ceramics9020011

Ceramics 2026, 9, 11

20f21

1. Introduction

Digital Light Processing (DLP) has demonstrated the possibility of producing ceramic
parts with high dimensional accuracy and surface quality through layer-by-layer deposi-
tion: the print is produced by consecutively photopolymerizing transverse layers with a
thickness from 10 to 200 um, thus achieving a z-axis resolution in the tenths of microme-
ters [1-4]. Therefore, the penetration of UV light through the slurry is a key aspect of the
printing performance [5,6]. However, the penetration depth is limited by the presence of
ceramic particles, which have a different refractive index (RI) than the photosensitive resin.
Slurries for DLP contain between 35 and 65 vol% of photosensitive resins [7-10], which are
generally acrylic-based, either commercially produced or home-made formulated [11-15].
The formulation of ceramic slurries requires careful optimization. In particular, the solid
loading is a crucial parameter: a too high ceramic particle load could cause high UV light
scattering, reducing the curing depth and hindering good adhesion between the layers.
Moreover, the viscosity could be too high to achieve suitable slurry spreadability for layer
production. In addition, the solid load of a ceramic slurry must be sufficiently high to
ensure a good densification of the sintered part. Finally, it should be noted that to densify
the printed parts, it is first necessary to remove the resin from the printed samples by
chemical (in water or solvent) and thermal debinding processes, before sintering. The
debinding phase is a very sensitive step: gas and bubble formation can occur, promoting
interlayer delamination and cracking during sintering [1,8,16].

Thus, although the DLP technique provides numerous advantages, it is still a great
challenge to effectively fabricate defect-free parts, while delamination cracks and anisotropy
in the final objects is frequently observed [6,17-27]. To address these limitations, several
studies have been conducted to improve the quality of DLP-printed components. Some
studies focused on optimizing thermal post-treatment. In particular, several investigations
on the debinding of the as-printed bodies were conducted [1,8,28]. For instance, Cramer
et al. [19] has developed a more gradual thermal debinding protocol on alumina films than
the commercial heating cycle in order to realize defect-free large parts. Lam et al. [25] opti-
mized the thermal debinding step to reduce pressure build-up in DLP-printed bodies using
commercial alumina slurries, obtaining a reduction of 83% in the average delamination
and increasing the thickness of the final parts. Also, the crucial sintering step of additively
manufactured ceramic components is increasingly being studied and optimized [22,26].
Other studies focused on ceramic slurry formulation and characteristics, crucial to limiting
after-printing defects. For example, Komissarenko et al. [29] studied the production of
dense zirconia samples by modulating the dopant percentage and rheology of the slurry.
The interaction of the printable slurry with UV radiation is critical in the production of
defective free bodies. Peterson et al. [18] developed functionally graded structures by
controlling the interlaminar adhesion and spatial density of crosslinking using UV light
modulation. Indeed, light scattering penalizes the curing depth and, consequently, the
quality of the as-printed bodies can be limited, controlling the refractive index mismatch
between the filler and resin [6,21,30], as well as the particle size and distribution [31].
Xie et al. [17] used the finite-difference time-domain (FDTD) method to study the influence
of the resin refractive index, the filler refractive index, and the filler particle size on the
spatial and temporal evolution of the degree of conversion.

The study of superficial properties of ceramic powders is an innovative approach
gaining increasing attention. A recent study on ceria-stabilized zirconia investigated how
pre-treatment methods influence powder dispersion, slurry stability, and layer curing,
proving the high potential of ceramic powder calcination to improve the final densification
and mechanical performance of DLP-printed components [32]. This effective and simple
strategy has not been applied to other ceramic systems so far and further investigation is
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recommended to confirm the validity of this strategic approach for other compositions as
well. Thus, the current study aims to demonstrate the crucial role of the surface chemistry
of mullite, a refractory material with characteristics, such as high durability and high
thermal shock resistance [33-36], which make it desirable in different sectors, including
for high-temperature applications [37], in sensor technology [38], or to produce substrates
for carbon dioxide (CO;,) capture [39-41]. The present research investigates the differences
in behavior between uncalcined and calcined mullite powders during the production of
additively manufactured mullite substrates. These substrates are designed to retain resid-
ual porosity to enable the deposition and adhesion of metal-organic framework crystals
able to bond CO; molecules, such as HKUST-1 [40], thereby serving as robust and high-
surface-area architectures for gas filtration and CO, capture applications [39,41-43]. The
targeted application mullite-based architectures must combine a flawless microstructure
and sufficient mechanical integrity with high open porosity. Recent studies on DLP-printed
mullite supports for CO, capture show that substrates with higher total and open porosity
promote more homogeneous and extensive MOF functionalization, underlining the impor-
tance of an accessible pore network for gas transport and precursor infiltration [39-41]. In
porous mullite ceramics produced both via additive or more traditional manufacturing
strategies [42,43], porosity values in the range of ~35-45% have been associated with an
effective balance between mechanical strength and permeability, which are desirable char-
acteristics for sensors, refractory supports, and CO, capture substrates. In particular, in the
current work, a mullite ball-milled powder with added magnesium nitrate hexahydrate
as a precursor of the sintering aid MgO (labeled as BM) and the same powder but addi-
tionally submitted to calcination (labeled as BMC) were investigated. Results in terms of
chemical (by means of the X-ray fluorescence technique, XRF) and surface (by means of
Fourier-Transformed Infrared spectroscopy, FTIR) analyses of the powders, slurry rheology,
depth of polymerization, and degree of slurry conversion (followed by Attenuated Total
Reflectance Fourier-Transformed Infrared spectroscopy, FTIR-ATR) are provided, together
with density and microstructural characterizations of the as-printed and sintered samples.

2. Materials and Methods
2.1. Mullite Powder: Treatments and Characterizations

Ceramic samples were obtained from a commercial mullite powder (JMS-70, Jiangsu
Jingxin New Material Co., Ltd., Luoyang, China) supplied by Saint-Gobain Research
Provence and were produced by sintering from high-purity raw materials, including
industrial alumina and kaolin [44]. To reduce the mean particle size and narrow the
particle size distribution, the mullite powder was ball-milled with zirconia spheres in
water for 48 h. The weight ratios used were 6:1 for zirconia spheres to mullite and
2:1 for water to mullite. Magnesium nitrate hexahydrate Mg(NO3),-6H,O (Sigma-Aldrich,
Milan, Italy, 99.0% purity) was added as a precursor of the sintering aid (MgO) at 1 wt%
ratio [45]. To guarantee the best comminution efficiency, the optimal speed wn (85 rpm)
was calculated according to Bond’s critical speed formula [46]. Then, ball-milled (BM)
powders were calcined at 650 °C for 1 h (BMC; heating ramp of 10 °C/min), to obtain the
thermal decomposition of Mg(NO3),-6H,O into the desired oxide form [47].

Mullite powders in the as-received, BM, and BMC form were characterized by laser
granulometry (Mastersizer 3000, Malvern Pan’alytical, Great Malvern, UK), providing cu-
mulative and differential granulometric data to evaluate their particle size distribution and
the average particle size (Dsp). A Field-Emission Scanning Electron Microscope (FESEM)
Hitachi 54000 (Tokyo, Japan) was used to study the powders” morphology. The phase
composition was determined by X-Ray Diffraction (XRD, Empyrean, Malvern Pan’alytical,
Great Malvern, UK) with CuK«x radiation (A = 0.154056 nm) in the 20 range 5-70°. A
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time per step of 22.95 s and step size of 0.0066° were used. Further details on power
characterizations are detailed in a previous work [40].

2.2. DLP Printing of Mullite Samples, Post Processes, and Sintering

Both BM and BMC mullite powders were mixed separately with a photosensitive
commercial resin (Admatec Europe BV, Alkmaar, The Netherlands) consisting of acrylate-
based monomers containing the photoinitiator diphenyl(2,4,6-trimethylbenzoyl) phosphine
oxide (TPO). Based on previous studies [39—41], a solid loading of 69 wt% was selected, with
5 wt% (compared to the mullite content) of commercial dispersant (Disperbyk-103, BYK
Chemie, Wesel, Germany). Then, after mechanical stirring, the slurry was homogenized
in agate jars with agate spheres (d = 10 mm) for 6 h at 350 rpm in a planetary miller
(Fritsch Pulverisette, Fritsch GmbH, Idar-Oberstein, Germany). Vacuum degassing using
a rotary pump to remove air bubbles was performed for 30 min before the printing job.
The rheological behavior of the slurries was analyzed at 25 °C with a rotational rheometer
(Kinexus Pro+, Netzsch Gerdtebau GmbH, Selb, Germany) equipped with stainless-steel
parallel plates (20 mm in diameter), with a 1 mm gap between plates at shear rates ranging
between 0.1 and 1000 s~ .

A DLP-based stereolithographic printer (Admaflex 130, Admatec Europe BV, Alkmaar,
The Netherlands) operating with a 405 nm wavelength UV light was used. The slurry was
spread on a moving tape through a 125 um doctor blade. Good resolution, layer adhesion,
and uniformity were guaranteed by preliminary investigations on single-layer photopoly-
merization; curing depth tests, as detailed below, allowed an accurate optimization of the
printing parameters.

The curing depth of a single layer was determined for both BM and BMC slurries,
exposing them to the UV lamp of the Admaflex 130 machine, equipped with a high-power
WQXGA light engine with 2560 x 1600 pixels [48]. Irradiation was performed at different
energy per unit area (mJ/ cm?), tuning the time exposure (1, 1.5, 2, 2.5, 3, and 3.5 s) and LED
power (13.93, 17.09, and 20.24 mW /cm?). The cured layers in a chessboard configuration
were cleaned with paper to remove the uncured slurry, and the thickness of the single layer
was measured with a digital micrometer. The optimal parameters ensure both good squares
resolution and a curing depth at least 3 times the set layer thickness.

Thus, the following specifications were set for both BM and BMC slurries: a print-
ing layer thickness of 30 um, exposure time of 1.5 s, 17.09 mW/cm? as LED power,
and a delay before exposure of 20 s. Samples with two different geometries were ad-
ditively manufactured: pellets (nominal diameter of 10 mm and 2 mm in height) and bars
(I5mm x 5 mm x 2 mm). The correspondent digital model in the form of files in Stan-
dard Tessellation Language (.stl) were designed by AutoCAD 2018 software (Autodesk,
San Francisco, CA, USA).

As-printed bodies were left in water overnight at 30 °C: the water debinding process
has the aim to remove uncured slurry as well as the hydro-soluble components of the
resin. After careful drying in an oven at 70 °C overnight, samples were submitted to
thermal debinding and sintering processes according to the treatment employed in our
previous work [39]. Thermal treatments were performed in an electric furnace (Nabertherm,
Nabertherm GmbH, Lilienthal, Germany) under air atmosphere; a sintering temperature of
1450 °C was set.

Geometrical density p (g/cm?) was determined by mass and geometric measurements
for both as-printed samples (after water debinding) and sintered bodies; Archimedes’
density was determined by the buoyancy method, following Archimedes’ principle (Density
Determination Kit, Sartorius YDKO01, Gottingen, Germany). Both densities were then related
to the theoretical density (TD) of mullite (61y, 3.17 g/ cm? [45]). Sintered samples were also
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characterized in terms of porosity. The total and the closed porosity are considered as the
hundredth complement of the geometrical and Archimedes’ density, respectively, expressed
as a percentage of the theoretical mullite density [(1—0/06ty) X 100]. Furthermore, the
microstructures of sintered and as-printed bodies were characterized by means of FESEM
observations after platinum sputtering (Q150T S, Quorum Technologies, Lewes, UK).

To evaluate the interaction between Mg(NO3),-6HO and the resin, an amount of salt
equivalent to 1 wt% of MgO with respect to mullite and 5 wt% of dispersant were added
to the resin in the absence of ceramic powder. A single layer was obtained in the solid
configuration after irradiating the samples for 4 s at 17.09 mW /cm?. After water debinding
overnight and drying, the microstructure was evaluated by means of FESEM observations
and compared with an equivalent control sample made up of blank resin.

2.3. Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR measurements (Nicolet iS 50 Spectrometer, Thermo Fisher Scientific, Milan, Italy)
on ceramic powders, liquid resin, and as-printed bodies were conducted in transmission
mode while ATR mode was used to monitor the curing process. The photopolymerization
reaction was investigated on the blank resin itself and on both of the ceramic slurries (BM
and BMC). The uncured sample was spread using a stir bar over a silicon slice with a
32 um thickness. The degree of double bond conversion was evaluated by following the
decrease in the characteristic absorption peak of the acrylate double bond (C=C) centered
at around 1620 cm~! (C=C). The characteristic absorption peak of the carbonyl group
(C=0), centered at 1724 cm !, was selected as a reference to calculate the conversion rate,
eliminating the effect of the sample thickness fluctuations on the intensity of the acrylate ab-
sorption peak [11-13,49]. Thus, conversion during irradiation was calculated according to

Equation (1) [13,49]:
Agroup Aqgroup
Ayf — - Ar(’
Conversion(%) = ( ! >Ifxo ( ! )t x 100 (1)
group
( Arff )t:o

where Agroup corresponds to the acrylate group area investigated and A, is the reference

area at 1724 cm~!. Data were collected with a spectral resolution of 4 cm~! and processed
using the OMNIC software (version 6.2) from Thermo Fisher Scientific.

3. Results and Discussion
3.1. Powder Characterization

Laser particle size analyses and FESEM micrographs (Figure 1) revealed the effect
of ball-milling and calcination on the BM and BMC powders, respectively. As expected,
ball-milling caused the particle size distribution to shift toward smaller sizes, reaching
a Dsg of ~2.4 um (instead of 6.6 pm of the as-received powder), barely narrowing the
overall distribution (Figure 1A). After ball-milling (Figure 1C), the powders are made of
more smooth and rounded morphology compared to the as-received one (Figure 1B). Fine
powders are desirable to obtain dense bodies since they enhance packing density and
sinterability, which is not the main scope of the present work; however, they have shown
to increase slurry viscosity and UV light scattering [31]. Despite these crucial drawbacks,
which are limited by BM powder’s smoother surfaces and narrower size distribution,
larger particles may improve slurry flowability but may reduce final density and resolution.
Under the present processing conditions, a D5 in the range of 3-5 um represents a suitable
compromise between viscosity, UV light interaction, and final microstructural quality.
As expected, calcination at 650 °C/1 h caused a mild agglomeration, which may have a
positive effect in terms of rheological behavior and curing depth. The calcined BM powders
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resulted in a Dsp increased up to ca. 4.4 pm (as showed by the granulometric curves in
Figure 1A and confirmed by the FESEM micrographs in Figure 1D), which can therefore be
considered optimal for the investigated system to guarantee both good printing quality
and acceptable sintered density.

A 8

As received _— e
{BM
BMC

1100

80

- 60

L 40

Frequency (%)
Cumulative Frequency (%)

- 20

T
10 100 1000

Size Classes (um)

Figure 1. Differential (solid lines) and cumulative (dashed lines) granulometric curves (A) and
FESEM micrographs of mullite powders in the as-received form (blue curve and (B)), after 48 h water
ball-milling (BM, green curve and (C)), and additional calcination at 650 °C, 1 h (BMC, orange curve
and (D)) [40].

The XRD patterns of the two mullite powders (Figure 2) are very similar and no
differences were found with respect to the as-received one [40]. In all the patterns, mullite
(m) and free aluminum oxide (a) peaks were detected, respectively, indexed according to
the JCPDS file numbers 15-0776 and 96-900-7499 (hexagonal x-Al,O3). As expected, no
chemical changes are introduced by calcination when comparing BM and BMC patterns:
neither Mg(NO3),-6H,0, nor MgO peaks were detected by XRD, since only 1 wt% of sin-
tering aid was employed. Although no Mg-containing crystalline phases were detected by
XRD measurements or FESEM observations, magnesium nitrate is expected to decompose
completely during the 650 °C calcination step, yielding MgO. Given the very low amount
added (1 wt%), Mg is therefore most plausibly present as a highly dispersed nanometric
MgO phase or as an ultrathin coating decorating the surface of mullite and alumina parti-
cles, rather than as a bulk crystalline phase detectable by diffraction. TEM investigations
reported in the literature on commercial mullite powders doped with comparable MgO
amounts showed that Mg remains undetectable inside mullite grains and glassy pockets at
low and intermediate temperatures, becoming incorporated into the liquid phase only at
high sintering temperatures (~1550 °C) [50]. Accordingly, at the calcination temperature
employed here, MgO is not expected to react with mullite or alumina and should remain
as a separate nanophase decorating the particle surfaces. Furthermore, due to the low
calcination temperature and the nanometric nature of MgO, partial surface hydration upon
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exposure to ambient humidity may occur, forming a thin Mg(OH), layer [51]. MgO is
highly reactive toward moisture, but the resulting passivating hydroxide shell limits further
hydration, yielding a stable MgO/Mg(OH), core-shell structure. Even in small amounts,
this surface-localized magnesium phase can alter the particle surface chemistry without

affecting the bulk structure, providing a plausible explanation for the observed changes in
slurry behavior (Section 3.2).

Intensity (a.u.)

10 20 30 40 50 60 70
2Theta [Deg]

Figure 2. XRD patterns of the ball-milled (BM, green curve) and calcined (BMC, orange curve)
powders (m = mullite, a = alumina).

The superficial modifications induced on mullite powders by the milling process and
the calcination treatment were highlighted by infrared spectroscopy. This investigation was
pivotal to explain the interaction between the mullite powders and the acrylic resin, which
plays a crucial role in the formation of flaws and delamination defects in the as-printed
samples. With this aim, FTIR measurements (Figure 3) were performed on as-received,
ball-milled (BM), and calcined (BMC) mullite powders.

@4 (0) 4
—— Mullite powders as-received 1353 o
0.9 {—— Mullite powders BM 504 o' 4 4
—— Mullite powders BMC A
08— Mg(NOy), - 6H,0 034 |
< %77 -1 b -~ O-H stretchi f\
g ey R S 1643 cm? | \
g 087 815 cm ¥’ |, g /\ J \\
c P A = |\ |
g 051 1130 om 1 | §%2 / \f\ [
s 1158 e, 44 2 ‘ [\
[ R e 4 o \ | |
é’ ] 1343cm-| V] 2 / \ | ]
0.3 1 O-H stretching 1653 cm| . < b ( \ | |
1 | . | \
029 1 | \ 1652 cm"\‘ \ ) ‘
/ I
017 ¢ ‘ ) \ . »/L\/ M
T o e e 001
T . ; T s e T T y T y
4000 3500 3000 2500 2000 1500 1000 500 ~4000 3500 3000 2500 2000 1500
Wavenumbers (cm™) Wavenumbers (cm™)

Figure 3. FTIR spectra of as-received (black curve), ball-milled (BM, green curve), and calcined (BMC,
orange curve) powders and magnesium nitrate hexahydrate (blue curve): (a) full spectrum in the
4000400 cm 1 range; (b) enlarged view of the 4000-1200 em~! region.

Peaks at low wavenumbers are related to mullite-like molecular groups and are
present in all the powders. More specifically, the main bands related to the presence of
mullite are as follows, according to the literature [52,53]: the SiO4 (482, 988, 1107, 1131, and
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1168 cm™1), AlOy (620, 828, and 909 cm 1), AlOg (578 and 482 cm™1), and T-O-T (TO,
where T means Si or Al) (737 cm™!) ones.

Thus, the band at 524 cm ! is ascribed to Al-O stretching vibration modes resulting
from AlOg groups of mullite (567 cm ™! from [54]). The band at 725 cm ! is in agreement
with the proposed (Si, Al)-O—(Si, Al) bending mode for the band at 751 cm~! [54] or
737 cm~ 1 [55] in mullite. The peak at 815 cmlis assigned to AlOy (828 cm L, according
to [52,53]). The shoulder around 1158 cm™! is assigned to the vibrational mode of the
asymmetric stretch of Si-O-5i (1152 cm 1 [54]). Also, 1130 cm ™! is a fundamental band
assigned to S5iOy tetrahedra [52,53].

The last three bands, at around 1380, 1650, and between 3000 and 3600 cm ™!, oc-
cur only in the BM sample. In silicate minerals, bands at around 3400 cm™~! and around
1650 cm~! may be attributed to the OH stretching vibrations and the deformation vibration
of adsorbed water, respectively [56]. The peak at around 1650 cm ™! is also in correspon-
dence with a magnesium nitrate band, so it could be due to the sintering aid as well. Finally,

the signal at around 1380 cm !

is associated with the most prominent band of magnesium
nitrate at 1353 cm !, in agreement with the proposed asymmetric stretching mode of NO3~
ion (1347 cm™1), according to [57]. The presence of weak signals of the magnesium nitrate
is in accordance with the experimental procedure: the sintering aid was mixed with the
as-received powder during the ball-milling stage, so it is neither present in the as-received
form, nor after calcination. The presence of the nitrate and its hygroscopicity [58] lead to
the occurrence of a superficial -OH functional group, which may interfere with the acrylic
resin and cause delamination during the water debinding of the as-printed samples. It was
verified that the presence of an -OH signal and of the peaks at 1652, 1643, and 1353 cm !
was due to the sintering aid and was not related to the ball-milling procedure, by comparing
FTIR spectra of the BM sample with and without the addition of the magnesium nitrate
hexahydrate (as reported in the Supplementary Information in Figure S1).

3.2. DLP Process

BMC slurry viscosity is compared with BM slurry (Figure 4). While BMC tends to
reach a plateau in the viscosity for high shear rates, the viscosity curve shows a desirable
shear thinning behavior at low shear rates, typical of an agglomerated system. After an
intermediate phase in which a plateau typical of Newtonian behavior occurs, the high shear
rates favor further deagglomeration of the powders, which causes a drop in viscosity. For
the BM slurry, the shear thinning behavior starts to occur from a shear rate of 0.1 s~ L thus,
higher stresses are required in comparison to the BMC slurry to decrease the viscosity as
the shear rate increases. The viscosity of BM remains generally higher than that of BMC,
except in the last part of the curve where again the high shear rate favors the flow of both
slurries, which thus becomes comparable. Relevant information is the viscosity value at
the operative shear rate applied by the blade during slurry spreading (approx. 160 s~1).
The BM and BMC slurries show viscosities at 160 s~1 of, respectively, 2.03 and 1.31 Pa-s,
significantly lower values than 3-5 Pa-s, the limit values guaranteeing suitable flowability
for DLP [4,59]. However, it is evident that up to a shear rate of around 200 s~1, BM exhibits
a higher viscosity than BMC. In fact, as anticipated in Section 3.1, it is known from the
literature that the increase in viscosity and the consequent deterioration in rheological
behavior is correlated with a narrower particle size distribution and a smaller particle
size. In fact, smaller ceramic particles exhibit an increase in specific surface area and
greater mutual attraction [31,60-62]. However, in the case of BM and BMC, the particle
size distributions are very similar, and the difference in D5y of BMC, although present due
to agglomeration during calcination, is small. Therefore, the differences in the surface
properties of the two powders can reasonably explain the different viscosity of the slurries;
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in fact, the presence of -OH groups on the surface of the BM powders would lead to a
greater interaction between the particles, which could explain the slightly higher viscosity
of the corresponding slurry. It was already shown how specific superficial treatments
of Mg-rich surface layers improving the anti-hydrolysis and dispersion abilities of the
ceramic powders, led also to a decrease in viscosity due to the suppression of hydroxyl-
driven attractive forces [63]. In our system, the surface passivation mechanism induced by
calcination is consistent with the observed decrease in viscosity of the BMC slurry compared
to BM, despite their very similar particle size distributions. Therefore, the calcination step
does not merely induce mild agglomeration but also alters the surface chemistry of the
powder in a way that improves its rheological response during DLP.

100
] —e— slurry BM
slurry BMC
© 3
a 2.03Pas
2>
B
o
2 .
= 14 :
. 3
(0] ] 1
< I {
2 I
|
;
|
0.1 5 I
] 1
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0.001 0.01 0.1 1 10 100, 1000
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Figure 4. Viscosity curves of mullite slurries prepared with ball-milled (BM, green curve) and calcined
(BMC, orange curve) mullite powders, at 69 wt% solid loading and 5 wt% dispersant.

Therefore, although both BM and BMC have rheological behavior compatible with
the AM modeling process employed, the BMC slurry results in slightly preferable rheologi-
cal properties.

Before each printing job, curing depth tests were carried out: the results in terms of
layer thickness obtained with different energy per unit area are shown in Figure 5. BM and
BMC slurries show very similar curing depths, considering the overlapping of the error
bars. However, focusing on the energy window per unit area around the operating value
used in the printing jobs (ca. 25.6 mJ/cm?), slightly higher average thickness values can be
seen for the BMC slurry. As anticipated in the granulometric data discussion in Section 3.1,
the improved curing behavior observed for the calcined powder can be attributed to a
reduction in the effective scattering coefficient, which scales inversely with particle size [31].
However, it is not possible to conclude from the curing depth tests carried out with the 3D
printer that a significantly different layer thickness can be achieved with the two slurries at
the same delivered energy. For a clearer understanding of the role of the ceramic particles’
hydrophilicity degree and their interaction with the resin, FTIR-ATR analyses during the
photopolymerization and microstructural analyses of the 3D printed bodies were carried
out and are presented below.
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Figure 5. Curing depth tests results for BM and BMC slurries. Error bars are calculated on a minimum
of three samples.

FTIR measurements in transmission mode were first performed on the commercial
blank resin: the curve shown in Figure 6 is comparable with a typical FTIR spectrum
of an acrylic liquid photosensitive resin mixture [49]. The broad peak at approximately
3400 cm ™! is due to the hydroxyls groups present in the original formulation of the resin
itself. The strong peak at 1724 cm ™! is ascribed to the stretching vibrations of C=0, while
the characteristic peak centered ca. at 1620 cm~! was assigned to the stretching vibrations
of C=C bonds. Stretching vibration of C—O—C bonds are responsible for the peaks at
around 1100 cm ™! [64]. Finally, the two characteristic peaks at 910 and 810 cm ™! were both
ascribed to the bending vibrations of C—H bonds. Real-time FTIR tests in ATR mode can
be used to evaluate the double bond conversion during irradiation following the acrylic
IR peak change: in fact, when exposed to UV irradiation, the unsaturated double bonds
are progressively consumed in the radical chain growth reaction with a decrease in the
correspondent peak at ca. 1620 cm ! [11-13,49].
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Figure 6. FTIR spectrum of blank commercial resin.
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Thus, the progress of the photopolymerization reaction was investigated by means
of the FTIR-ATR method for blank resin, which was compared with the two slurries
investigated in this study (BM and BMC); the spectra obtained at different irradiation times
are shown in Figure 7. The conversion rates (measured by monitoring the decrease in the
acrylate peak centered at 1620 cm™1) are reported in Table 1. The FTIR-ATR spectra all
show a progressive decrease in the acrylic peak intensity. This phenomenon is well-known
in photopolymerization reactions [17,65,66] and attributable to the radical chain growth
polymerization reaction. It is evident from the conversion curves that the addition of
ceramic particles to the resin causes a drastic inhibition of photopolymerization. In fact, the
pristine resin achieves a final conversion above 80%, whereas the formulations containing
ceramic powders (either BM or BMC) achieved a conversion of about 60%. This result
was expected: the presence of ceramic particles is known to cause scattering phenomena,
thus preventing the UV energy from being fully exploited. Furthermore, when comparing
the two ceramic slurries with the same particle content, the formulation containing BM
powder achieves a higher final conversion. This trend can be appreciated from the lowest
irradiation times: indeed, at 60 s, the BMC-filled resin exhibits a 20.8% conversion rate,
less than half that of the corresponding BM resin (45%), which is closer to the value of
the unfilled resin (50.7%). Prolonging the exposure up to 360 s, the photopolymerization
reaction shows a higher progression for the BM slurry than BMC (64.7 vs. 55.9%), although
these values are comparable.
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Figure 7. FTIR-ATR measurements for blank resin (a,d) and BM (b,e) and BMC (c,f) slurries for
different irradiation times.

Table 1. Conversion percentage of blank resin and BM and BMC slurries with respect to the irradiation
time applied during FTIR-ATR measurements.

Conversion (%)

UV Irradiation (s) Blank Resin BM BMC
. 0 0.0 0.0
60 50.7 450 208
120 69.8 562 527
180 785 615 412
240 80.5 63.8 46.0
300 81.2 66.6 54.0
360 83.9 67.4 259

https:/ /doi.org/10.3390/ceramics9020011


https://doi.org/10.3390/ceramics9020011

Ceramics 2026, 9, 11

12 of 21

Furthermore, the same analysis was performed for ball-milled powders without sinter-
ing aid and no differences with respect to BMC were highlighted (Figure S2). The slightly
different behavior in terms of conversion rate between the slurries containing BM and
BMC could in fact be related to the surface differences between the two powders and their
interaction and distribution in the polymeric matrix. The BM slurry in fact introduces
additional -OH groups than those already present in the pristine resin. The presence
of the hydroxyl functional groups on the surface of the BM particles gives them greater
hydrophilicity than BMC ones, enhancing their wettability by the acrylic resin, which is
characterized by pendant polar groups able to form -H bonds with -OH groups on the
ceramic surface [67]. It was then proved that hydroxyl-containing acrylate promotes a
faster activated monomer mechanism, resulting in increased resin conversion [68]. Thus,
polymerization chain reactions proceed with less difficulty in the BM slurry than in the
BMC slurry, where ceramic particles scatter UV light, preventing the chain reactions from
proceeding. Despite that no relevant differences are highlighted in the curing depth tests,
the higher conversion tendency of BM may cause overcuring and consequent embrittle-
ment of the polymeric matrix, enhancing crack formation and propagation in printed
bodies [69-71]. This is proposed as a possible explanation of the defects observed in BM
samples, as will be explained in the following. On the other hand, the lower BMC con-
version has no significant effect on the printability of the slurry; in fact, as seen above,
the curing depth values are similar to the results obtained using the UV projector of the
Admatec 3D printer (Admaflex 130, Admatec Europe BV, Alkmaar, The Netherlands), if
not slightly better for BMC. A good degree of light curing is necessary to ensure sufficient
adhesion between the layers to complete the printing job, which was achieved for both
slurries. However, this is not sufficient to guarantee good ceramic body quality in both
cases, as we shall see below, as this also depends on the interaction of the ceramic particles
with the resin.

The FTIR-ATR technique is a very useful technique for understanding the interaction of
UV radiation with the slurry and, in particular, with the photosensitive phase; nevertheless,
the differences with the instrumentation used for the additive shaping process must be
considered. Specifically, on the one hand, in the Admatec Admaflex 130 3D printer, the
slurry was spread onto the film with a thickness of 125 pm, while the printer was set
to photopolymerize layers of 30 um; on the other hand, the sample analyzed by FTIR-
ATR was only 32 um thick. Furthermore, for FTIR-ATR a UV lamp with an energy of ca.
75 mW /cm? and working wavelength of 385 nm was employed, while the UV source for
DLP additive manufacturing operates at 405 nm, irradiating at 17.09 mW/cm? for 1.5 s. In
any case, FTIR analyses on the BM and BMC as-printed samples (Figure S3) also confirm
a higher conversion for BM, but tests on photosensitive slurries are not comparable with
as-printed composite bodies, especially after water debinding, since the latter ones reach a
significantly higher conversion degree.

3.3. Printed Samples Characterization

Samples additively manufactured from BM slurry showed low superficial quality
and delamination after water debinding, in both the geometries realized (Figure 8, top).
In particular, water penetration is responsible for the swelling on the surface (Figure 8A)
and delamination cracks between the layers (Figure 8B,C). It was indeed observed that
delamination did not occur for samples left in air. Nevertheless, water debinding cannot
be avoided since it is a crucial step for the development of the final ceramic part: indeed,
an efficient debinding process starts from the removal of uncured resin and soluble com-
ponents. Samples obtained in the printing job performed using slurry with BMC powder
(Figure 8D) did not show the defects of the previous samples. In fact, even after water
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debinding, no significant layer detachment phenomena were highlighted from optical
microscopy (Figure 8F). Thus, the main goal was successfully achieved: delamination was

almost totally avoided using calcined mullite powders to manufacture ceramic samples
by DLP.

Figure 8. As-printed mullite samples (after water debinding), shaped by DLP using slurries with BM
(up) and BMC (down) ceramic powders: pictures from the top (x-y plane, (A,D)), pictures (B,E), and
optical micrographs (CF) of the side (z-x plane).

In Figure 9, FESEM micrographs of the as-printed samples after water debinding are
shown; despite that in both cases the light-curing process was effective, BM samples are
damaged while the better microstructural quality of the BMC samples is highlighted in
terms of both homogeneity and ceramic powder embedding. To definitely exclude the pos-
sibility of an artifact, different samples from equivalent printing jobs were analyzed and the
reproducibility of the different BM (Figure 9A-C) and BMC (Figure 9D-F) microstructures
was confirmed.

Figure 9. FESEM micrographs of as-printed mullite samples (after water debinding), shaped by DLP
using slurries made with BM (A-C) and BMC (D-F) ceramic powders.

On the BM fracture surface, voids with an approximately circular shape occur
(Figure 9A—C). The same porous microstructure was also observed in samples before
water debinding. The nature and cause of the voids were then investigated. In Ref. [72], the
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authors demonstrated that a proportion of sub-micron particles of at least 50% is needed
to reduce direct contact between bigger particles and to favor the formation of necks dur-
ing sintering. This particle grading also reduces pores between the printed layers in vat
photopolymerized 3D-printed SiC powders. However, the particle size distributions of the
BM and BMC powders were very similar, as well as the viscosity value at 160 s~*; thus,
the origin of these defects is different. In addition, the presence of powder agglomerates
and voids allows the laser beam to penetrate deeper and increase the curing depth [73], but
this is not the case in this work as similar curing depths were reached with both powders
(Figure 5).

The voids already affected the BM microstructure before water debinding, meaning
that they are related to the slurry mixing and printing steps. Assuming a good efficiency
of the degassing step and the absence of air bubbles in the slurry, the porous structure is
probably caused by the presence of Mg(NO3),-6H,O added to mullite powders during
ball-milling. To prove it, the salt was directly mixed with the resin, and persistent granules
of Mg(NOj3),-6H,O were observed in the monomeric phase. This confirmed the insolubility
of this highly hygroscopic salt in the commercial acrylate-based photosensitive resin, which
was as expected given the hydrophobic nature of the latter [74]. After curing, water debind-
ing overnight, and drying, it showed the insurgence of pore cavities absent in the resin itself
(Figure 10). Indeed, the cured samples made of the resin added with nitrate (Figure 10A—C)
showed the same circular cavities than the as-printed ceramic body (Figure 9A-C), while no
microstructural porosity occurred with the resin itself (Figure 10D-F). Furthermore, since
Mg(NO3),-6H,0 is known to be deliquescent, it leads to water vapor molecules adsorption
from the atmosphere on the grain powder [75], causing undesired damage of the printed
body [76]. The presence of chemisorbed hydroxyls on the surface of ceramic oxides favors
the adsorption of a first layer of physiosorbed immobile water molecules followed by a
second and a third layer of weakly bound and more mobile molecules with the increase in
relative humidity [77]. In the case of porous materials, water condensation is also possible
in the capillary-like pores between grains [78], considering the possible agglomeration of
the powder observed during rheological measurements. However, the humidity in the
room was controlled during the printing step by means of a dehumidification system;
therefore, the formation of a liquid film on the surface of grain powders could only occur
during the mixing step. Furthermore, since Mg(NO3);-6H,O increases ceramic particles’
hydrophilicity, it can also promote the formation of Si-O-C bonds with a dispersant (BYK
103) that are easily hydrolyzed in the presence of moisture, causing a weak interface with
the resin and thus favoring water penetration during debinding [67]. As a result, in BM
3D-printed samples during water debinding, water flaws are more prone to propagate due
to water penetration in this weak porous microstructure rich in circular voids, resulting in
delamination, cracks, and surface bubbles formation, as shown in Figure 8 [16]. Indeed, the
debinding steps, both in water and during the subsequent thermal treatment, are crucial,
as they must ensure a controlled and gradual decomposition and removal of the resin to
prevent the formation of defects and internal cracking [79,80].

In contrast, BMC mullite is less affine to water, resulting in a clearly more homo-
geneous microstructure after water debinding (Figure 9D). BMC particles are efficiently
embedded in the polymerized polymeric matrix (Figure 9E), resulting in a good-quality
interface (Figure 9F). These improvements are provided despite the agglomeration caused
by calcination. As previously highlighted, a coarser particle size distribution limits UV light
scattering but it may lead to less efficient packing and sintering behavior; at the same time,
larger particles tend to form agglomerates more easily. Despite that, the slight enlargement
of BMC particle size distribution compared to BM does not significantly promote agglom-
eration in the resin, as proven by FESEM micrographs. However, calcination allows the
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removal of -OH groups from ceramic particles surface, reducing their hydrophilicity; in this
way, the resin—particle interface is improved and a better embedding in the polymerized
matrix is ensured, thus preventing interface damage by water. The diffusion driving force
of the water-soluble components of the resin is limited and the water debinding step is

more progressive, limiting microstructural defects.

Figure 10. FESEM micrographs of UV-cured layers (after water debinding) of resin with magnesium
nitrate hexahydrate (A—C) and without (D-F).

Table 2 shows the density and porosity values for the as-printed and sintered bod-
ies. Differences between the BM and BMC printed bodies” geometrical densities are not
significant: taking the error bars into account, both achieve composite density values of
around 60% compared to the theoretical density, and around 40% considering only the
ceramic phase. These results are in accordance with the similar conversion rates reported
in Table 1. However, comparing as-printed samples without and with water debinding, a
slight but significant reduction in density can be seen in the BM samples after water de-
binding. This result confirms a higher amount of water-soluble resin components removed
from BM samples, where the driving force of water debinding and water penetration is
more important due to the highly porous microstructure and higher hygroscopicity of the
powders. The final sintered densities definitively highlight the preferable characteristics of
the BMC samples: at the same sintering temperature (1450 °C), they achieve a geometric
density approximately 18% higher than the corresponding BM samples, as evidenced too
by the reduction in the internal porosity (closed porosity approx. 8% vs. 14%, respectively,
for BMC and BM). From an application-oriented perspective, these differences are highly
relevant. For MOF-functionalized CO;-capture monoliths, high open porosity is required
to ensure efficient MOF deposition and gas transport, whereas closed porosity is ineffective
and even detrimental because it reduces the accessible internal volume [39,41-43]. In this
context, the BMC samples, which reach a geometric density of ~59%, limiting the closed
porosity to ~8%, fall within the typical range of 35-45% reported for porous mullite sup-
ports [39,41-43]. Their significantly lower closed porosity indicates that a larger fraction
of the pore volume is open and interconnected, which is expected to improve both MOF
loading and gas permeability. Therefore, beyond eliminating large defects, calcination
promotes a more application-oriented pore architecture, enhancing the suitability of the
printed mullite substrates for CO, capture, sensing, and related applications.
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Table 2. Values of geometrical density and closed porosity percentage for 3D-printed samples (in the
as-printed and sintered form) realized with BM and BMC slurries.

BM BMC
In air dgeom (%) * 628 £1.0 59.1£25
After water o
As-printed debinding dgeom (%) * 60.0 £1.0 58.1+41
In respect to the o/ %
ceramic phase dgeom (%) 421+12 401 £27
dgeom (%) * 50.2£1.9 59.3£53

intered
Sintere Closed porosity (%)  13.9+2.9 77+41

* [S/STH X 100].

Sintered parts were observed by the FESEM technique (Figure 11). From the micro-
graphs of the BM printed bodies (Figure 11A,B), it is possible to see significant delamination
phenomena in several areas of the sample. Coherently with data shown in Table 2, the
magnification in Figure 11C displays a highly porous microstructure where the printing
layers are not clearly visible due do the presence of a relatively high amount of internal
porosities. Thus, the weak interface of mullite particles and the resin results in a flawed
microstructure of the final ceramic bodies. Once again, the advantages of using calcined
mullite powders are confirmed. In fact, microstructural defects are almost completely elim-
inated in BMC samples (Figure 11D-F). Still some signs of interlayer delamination occur
(Figure 11D); thus, the next developments need to study the proper strategies for further
improvements. The remaining defects are probably due to a suboptimal choice of printing
parameters: an increase in the irradiating energy may improve layer adhesion; in other
words, a higher LED power and/or exposure time is recommended for future printing jobs
with BMC. Alternatively, the increase in the photoinitiator will promote the same scope. To
further enhance the structural integrity of the printed bodies, other strategies can also be
envisaged as future directions. These include the optimization of the thermal debinding
protocol, lowering the heating ramps to minimize internal stress during binder pyrolysis.
Finally, the use of a different dispersant may help in achieving better particle packing and

stronger resin—ceramic interactions.

Figure 11. FESEM micrographs of sintered mullite samples, shaped by DLP using slurries with
BM (A—C) and BMC (D-F) ceramic powders.
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Despite the need for further improvements, the micrographs confirm the density
data and show a more homogenous and dense sintered body for BMC (Figure 11D), in
accordance with the values collected in Table 2. The higher density and lower closed
porosity of BMC samples are expected to result in improved mechanical integrity compared
to BM samples. However, the benefits in terms of mechanical properties need to be proven
with compressive and flexural tests; thus, further printing jobs will focus on the fabrication
of proper test specimens with standard sizes and shapes. Mechanical characterizations
are beyond the scope of the present work, which demonstrated the benefits of calcination,
highlighting a clear microstructural improvement obtained with BMC powders.

4. Conclusions

The effect of calcining mullite powder was studied with the aim of improving the
quality of ceramic samples produced additively using the DLP technique.

Mullite powder was added with magnesium nitrate hexahydrate, as a precursor to the
sintering aid MgO (1 wt%), and was characterized following ball-milling and calcination.
The two powders are compositionally equivalent, while the slight aggregation during
calcination is visible from the FESEM micrographs and results in an increase in particle
size (Dsg of 2.4 and 4.4 um for BM and BMC, respectively). Transmission-mode FTIR
analysis revealed the presence of -OH groups on BM powder, introduced by magnesium
nitrate hexahydrate and removed during calcination. This affected the properties of the
respective ceramic slurries (both made with a solid load of 69% and 5% of a dispersant),
primarily the rheological ones. In fact, the slightly higher viscosity of the BM slurry is
indicative of a higher interaction between the ceramic particles, due not only to the slightly
finer grain size, but also to the presence of surface -OH groups. However, both slurries
exhibited a viscosity at an operating shear rate of 160 s~!, compatible with DLP (2.03 and
1.31 Pa-s for BM and BMC slurry, respectively). From the curing depth tests, the average
thickness of the BMC layers was comparable to BM; more specifically, at the operating
energy window used in the printing jobs (about 25.6 mJ/cm?), BMC displays slightly higher
curing depth. The higher amount of -OH on the BM slurry promotes a polymerization
reaction, resulting in a slightly higher conversion compared to BMC (67.4% vs. 55.9%): in
both cases, the photopolymerization degree guarantees DLP manufacturing. However,
the highly hygroscopic Mg(NO3),-6H,0, added during ball-milling as precursor of the
sintering aid MgO, makes the ceramic particles’ surface poorly wettable in contact with the
hydrophobic resin; consequently, the insurgence of important spherical cavities occurs in
the microstructure of BM as-printed samples. Furthermore, the weak interface between
BM and the resin is easily damageable by water penetration during water debinding. This
is confirmed by the slightly higher water-soluble portion of resin removed from BM after
water debinding, with a decrease in as-printed body density by about 2% respect to BMC.
BM ceramic bodies showed clear signs of surface swelling and of interlayer delamination
already in the as-printed form, which were exacerbated following the thermal debinding
and sintering processes. In contrast, the calcination process allowed us to remove the -OH
group from the ceramic surface, decreasing the powder’s hygroscopicity. Thus, in BMC
samples, calcined powders were probably better dispersed into the polymer matrix, and
the microstructure of the as-printed BMC samples was clearly more homogenous. Indeed,
the density of the final sintered samples definitively highlighted the advantages provided
by calcined mullite powders: at the same sintering temperature (1450 °C), BMC samples
achieved higher geometric density compares to BM samples (respectively, ca. 60% vs. 50%
compared to the theoretical density of mullite). Consequently, the FESEM micrographs
of sintered bodies displayed dramatic delamination and highly porous microstructure in
BM samples. On the other side, microstructural defects were almost eliminated in BMC

https:/ /doi.org/10.3390/ceramics9020011


https://doi.org/10.3390/ceramics9020011

Ceramics 2026, 9, 11 18 of 21

samples, which clearly appeared more homogenous and denser. Further developments will
require flexural and compressive tests to prove the effect on mechanical properties. Some
signs of interlayer delamination still occurred, which can be mitigated in the future with
different possible strategies (a deeper optimization of printing parameters, formulation, or
thermal treatments). However, the resulting denser and more homogeneous microstructure,
with reduced closed porosity, is expected to improve the functional performance of the
printed bodies in applications such as CO; capture, sensors, and refractory supports. The
current work provides evidence of the advantages obtained with the calcination of mullite
powders and of the importance of a careful selection of the sintering aids employed in DLP
ceramic manufacturing.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ceramics9020011/s1, Figure S1: FTIR patterns of mullite powders’
ball-milled form with (green curve) and without the sintering additive (pink curve), and the sintering
additive itself (magnesium nitrate hexahydrate, blue curve); Figure S2: ATR-FTIR measurements
for ceramic slurry realized with mullite powders ball-milled without Mg(NO3)2-6H,0O additive;
Figure S3: FTIR measurements of as-printed bodies after water debinding and drying. Comparison
between samples realized with ball-milled (BM, green curve) and calcined (BMC, orange curve)
mullite powders.
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