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Abstract: This study aims to enhance the mechanical properties of additively manufactured poly-
mer parts by incorporating ceramic particles (SiO;) into diluted urethane methacrylate (UDMA)
photopolymer resin using digital light processing (DLP) technology. The resulting PUMA /SiO,
composites, featuring varying SiO; contents (16.7, 28.5, and 37.5 wt%) and processed under different
conditions, underwent a comprehensive series of mechanical, thermal, and chemical tests. Hardness
tests showed that composites with 37.5 wt% SiO, demonstrated superior hardness with low sensitiv-
ity to processing conditions. Bending tests indicated that elevated vat temperatures tended to degrade
flexural properties, yet this degradation was mitigated in the case of the 37.5 wt% SiO, composition.
Tensile tests revealed a transition from viscoelastic to linear elastic behaviors with increasing SiO,
content, with high tensile strength sustained at low vat temperatures (<35 °C) when the SiO; content
exceeded 28.5 wt%. Thermogravimetric analysis supported these findings, indicating that increased
SiO; content ensured a more uniform dispersion, enhancing mechanical properties consequently.
Thermal tests showed augmented thermal conductivity and diffusivity with reduced specific heat
in 5iOy-inclusive composites. This study provides guidelines for optimal PUMA /SiO, composite
utilization that emphasizes high SiO, content and low vat temperature, offering comprehensive
insights for high-performance ceramic composite fabrication in functional applications.

Keywords: additive manufacturing; ceramic 3D printing; digital light processing (DLP); polymer-
matrix composites (PMCs); silica composites

1. Introduction

Ceramic materials offer versatile advantages, including high mechanical strength and
rigidity, wear resistance, and thermal and chemical stability, as well as thermal and electrical
insulation capabilities. Despite these valuable properties, the mechanical machining of
ceramic components is challenging due to their extreme hardness and brittleness, limiting
their ability to be fabricated into complex 3D shapes [1]. Instead, the manufacturing of
ceramic components with complex geometries typically involves employing a combination
of ceramic powders and liquid binders. The resulting ceramic feedstock mixture (slurry)
is then shaped using conventional manufacturing technologies such as injection molding,
compression molding, tape casting, etc. [2]. The formed green ceramic parts undergo
debinding and sintering processes to remove binders and achieve fusing and densification
of ceramic powders [3].

Recent advances in three-dimensional (3D) printing, also known as additive manu-
facturing (AM), have propelled the fabrication of ceramic components with complex 3D
shapes [4]. Various AM technologies, including binder jetting (BJ), powder-bed fusion
(PBF), material extrusion (ME), and vat-photopolymerization (VP) processes, have been
employed in the fabrication of 3D ceramic components [5]. The B] process selectively sprays
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a liquid binder solution onto a layer of ceramic powders through an array of microscale
nozzles, building layerwise ceramic green parts [6-9]. The PBF process, also known as
selective laser sintering, uses a high-power laser beam to selectively irradiate the surface
of the target ceramic powders for selective heating and sintering [10-13]. The ME process,
also referred to as fused deposition or fused-filament fabrication process, achieves AM by
extruding a heated thermoplastic filament through a narrow nozzle [14]. This process has
been employed in ceramic AM by preparing a composite filament that contains ceramic
particles [15-18].

The VP-type AM method can be categorized into the stereolithography (SL) and
digital light processing (DLP) processes based on the light source type [19]. These VP
processes construct a 3D object by selectively irradiating UV light on liquid photopolymer
resin. In the SL process, a UV laser is employed to scan the liquid resin in the vat along
predefined laser paths [20]. This technique has been widely applied in the AM of ceramic
components [21-24]. On the other hand, the DLP process uses a digital projector to irradiate
UV light for a sectional image onto the liquid resin surface [25] and has also been utilized
in the AM of various ceramic components [26-28].

Previous studies have demonstrated that the DLP process offers advantages in terms
of high manufacturing speed as it cures the entire layer simultaneously [29], while the
SL process requires a longer printing time to scan and irradiate the predetermined laser
paths [30]. Capitalizing on this advantage, the DLP process has been recently employed in
the additive manufacturing of versatile ceramic components, including microcellular struc-
tures [31-35] and biomedical applications [36,37]. These studies commonly incorporated
the debinding and sintering processes following the AM process to transform green parts
(i.e., polymer-ceramic composites) into pure ceramic components.

The primary objective of this study is to improve the mechanical properties of ad-
ditively manufactured polymer-matrix composites through the incorporation of ceramic
particles. Specifically, silica (5i0;) powders were integrated into diluted urethane methacry-
late (UDMA) photopolymer resin to enhance mechanical performance. While prior research
has addressed the enhancement of silica-based ceramic composites [21,38-40], those studies
have predominantly focused on the SL-type AM process. In contrast, this study employs
the DLP-type AM process for the rapid fabrication of ceramic composites, with a particular
emphasis on exploring the associated processing conditions and their impact on mechanical
and thermal properties.

The additively manufactured ceramic composites with varying SiO, contents, denoted
as PUMA /SiO,, then underwent comprehensive analyses to evaluate their mechanical and
thermal properties. To assess the reinforcement effect on mechanical properties correspond-
ing to the inclusion of SiO,, a series of mechanical tests encompassing hardness, bending,
and tensile tests were systematically conducted. Additionally, a meticulous exploration of
the alterations in thermal properties of the PUMA /SiO, composites was carried out through
thermal diffusivity tests and thermogravimetric analysis (TGA). Through comprehensive
analyses of these test results, this study systematically investigates PUMA /SiO; composites
with varied SiO, contents and processing conditions, elucidating the distinct effects of
ceramic reinforcement in DLP-type AM and offering guidelines for optimal utilization of
PUMA /SiO; composites.

2. Materials and Methods
2.1. Materials

As a base resin, diluted urethane methacrylate (UDMA) photopolymer (CUKCS08,
Carima Inc., Seoul, Republic of Korea) was used. The photocurable resin was formulated
for deployment in a DLP-type AM, which was optimized for UV curing at a wavelength of
405 nm. A photoinitiator (TPO, Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide, IGM
Resins, Waalwijk, The Netherlands) was introduced to facilitate appropriate photocuring.

The resulting product after photocuring is denoted as polymerized urethane methacry-
late (PUMA).
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Spherical silica (S5iO;) powders with silane surface treatment were employed as ce-
ramic particles in this study. These ceramic powders have a median diameter of 1.5 um
and specific surface area of 3—5 m?/g. Their density, thermal diffusivity, and conductivity
are 2.07 g/cm3, 0.71J/g-K, and 1.43 W/m-K, respectively. The sintered part using the SiO,
powders is known to have a compressive strength of 325.2 MPa [41] and a flexural strength
of 48.7 MPa [42].

In the preparation of ceramic slurry, SiO, particles were blended with UDMA resin in
varying weight ratios of 100:20, 100:40, and 100:60. Considering that the density of SiO,
particles is 2.07 g/cm?, the resulting weight fractions for the three weight ratios become
16.7 wt%, 28.5 wt%, and 37.5 wt%, respectively. The amalgamation of UDMA resin and
varying ratios of SiO, powder was carried out utilizing a Thinky defoam mixer (ARM-310,
Thinky, Laguna Hills, CA, USA), as depicted in Figure 1a, operating at 2000 rpm for 10 min.
Subsequently, three compositions of UDMA /5iO, composite resins were prepared for the
DLP-type AM process.
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Figure 1. Additive manufacturing of PUMA /SiO, composites: (a) preparation of UDMA /SiO,
composite resin, (b) DLP-type 3D printer equipped with a temperature-controlled vat, and (c) pho-
topolymerization of PUMA /SiO, composite.

2.2. Additive Manufacturing

A DLP-type 3D printer (IMC, Carima Inc., Seoul, Republic of Korea) was utilized to
additively manufacture PUMA /SiO, composites. This printer is furnished with a UV lamp
emitting light at a wavelength of 405 nm and is equipped with a high-definition digital
micromirror device (DMD) chip boasting a resolution of 1920 x 1080 pixels. Notably, the
resin vat is integrated with a temperature control unit, as depicted in Figure 1b. The layer
thickness was configured at 50 pm, and the irradiation time per layer was set at 2.0 s. The
vat temperature was varied within the range of 25 to 45 °C, with the reference temperature
established at 35 °C.

The additively manufactured ceramic composites were subjected to a cleaning process,
which involved the use of a solution of 70% ethanol and isopropanol (IPA) within an
ultrasonic cleaning machine (Ultra 200H, Sinhan-Sonic Co., Incheon, Republic of Korea).
Following the cleaning procedure, the composites underwent an additional curing step
using a UV-curing machine (CL300Pro, Carima Inc., Republic of Korea) operating at a
wavelength of 405 nm. During the postcuring process, the light density was adjusted to
110 mW/cm?, and the curing time was varied within the range of 90 to 150 s, with the
reference condition being set at 120 s. Following these AM and subsequent processes, the
UDMA /SiO; composite resin was fully polymerized, resulting in the fabrication of the
PUMA /SiO; composite, as illustrated in Figure 1c.
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2.3. Rheological Test

Viscosities of four distinct UDMA /SiO, composite resins, including UDMA, were
quantified using a viscometer (DV-1M, Brookfield, WI, USA). The viscosity assessments
were conducted at three different vat temperatures (25 °C, 35 °C, and 45 °C) employing
a heated water bath on a hot plate equipped with a magnetic bar. For each temperature
condition, viscosities were measured by incrementally varying the spindle speed up to
60 rpm.

2.4. Mechanical Tests

To access the mechanical properties of the additively manufactured PUMA /SiO; com-
posites across varying SiO, concentrations and processing conditions, various mechanical
tests were conducted including hardness, bending, and tensile tests. For the hardness test,
Shore D hardness values of printed samples were measured using a Shore hardness tester
(LXD-A, Wenzhou Sanhe Measuring Inc., Wenzhou, China).

In the bending test, bending specimens with dimensions of 80 x 10 x 4 mm were
designed following the ISO 178 standard [43]. The bending specimens were additively
manufactured in a flat position, aligning the thickness direction with the z-direction. Bend-
ing tests were conducted using a universal test machine (NA-2M, Nanotech, Gimhae-si,
Korea) at a deformation rate of 2 mm/min. The flexural modulus (Ey) and strength (0y)
were calculated using the following equations:

PL3

B = oo M
3PL

7T b ?

where P is the critical force, L is the span length, b is the beam width, d is the beam thickness,
and v is the beam deflection.

For the tensile test, specimens were designed following the ASTM D638 type IV
standard [44]. Similarly to the bending specimens, the tensile specimens were fabricated
in a flat position. Tensile tests were performed using a universal test machine (NA-2M,
Nanotech, Korea) at a deformation rate of 1 mm/min. These tests were systematically
carried out on five specimens for various combinations of composite weight fractions and
processing conditions.

2.5. Thermal Tests

To access the thermal properties of PUMA /SiO, composites across varying SiO, con-
centrations, thermal diffusivity tests were conducted using a laser flash analyzer (Netzsch
LFA 467 HT, Netzsch-Gerdtebau GmbH, Selb, Germany) following the ASTM E1461 stan-
dard [45]. The device is equipped with a xenon flash lamp, a liquid nitrogen-cooled InSb IR
detector, and furnaces. The test samples were additively manufactured with a dimension
of 10 x 10 x 1 mm, under the conditions of 35 °C vat temperature and 150 s postcuring.
Through the thermal diffusivity tests, various thermal properties including thermal diffu-
sivity («), thermal conductivity (k), and specific heat (Cy) were obtained. These properties
are related by the following equation:

k

X = —
pCp

©)

where p is the bulk density of the PUMA /SiO, composites.

To evaluate the thermal stability of PUMA /SiO, composites, thermogravimetric anal-
ysis (TGA) was conducted. Samples with different SiO, contents were prepared by cutting
PUMA /SiO; specimens into 10 mg pieces. The experiments were carried out using a ther-
mal analysis system (DTG-60H, Shimadzu, Kyoto, Japan) with a heating rate of 10 °C/min
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under nitrogen conditions, spanning a temperature range from 30 °C to 550 °C. The flow
rate of hot air was maintained at 60 mL/min.

2.6. Other Characterizations

The apparent densities of PUMA /SiO; composites were determined by measuring the
dimensions and mass of the bending specimens for various SiO; contents. The dimensions
of the bending specimen were measured using a digital Vernier caliper with a resolution
of 0.01 mm (H500-20, Mitutoyo Co., Kanagawa, Japan). The mass of the specimen was
measured using a digital scale with a resolution of 0.01 g (CJ-320E, CAS Co., Ltd., Seoul,
Republic of Korea).

To analyze the dispersion characteristics of SiO; particles in the UDMA resin, a field-
emission type scanning electron microscopy (SEM-Vega3, Tescan, Brno, Czech Republic)
was employed with a magnification of 3000. The specimens for the SEM analyses were
obtained from the broken faces of the tensile specimens.

For the analysis of the chemical compositions of PUMA /SiO, composites with varying
5i0O; contents, Fourier transform infrared spectroscopy (FI-IR) was carried out. Infrared
spectra were acquired using an FI-IR spectrometer (Cary 630 FIIR, Agilent Technologies,
Santa Clara, CA, USA) equipped with a diamond attenuated total reflectance (ATR) accessory.

3. Results and Discussion
3.1. Additive Manufacturing of PUMA/SiO, Composites

For the basic characterization of additively manufactured PUMA /SiO; composites,
bending and tensile specimens were fabricated using the DLP-type AM process with
various SiO, contents. In the AM process, the vat temperature and postcuring time were
set to 35 °C and 150 s, respectively. Table 1 presents detailed information on the printed
bending specimens, including the measured volume, mass, and density values. The
measured density values of the PUMA /SiO, composites increase with the rise in SiO;
content, consistent with the higher density of SiO, powders (2.07 g/cm?).

Table 1. Comparison of volume, mass, and density values of PUMA /SiO, composites.

SiO; Content Volume (cm?) Mass (g) Density (g/cm®)
0 wt% 3.174 £ 0.009 3.483 £ 0.005 1.097 £ 0.002
16.7 wt% 3.168 £ 0.013 3.748 £ 0.014 1.183 + 0.002
28.5 wt% 3.138 + 0.138 4.045 £ 0.006 1.289 + 0.006
37.5 wt% 3.170 £ 0.006 4.204 £ 0.019 1.326 + 0.004

Figure 2 displays photographs of the additively manufactured bending specimens.
To examine the effect of photocuring on the appearance, as-printed specimens without
postcuring are illustrated in Figure 2a. Whereas the PUMA sample (i.e., 0 wt%) is par-
tially transparent, the PUMA /SiO; composites containing SiO, particles appear white,
signifying that the inclusion of SiO; particles diminishes the transparency of the PUMA
photopolymer. Figure 2b shows additively manufactured bending specimens after 150 s
postcuring, revealing a color shift from white to beige. This observation suggests that
additional photocuring induces a color change in PUMA /SiO, composites.

Figure 3a—d represent the SEM images of the PUMA /SiO; composites with SiO;
contents of 0, 16.7, 28.5, and 37.5 wt%, respectively. While Figure 3c,d exhibit uniform
dispersions of SiO; particles, Figure 3b shows relatively non-uniform dispersion compared
to the other composites. This indicates that a low SiO; content, specifically 16.7 wt%, as
shown in Figure 3b, induces a non-uniform particle dispersion during the blending of SiO,
particles and subsequent printing processes.
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0 wt%

16.7 wt%

28.5 wt%

Figure 2. Photographs of additively manufactured PUMA /SiO, composites with different SiO,
contents: (a) as-printed specimens without postcuring and (b) additionally cured specimens after

150 s postcuring.
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Figure 3. SEM images of the PUMA /SiO, composites with different SiO, contents: (a) 0 wt%,
(b) 16.7 wt%, (c) 28.5 wt%, and (d) 37.5 wt%.

3.2. Rheological Test Results

Figure 4 illustrates the viscosity profiles of the UDMA /SiO, composite resins with
variations in spindle speed and resin temperature. The viscosity of the UDMA /SiO,
composite resin exhibited an upward trend with escalating SiO, weight percentage, as
delineated in Figure 4a—c. Notably, the viscosity of the UDMA /SiO, composite resin, with
5i0; constituting up to 37.5 wt%, demonstrated minimal variation in response to changes
in spindle speed. This observation is indicative of a prevailing Newtonian behavior [46].
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Figure 4. Rheological test results of additively manufactured UDMA /SiO;, composites under various
vat temperatures: (a) 25 °C, (b) 35 °C, (c) 45 °C, and (d) comparison of viscosity value at a rotational
speed of 60 rpm.

Figure 4d presents the viscosity profiles of various composite resins in response to a
temperature increase. The viscosity of the composite resin exhibited a decline with rising
temperatures from 25 °C to 45 °C. Notably, the viscosity of UDMA /SiO, resin with higher
SiO; contents dramatically decreased from 1040 to 197 cps, in comparison to the UDMA
resin. In the context of DLP printing, the viscosity of the composite resin is a critical
parameter. Accordingly, excessively high viscosity has the potential to hinder the proper
spreading of the resin after UV curing in the resin vat, leading to the formation of void
spaces, and, ultimately, printing failure. It is worth highlighting that all the composite resins
investigated in this study remained printable; the viscosity values for all UDMA /SiO,
resin formulations were below 1140 cps, which is considered relatively low viscosity within
the context of DLP printing systems [47]. This ensures that the composite resins maintain
suitable flow characteristics for effective printing without encountering issues related to
excessive viscosity.

3.3. Mechanical Test Results
3.3.1. Hardness Test Results

Figure 5 illustrates the measured hardness values of additively manufactured PUMA /SiO,
composites at different SiO; contents. In this context, 0 wt% signifies the PUMA sample
without the inclusion of SiO,, and each graph depicts hardness values with different vat
temperatures and postcuring times. Generally, the hardness of PUMA (i.e., 0 wt% case)
exhibits an increasing trend within the range of 86D to 89D, corresponding to elevated
vat temperature and postcuring time. In the case of PUMA /SiO, composites, hardness
values increased within the range of 87D to 92D as the SiO, content increased. Notably,
PUMA /SiO; composites with a 37.5 wt% SiO, composition exhibit superior hardness
values between 90D and 92D with less sensitive responses to the vat temperature and
postcuring time. These findings imply that a higher SiO, content imparts reduced sensi-
tivity of hardness to variations in processing conditions. Conversely, lower SiO, contents
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necessitate more extended postcuring times, exceeding 120 s, to achieve optimal hard-
ness characteristics.
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Figure 5. Hardness values of additively manufactured PUMA /SiO; composites with different SiO,
contents: (a) 0 wt%, (b) 16.7 wt%, (c) 28.5 wt%, and (d) 37.5 wt%.

3.3.2. Bending Test Results

Figure 6 depicts the measured flexural modulus values of PUMA /S5iO, composites
across varying SiO, contents. Generally, an increasing trend is observed in the flexural
modulus with higher SiO; contents. While the postcuring time shows a positive influence,
the magnitude of improvement is relatively modest compared to other parameters. In
contrast, the vat temperature exerts a notable negative impact on the flexural modulus,
with all specimens exhibiting the highest values when subjected to a 25 °C temperature.
Notably, PUMA /SiO;, composites with a 37.5 wt% SiO, composition exhibit the lowest
deviation for different vat temperatures, ranging between 3983 and 4459 MPa, as depicted
in Figure 6d. Compared to the results of the PUMA sample in Figure 6a, which fall between
1947 and 3163 MPa, these findings imply that a higher SiO, content imparts an enhanced
flexural modulus with reduced sensitivity to variations in processing conditions.

Figure 7 presents the measured flexural strengths of PUMA /SiO, composites across
varying SiO, contents. Overall, the flexural strength exhibits a subtle increasing trend
with higher SiO; content and postcuring time. Similar to the observations in Figure 7,
the vat temperature demonstrates a negative influence on flexural strength, with the
specimens achieving the highest values at a 25°C vat temperature. This degeneration is
particularly pronounced in the case of the PUMA sample, as highlighted in Figure 7a.
Despite the positive impact of higher vat temperatures on viscosity improvement, this
degradation in both flexural modulus and strength is attributed to increased viscosity,
causing non-uniform dispersion of SiO, powders in the UDMA resin and resultant stress
concentration. In contrast, PUMA /SiO, composites with a 37.5 wt% SiO, composition
exhibit the lowest deviation across different vat temperatures (Figure 7d), indicating that
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the 37.5 wt% SiO, content ensures the highest flexural strength with the minimal sensitivity
to vat temperature variation.
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Figure 6. Flexural moduli of additively manufactured PUMA /SiO, composites with different SiO,
contents: (a) 0 wt%, (b) 16.7 wt%, (c) 28.5 wt%, and (d) 37.5 wt%.
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Figure 7. Flexural strengths of additively manufactured PUMA /SiO, composites with different SiO,
contents: (a) 0 wt%, (b) 16.7 wt%, (c) 28.5 wt%, and (d) 37.5 wt%.
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3.3.3. Tensile Test Results

Figure 8a—i depict the tensile stress—strain curves of various PUMA /SiO, composites,
with variations in the vat temperature (Tyat) and postcuring time (f,re). In general, tensile
strengths exhibit an increasing trend with rising SiO, contents, while the elongation shows
the opposite trend. This indicates that the inclusion of SiO; particles increases the brittleness
of the composites. Between the two printing parameters, the vat temperature yields more
sensitive results than the postcuring time. It is noteworthy that the overall tensile strengths
decreased when the vat temperature was set to 45 °C.
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Figure 8. Tensile stress—strain curves of additively manufactured PUMA /SiO; composites under
various printing conditions: (a) Tyat = 25 °C, teyre = 90's, (b) Tyat = 25 °C, teure = 120 s, (¢) Tyat =25 °C,
teure = 1508, (d) Toat = 35 °C, teure = 90's, (€) Toat = 35 °C, teure = 120's, (f) Toat = 35 °C, toure =150 s,
(8) Tvat =45 °C, teyre = 90's, (h) Tyar =45 °C, teyre = 120 s, and (i) Tyat = 45 °C, teyre = 150 s.

The PUMA /SiO; composites with 28.5 and 37.5 wt% SiO, compositions exhibit nearly
linear elastic behaviors, whereas the neat PUMA sample demonstrates a viscoelastic defor-
mation behavior. Notably, the PUMA /SiO, composites with a 16.7 wt% SiO, composition
display viscoelastic behaviors, and the tensile strengths of some cases even fall below
those of the PUMA samples, as shown in Figure 8g—i. These cases correspond to situ-
ations where the vat temperature was higher than 35 °C. Considering the reduction in
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viscosity under those temperature conditions, the low inclusion of SiO; particles leads to
non-uniform dispersion, thereby resulting in the deterioration of the mechanical properties
of the composite material.

Figure 9 presents the resulting tensile strengths of PUMA /SiO, composites. For the
PUMA sample, the vat temperature exhibits a negative effect, while the postcuring time
yields a positive impact on strength. Therefore, it is recommended to maintain a vat
temperature below 35 °C and a postcuring time exceeding 120 s to enhance tensile strength.
This effect becomes more pronounced with the inclusion of SiO, particles. As depicted in
Figure 9b, the 16.7 wt% PUMA /SiO, composite at a 25 °C vat temperature demonstrates
enhanced strengths, exceeding 63 MPa, compared to other temperature cases with strengths
below 46 MPa. Similar strength degradations are observed in the cases of 28.5 wt% and
37.5 wt% composites under the 45 °C vat temperature condition. The decline in strength
for PUMA /SiO, composites under high vat temperatures can be attributed to increased
viscosity during the AM process. That is, the ceramic particles in the UDMA resin may
be distributed non-uniformly, leading to stress concentration. Based on these findings, to
obtain high tensile strength, the SiO, content is recommended to be maintained above
28.5 wt%, and the vat temperature is recommended to be maintained below 35 °C.

a b
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Figure 9. Tensile strengths of additively manufactured PUMA /SiO, composites with different SiO,
contents: (a) 0 wt%, (b) 16.7 wt%, (c) 28.5 wt%, and (d) 37.5 wt%.

3.4. Thermal Test Results
3.4.1. Thermogravimetric Analysis

Figure 10 presents the TGA scan results for PUMA /SiO, composites with varying
5i0O; contents, revealing a two-step thermal degradation process. The initial degradation
occurs at 329 °C, attributed to end-chain scission involving vinylidene end groups in the
UV-cured polymer. Subsequently, a second degradation step is observed at 447 °C, induced
by random scission at head-to-head linkages [48,49].
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Figure 10. TGA curves of additively manufactured PUMA /SiO, composites with different SiO, contents.

The heating process extended up to 550 °C, guided by the weight retention profile
exhibiting a plateau after 480 °C, attributed to the retention of SiO, weight [50]. The weight
retention at 550 °C allows calculation of the SiO, composition in each specimen, yielding
values of 18.0%, 30.2%, and 37.5%, closely aligning with the theoretical compositions
of 16.7%, 28.5%, and 37.5%, respectively. Notably, deviations between theoretical and
experimental data decrease as the SiO, contents increase. This observation can be attributed
to the order of dispersion of SiO; particles; a larger quantity of SiO, particles ensures a
more uniform dispersion during the AM process, thereby contributing to improvements in
mechanical properties, as discussed in the previous sections.

3.4.2. Thermal Diffusivity Test

Table 2 provides detailed results of thermal diffusivity tests for the PUMA /SiO,
composites with varying S5iO; contents. The thermal diffusivity, conductivity, and specific
heat of the PUMA sample were measured to be 0.118 mm?/s, 0.194 W/m-K, and 1.435]/ g-
K, respectively. As the SiO, content increases, thermal diffusivity and conductivity increase,
while the specific heat decreases. This can be attributed to the intrinsic thermal properties
of the 5iO; particle, which exhibits lower thermal diffusivity (0.87 mm?/s) and conductivity
(1.43 W/m-K) but higher specific heat (0.71 ] /g-K) compared to the PUMA samples.

Table 2. Comparison of thermal properties of additively manufactured PUMA /SiO, composites with
different SiO, contents.

SiO, Content « (mm?/s) k (W/m-K) Gy (/g-K)
0 wt% 0.118 0.194 1.435
16.7 wt% 0.147 0.236 1.279
28.5 wt% 0.156 0.256 1.252
37.5 wt% 0.173 0.281 1.174

3.5. FT-IR Test Results

Figure 11a presents the FI-IR characterization results of PUMA /SiO, composites with
varying SiO; contents. The FT-IR spectra of the four PUMA /SiO, composites exhibited
absorption peaks corresponding to the stretching vibrations of the N-H group at 3350 cm !,
the C-H group at 2960 cm !, the C=0 carbonyl group at 1730 cm !, and the aliphatic C=C
group at 1638 cm ™! [51]. The presence of S5iO, was confirmed by the absorption peak for
Si-O-Si asymmetric stretching vibration between 1000 cm ! and 1100 cm ! [52]. Figure 11b
shows a magnified view in the range between 850 and 1250 cm ™!, highlighting that the
intensity of the S5i-O-Si band became more pronounced with an increase in SiO; content.
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Figure 11. FT-IR analysis results: (a) FT-IR spectra of the PUMA /SiO, composites with different SiO,
contents, (b) magnification of select peaks in the range between 850 and 1250 cm™1.

4. Conclusions

This study investigates the DLP-type AM of ceramic composites with a focus on
enhancing mechanical properties. A composite resin was formulated by blending UDMA
photocurable resin and microscale SiO, powders, and PUMA /SiO, composites with varied
5iO, contents (16.7, 28.5, and 37.5 wt%) were then manufactured through the DLP-type
AM and subsequent postcuring processes. The mechanical and thermal properties of
these composites were systematically analyzed, aided by chemical analysis, considering
variations in vat temperature and postcuring time. The key findings from these analyses
are summarized as follows:

e  Surface hardness: PUMA /SiO; composites with a 37.5 wt% SiO, composition ex-
hibited the highest hardness values with less sensitivity to processing conditions.
In contrast, composites with lower SiO; contents displayed inferior hardness and
larger deviations.

e  Flexural properties: Elevated vat temperatures (45 °C) were found to degrade
both flexural modulus and strength. In contrast, composites with a SiO, content of
37.5 wt% demonstrated the highest flexural modulus, surpassing twice that of the pure
PUMA sample.

e  Tensile properties: PUMA /SiO, composites with high SiO, contents, exceeding 28.5 wt%,
exhibited linear elastic behavior with improved tensile strength while the pure PUMA
sample exhibited viscoelastic behavior. Notably, maintaining a low vat temperature (less
than 35 °C) ensured high tensile strength for PUMA /SiO, composites.

e  Thermal properties: The inclusion of SiO, particles increased thermal conductivity and
diffusivity, revealing that a 37.5 wt% SiO, composition exhibited the highest values. TGA
tests indicated that a larger quantity of SiO, particles ensured a more uniform dispersion
during the AM process, contributing to improvements in mechanical properties.

A comprehensive synthesis of these findings leads to guidelines for the optimal usage
of PUMA /SiO, composites, emphasizing the importance of a high SiO;, content and a
low vat temperature to enhance mechanical properties and ensure thermal stability. More
specifically, the composition with 37.5 wt% SiO, exhibited optimal performance, showing
enhanced mechanical properties and thermal stability with the minimal sensitivity to pro-
cessing conditions. These guidelines are expected to inform future endeavors in developing
functional composite parts with enhanced mechanical properties and thermal stability.
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