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Abstract: Advancements in 3D printing technologies have led to new implementations in rapid prototyping,
microfluidics, tooling, dentistry, biomedical devices, drug delivery, and tissue engineering. Stereolithography
techniques, which are photopolymerization-based processes, contribute to the optical, chemical, and
mechanical properties of 3D printed materials using versatile polymer chemistry. This study used potassium
titanate powder (K:TisO17) as an additive to enhance the mechanical strength of photocurable resins. PEG was
selected as the stabilizer to optimize the dispersion and precipitation of potassium titanate. The flexural
strength, hardness, and tensile strength were compared to assess the mechanical strength of the 3D printing
resin. The flexural strengths of the printed specimens were in the range of 15-39 N/mm?. The measured surface
hardness and tensile strength were 41-80 HV and 2.3-15 N/mm?, respectively. The output resolution of the
potassium titanate/acrylate resin was tested using a line-pattern structure. 3D printing resin without stabilizers
produced lines with a thickness of 0.3 mm, whereas 3D printing resin containing a stabilizer produced lines
with a thickness of 0.2 mm. The flexural strength and pattern thickness results suggest that the potassium
titanate/acrylate resin can be utilized as a 3D printer resin, suggesting new possibilities for potassium titanate
materials.

Keywords: 3D printing; photocurable polymer; acrylate polymer; mechanical properties; potassium
titanate

1. Introduction

Additive manufacturing (AM), also known as three-dimensional (3D) printing, is a technology
that transforms computer-aided design (CAD) models into physical objects. Using tomographic data,
digital slicing of CAD, and 3D scans, AM builds objects layer-by-layer without the need for
machining or molds. AM enables the fabrication of customized objects on demand, based on specific
application requirements. In addition, the recent transition from prototyping to rapid manufacturing
has prompted new projects for mechanical engineers and material experts [1]. The first version of
stereolithography (SLA) 3D printing technology based on AM was invented by Charles Hull in 1986
[2,3]. 3D printing technology was introduced in the 1980s to fabricate customized or complex objects
without the need for molds or machining [3,4]. Initially, 3D printing technology was limited to certain
fields, but over the years, it has expanded its reach into various fields and institutions, such as
architecture, art, medicine, and learning [5-7]. Photopolymerization-based 3D printing techniques
have garnered significant interest among polymer chemists, material scientists, and engineers owing
to noteworthy advancements in versatile polymer chemistry [8].

The approach employed in 3D photopolymerization (also known as photocuring or
photocrosslinking) relies on liquid monomers and oligomers. These substances can undergo curing
or photopolymerization when exposed to a light source of a specific wavelength [9]. Resins used in
3D printing are classified into several types based on their properties, chemistry, and applications
[10,11]. Various resins have been used in 3D printing, including photopolymers, thermoplastics,
epoxy resins, polyurethane resins, and silicone resins. Photopolymer resins are the most commonly
used resins that can be cured by exposure to UV light, and are available in a range of colors, lucidities,
and mechanical properties. Thermoplastic resins are suitable for rapid prototyping and small volume
production. Epoxy resins provide high strength, durability, and chemical resistance for industrial
tooling, molding, and casting applications. Polyurethane resins offer flexibility, toughness, impact
resistance, and diverse mechanical properties for use in automotive parts, sports, and medical
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devices. Silicone resins are heat- or chemically cured, providing high flexibility, heat resistance, and
biocompatibility for applications, such as prosthetics, molds, and gaskets [12-16].

In addition, various photocurable additives with different chemical and mechanical properties
have been used in 3D printing processes [17-19]. A photoinitiator is required to convert photolytic
energy into a reactive species that can drive chain growth via radical and cationic mechanisms [20].
It is commonly used as a photoinitiator with a high molar extinction coefficient under short-
wavelength UV (<400 nm) [21-23]. Commonly used photoinitiators include camphorquinone (CQ)
and diphenyl (2,4,6-trimethyl benzoyl) phosphine oxide (TPO) [24]. Reactive diluents or stabilizers
can be used to control the viscosity of the resin and improve the printing characteristics of 3D printers
[25,26]. The shrinkage rate during the curing process can be controlled using a reactive diluent, such
as tetraethyl orthosilicate, trimethylolpropane triacrylate (TMPTMA), triethylene glycol
dimethacrylate, and 3-(trimethoxysilyl)propyl methacrylate. Pigments impart color to the resin.
Various colors and particle sizes are suitable for diverse applications [27-31]. A UV stabilizer protects
the cured resin against discoloration and yellowing over time. Antioxidants prevent discoloration,
brittleness, or cracking of the resin when exposed to oxygen or heat. Fillers, including glass fibers,
carbon fibers, or metal powders, are added to increase strength, rigidity, and thermal conductivity
[27,29].

The physical and mechanical properties of 3D printer resin can be reinforced using ceramic-
based powders. Ceramic additives are typically used by researchers [28,32]. Zirconia is a ceramic
material with high strength, toughness, and wear resistance and is the most commonly used additive
[33-35]. Alumina is a ceramic material with a high strength, hardness, and chemical resistance. Silicon
carbide is a ceramic with high strength, hardness, and thermal conductivity. They are widely used to
improve the thermal and mechanical properties of resins. Glass was added to improve the sintering
behavior and mechanical properties [36]. Glass-ceramic composites are used to improve certain
properties, such as transparency and biocompatibility. Carbon is characterized by its high thermal
conductivity and low density. Ceramic additives are the fastest at improving the mechanical and
thermal properties of the resins [37-39].

Potassium titanate, which is synthesized by heating a mixture of potassium carbonate and
titanium dioxide to high temperatures, has been studied extensively owing to its useful properties.
In the early 1900s, it was utilized in electronic components owing to its excellent dielectric properties.
In the mid-1900s, researchers drew attention to the field of optical properties. Research on potassium
titanate expanded to new areas, including catalysis, environmental remediation, and biomedical
applications, in the late 1900s. Potassium titanate can purify water and air, act as a catalyst in chemical
reactions, and is biocompatible. Despite decades of research, the potential uses of potassium titanate
continue to be explored, making it an attractive and promising field of study for scientists and
researchers [40-42].

This study evaluated the effect of 3D printer potassium titanate/acrylate resin. SLA-printable
photocurable resin formulations were prepared by mixing epoxy acrylate monomers, a difunctional
urethane diacrylate crosslinker, a stabilizer consisting of an acrylate stabilizer, potassium titanate as
an additive, and a photoinitiator. The mass percentage of potassium titanate affects the viscosity of
the resin, print layer thickness, and mechanical properties of the fully processed product (ie.,
cleaning and post-curing). Potassium titanate has a high chemical resistance and mechanical strength
[43], offering the additional advantage of cost-effectiveness. The mechanical strength of the resin was
measured based on its flexural strength, hardness, and tensile strength. In addition, a line pattern
was designed in three dimensions using Han CAD. A line pattern model was produced using an SLA
3D printer. The leading thickness of the line pattern was designed to be a minimum of 0.2 mm and a
maximum of 5.0 mm. Cracks appeared in the line pattern structure printed with a resin containing
1.5 wt% or more potassium titanate. Cracks were not observed when the stabilizer was added to the
potassium titanate and acrylate resin. Furthermore, cracks did not occur even when the potassium
titanate content was 1.5 wt% or higher. All potassium titanate and acrylate resins, with added
stabilizers, were capable of printing line patterns up to 0.2 mm a thick. This study demonstrated the
potential of potassium titanate as a new material for 3D printing. In addition, basic research on new
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resin materials provides data for improving resins for 3D printers and addressing their shortcomings.
Therefore, material research on these new resins provides a source of technology and hidden
potential for 3D printers.

2. Materials and Methods

2.1. Materials

The SLA 3D printer A+ was obtained from Shindoh Co., Ltd. (Korea), and the UV-light light-
curing unit was equipped with a post-curing device (Korea).

Bisphenol-A-glycidyl dimethacrylate (Bis-EMA) were purchased from MIWON Chemical Co.,
Ltd., (Seoul, Korea). TMPTMA were purchased from MIWON Chemical Co. Ltd., (Korea). The
urethane-acrylate copolymer used as the oligomer was obtained from Asan Materials Co., Ltd.,
(Korea). TPO used as a photo-initiator was purchased from MIWON Chemical Co., Ltd., (Korea).
Polyethylene glycol (PEG), used as a stabilizer, was obtained from Tokyo Chemical Industry Co.,
Ltd., (Japan). Potassium titanate (K2TisO17) was purchased from NewMaterials Co., Ltd., (Korea).

2.2. Methods

We prepared eleven experimental composite resins and their compositions are listed in Tables 1
and 2. All resins used in composite resins were synthesized in a ratio of bis-
EMA:TMPTMA:oligomers::7.5:1:0.5 (Tables 1 and 2). The composite resin was mixed with 4 wt% TPO
as a photoinitiator at 405 nm.

Table 1. Viscosity values measured for different ball-milled PEG/potassium titanate/acrylate resin

dispersions.
Composition (wt%) . ]
Name Resin PI];G Potassium titanate Viscosity (cp)
PTO 100 0 0 975
PTO05 99.5 0 0.5 1025
PT10 99 0 1.0 1231
PT15 98.5 0 15 1375
PT20 98 0 2.0 1452
PT30 97 0 3.0 1532
PT50 95 0 5.0 1922
PT100 20 0 10.0 3202
PT10PG10 89 10 1.0 1201
PT15PG10 88.5 10 15 1289
PT25PG10 87.5 10 2.5 1422

Table 2. Mechanical strength measured for different ball-milled PEG/potassium titanate/acrylate
resin dispersions

Name Flexural strength Hardness Tensile strength
(N/mm?) (HV) (N/mm?)
PTO 19.45 41.5 4.95
PT05 23.74 77.7 5.93
PT10 36.63 73.9 18.2
PT15 30.12 70.0 3.03
PT20 28.45 68.2 4.51
PT30 20.11 60.0 6.56
PT50 18.94 59.5 2.86
PT100 15.21 57.9 2.32

PT10PG10 35.18 73.0 12.14
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PT15PG10 38.93 79.0 15.04
PT25PG10 33.54 69.0 13.42

2.2.1. Analysis of viscosity

The viscosities of the resins were determined using a viscometer (DV2TLV; Rheometer,
Brookfield) at a constant volume of 100 mL. The temperature of the specimens was maintained in the
range of 22-25 °C. Readings were recorded at 10 rpm for 5 min in centipoise. Each specimen was
measured five times, and the average value was calculated. Considering the data from the resins,
viscosities of less than 2000 cp were chosen. The specimens were printed using a custom UV-SLA
printer equipped with a projector (3D Printer A+, Shindoh, Korea).

2.2.2. Analysis of flexural strength

The flexural strength was determined using a 3-point bending test (n = 20), following the ISO
4049:2000 standard. A 3D printer was used to print rectangular specimens (1 cmx 8 cmx 0.5 cm). The
printed specimens were subsequently placed in isopropyl alcohol (IPA) and washed for 10 min.
Subsequently, the samples were cured for 5 min in an UV machine. Flexural strength tests were
performed using a universal testing machine (UTM, Shimadzu Corporation (AGS-X)). The specimens
were immersed in a 38 °C water bath for 24 h, and their thicknesses and widths were measured. The
specimens were measured using the 3-point jig of a UTM (measurement conditions: speed: 1000
mm/min; load: 10 kN). The measurements were performed three times under the same conditions,
and the average values were calculated.

2.2.3. Analysis of hardness

The hardness values of the monomer resins at different ratios were used to confirm their surface
strengths. The specimens were manufactured using a polymer resin according to the specifications
(2 cm x 2 cm x 2 cm; n = 5) of the 3D printer. The specimens manufactured using the 3D printer were
washed and soaked in IPA to remove unreacted monomers. After removing the remaining unreacted
monomer from the surface, the specimens were cured using a UV machine for approximately 5 min
to polymerize the unreacted monomer and subsequently aged in an oven at 90 °C for approximately
10 h. Hardness was measured using a Durometer Digital Shore A system (Zwick Roell (Zwcik 3130,
ZwickRoell GmbH&Co. KG, Ulm, Germany )). The measurement was conducted for 0-99 s with a
force of 10 N using a truncated cone opening angle of 35°. The specimens were tested three times
under the same conditions, and the average values were obtained.

2.2.4. Analysis of tensile strength

The tensile strength specimens were manufactured according to the ISO 527-2 specifications
(full-length Ls = 150 mm, parallel length L2 = 60.0 + 5 mm, gauge length Li =108 + 1.6 mm, thickness
T =4.0 £ 2 mm) of a 3D printer. The specimens manufactured using the 3D printer were post-
processed in the same manner as in the compressed method. The tensile strength was measured using
a Zwick/Roell (Z2150) tester (ZwickRoell GmbH, Co. KG; Ulm, Germany). The test parameters were
as follows: a load of 1 mm/min and a maximum deformation of 1%/min. The test focused on the
analysis and comparison of tensile strength according to the resin.

3. Results and Discussion

Ceramic additives, including zirconia and silica, were used to improve the mechanical strength
of the 3D printer resin. Potassium titanate exhibits high flexural strength, tensile strength, and
toughness, while remaining compatible. This versatility opens up various potential applications.
Ceramic additives affect the viscosity, precipitation, and dispersion rate of the resin depending on
their content. A high additive content improved the mechanical strength and thermal properties of
the resin. Photocurable resins were prepared by mixing epoxy acrylate monomers with a difunctional
urethane diacrylate crosslinker (Figure la). Potassium titanate was added to the 0-10 wt% to the
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resin. Additionally, PEG was used as a stabilizer to adjust the viscosity of the potassium
titanate/acrylate resin. The amount of stabilizer used was 10 wt% of the total resin mass. Excessive
amounts of the stabilizers affect the physical and mechanical properties of resin [44]. Figure 1b shows
the SEM images of the powder surface used for the 3D printer resin. Potassium titanate powder was
prepared by ball milling at 120 rpm for 24 h. In addition, the powder was separated using a 200 pm
sieve. Figure 1c shows the schematic of the SLA printer. The resolution of the acrylate resin used for
SLA can vary depending on the depth of light penetration. In general, ceramic resins employed in
SLA printers should ideally have low viscosity, typically below 3000 cp, to facilitate self-leveling
during the 3D printing process. This remains true even when the viscosity of these resins increases
exponentially with increasing ceramic content [45,46]. Figure 1e shows SEM images representing the
mechanical strength of the specimen surface. Figure 1f shows the printed curved pattern structure.
Figure 1g shows a printed hemisphere structure such as an isotropic truss structure. The potassium
titanate/acrylate resin demonstrated 3D printing capabilities by fabricating complex geometric
structures (Figures 1f and g). Potassium titanate/acrylate resin produces 3D printed structures with
smooth surfaces, thus providing high printing resolution and accuracy. Additionally, potassium
titanate/acrylate resin successfully produced structures without any defects or delamination, which
is critical for 3D printer applications.
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Figure 1. (A) The chemical structures of the monomers (Bis-GMA, triethylene glycol dimethacrylate,
and polyethylene glycol (PEG)) and initiator dipheny]l (2,4,6-trimethyl benzoyl) phosphine oxide used
in the synthesis of the 3D photopolymerization resin, (B) SEM image of potassium titanate powder
(10,000x magnification, 15,000x magnification), (C) Image of SLA setup, (D) Printed specimens sample
for mechanical strength measurement, (E) and SEM magnified image of mechanical strength surface,
(F) Image of the curved pattern structure with a 3D printer , (G) Image of the three-dimensional
fullerene structure with a 3D printer.


https://doi.org/10.20944/preprints202311.1232.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 November 2023 doi:10.20944/preprints202311.1232.v1

The number of acrylate groups in UV-curable monomers generally affects the crosslinking
reaction and the mechanical properties of the cured body. In the experiments, missing layers
appeared in the resin printouts when the viscosity of the potassium titanate/acrylate resin exceeded
2000 cp. In this study, a photoinitiator with an absorption peak in the range of 350-420 nm was used
for the photopolymerization reaction. Typically, the initiators used for the photopolymerization of
resins are CQ and TPO. CQ has a visible-light absorption peak in the range of 380-520 nm. TPO has
an absorption peak in the range 380425 nm. We used TPO for the potassium titanate/acrylate resin
(Figure 1a) because the polymerization efficiency of TPO is higher than that of CQ. In addition, the
TPO initiator changes from pale yellow to transparent upon exposure to UV light.

3.1. Viscosity of potassium titanate/acrylate resin using ceramic-based additive

The polymerization rate of the resin affects the mobility of monomers and free radicals.
Therefore, it is correlated with the initial viscosity of the resin. The viscosity of potassium
titanate/acrylate resin tends to increase with the amount of potassium titanate (Table 1) [8,11]. For
resins PTO-PT100, the weight ratio of potassium titanate was increased to 0-10 wt%. As shown in
Figure 2a, the viscosity increases to 975-3202 as the amount of potassium titanate increases. The
difference in viscosity between PT0 and PT100 was approximately 3.2 times. In addition, cracks and
undispersed potassium titanate powder were observed in the structure printed with a resin of 3000
cp or higher. Therefore, a small amount of PEG was added to adjust viscosity and dispersion (Table
1). The viscosity of the resin decreased by 1.5-3% after addition of PEG (Figure 2b).
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Figure 2. Viscosity of 3D printer resin. (a) Potassium titanate/acrylate resin, (b) PEG/potassium
titanate/acrylate resin.

3.2. Mechanical properties of potassium titanate/acrylate resin using ceramic-based additive

The amount of ceramic additive in the resin significantly affected the mechanical strength.
Potassium titanate particles distribute the stress throughout the resin and prevent cracking. The
addition of the potassium titanate powder increased the surface area of the material. In addition, the
potassium titanate powder provided more contact points between the powder particles and the resin
matrix. The enlarged contact area enhanced the bonding between the two materials, resulting in a
stronger composite material and improved strength [31,32,35].

As summarized in Table 2, the mechanical properties of the potassium titanate/acrylate resin
first increased and then decreased as the potassium titanate powder content increased. In addition,
as the PEG content increased from 0 to 10 wt%, the flexural strength, tensile strength, and hardness
of the potassium titanate/acrylate resin gradually increased. The flexural strength values are shown
in Figure 3. PT10 exhibited the highest flexural strength of 36 £ 2 N/mm?. PT100 exhibited the lowest
flexural strength of 15 £ 3 N/mm?. PT100 was lower than that of PTO without potassium titanate.
Figure 3a shows that the flexural strength was highest when the potassium titanate content was 1
wt%. In addition, when the potassium titanate content was 1 wt% or higher, the flexural strength
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decreased. However, when comparing PT15 and PT15PG10, PT15PG10 with PEG exhibited higher
flexural strength (Figure 3b). PT15PG10 exhibited the highest flexural strength of 39 + 1 N/mm2.
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Figure 3. Flexural strength of 3D printed specimens. (a) Potassium titanate/acrylate resin, (b)
PEG/potassium titanate/acrylate resin.

Figure 4 shows the surface hardness values. The 3D-printed cube with PT15PG10 exhibited the
highest surface hardness of 79.0 = 1.2 HV. PT0 showed the lowest surface hardness values of 41.5 +
0.5 MV. The surface hardness of the resin containing a high amount of potassium titanate was lower
than that of the resin containing 10 wt% PEG. Even with the same amount of potassium titanate, the
amount of resin with PEG was higher (Figure 4b). The PT15 and PT15PG10 values were 70.0 £2.0 HV
and 79.0 £ 1.2 HV. The difference between the two values was approximately 11%. PT15PG10, with
PEG, exhibited the highest values. The stabilizer helped evenly disperse the potassium titanate
powder in the resin. Potassium titanate is distributed throughout the resin and increases its strength
by reducing the stress concentrations and preventing cracking.
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Figure 4. Surface hardness of 3D printed specimens. (a) Potassium titanate/acrylate resin, (b)
PEG/potassium titanate/acrylate resin.

Figure 5 shows a trend similar to the measurement results for the flexural strength and hardness.
The PT10 specimen exhibited the highest tensile strength at 18.0 N/mm?2. However, the potassium
titanate content rapidly decreased from 1 wt% or higher. PT100 exhibits the lowest tensile strength
of 2.32 N/mm? (Figure 5). The difference from the sample without PEG was greater than 10 N/mm?,
except for that of the PT10 specimen.
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Figure 5. Tensile strength of 3D printed specimens. (a) Potassium titanate/acrylate resin, (b)
PEG/potassium titanate/acrylate resin.

The mechanical strength results indicated that the resin containing PEG exhibited a higher
mechanical strength. Although potassium titanate improved the mechanical strength of the resin, the
mechanical strength decreased when a certain limit was exceeded. In this case, the potassium titanate
content can be increased using a stabilizer. The flexural strength of PT15 was 30.12 N/mm?2. However,
the flexural strength of PT15PG10 with a small amount of stabilizer was 38.93 N/mm?2. The hardness
of PT15 was 70.0 N/mm?2. The hardness of PT15PG10 was 79.0 N/mm?2. Therefore, a small amount of
stabilizer increased the dispersion rate of potassium titanate, further increasing the strength of the
resin [39].

3.3. 3D Printing of potassium titanate/acrylate resin using ceramic-based additive

The color and transparency of the photocurable resin affect the output of the structure. The
amount of light absorbed varied according to the transparency of the resin. The absorption of
insufficient light can lead to structural cracks. Additionally, excess additives precipitate at the bottom
of the resin bath and obstruct the light irradiation. Therefore, it is necessary to verify the resolution
of the resin based on its additive content. Line patterns were designed using HAN CAD. The line
pattern support was prepared (width = 3.2 cm; length = 6 cm; height = 3 mm). The line thickness
range of the entire line pattern was 0.2 to 5 mm. The line pattern thickness was divided into the ranges
of 0.2 to 1 mm and 1 to 5 mm. We designed a 9-line thickness pattern up to 0.2 to 1 mm in 0.1 mm
increments (Figure 6). We designed a 5-line thickness pattern of 1-5 mm in 1 mm increments. As
shown in Figure 6, the resin with a low amount of potassium titanate exhibited better line pattern
resolution. In addition, the resin of the PT10PG10-containing stabilizer showed a resolution of up to
0.2 mm. Consequently, a resin printed with a very thin and detailed printing pattern shows good
resolution as a resin for 3D printers.
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Figure 6. 3D printed line pattern using potassium titianate resins (The line thickness range from 0.2
to 5 mm) as a photoinitiating system for the polymerization of the 3D resin, (a) line pattern image
printed with resin containing 0.5 wt% of potassium titanate, (b) resin containing 1.0 wt% of potassium
titanate, (c) resin containing 1.5 wt% of potassium titanate, (d) resin containing 2.5 wt% of potassium
titanate, (e) resin containing 3.0 wt% of potassium titanate, (f) resin containing 5.0 wt% of potassium
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titanate, (g) line pattern image printed with resin containing 0.5 wt% of potassium titanate and 10 wt%
PEG, (h) resin containing 1.0 wt% of potassium titanate and 10 wt% PEG, (i) resin containing 1.5 wt%
of potassium titanate and 10 wt% PEG, (j) resin containing 2.5 wt% of potassium titanate and 10 wt%
PEG.

The resins used in 3D printing have a wide range of applications and must be optimized for each
condition and environment. The field of crafts requires detailed and sophisticated work. Therefore,
the main advantages of resin are its high resolution and saturation. In medical applications, these two
conditions are distinct. This result depend on whether the printed structure is placed inside or outside
the human body. Toxicity and biocompatibility testing are also critical when 3D-printed structures
are used in medical applications. Industrial applications require excellent mechanical properties to
withstand pressure and impact [47,48].

Therefore, it is necessary to test the mechanical properties of the resin after the addition of
pigments [37,49]. Furthermore, the resolution and stability of a pigmented resin may vary over time
owing to precipitation. Therefore, the precipitation of the resin and manufacturing period must be
considered when performing stability and resolution tests. Toxicity and biocompatibility tests should
be conducted with and without pigment addition, and by varying the monomer resin ratio [48,50,51].

4. Conclusions

This study utilized potassium titanate powder as an additive to enhance the mechanical strength
of acrylate resin. The mechanical strength and resolution of the resin were compared before and after
using the stabilizer. The stabilizer enhanced the bonding force with the resin matrix, resulting in an
increase in the mechanical strength of the resin. The line pattern thickness of 0.2 mm was successfully
printed using PEG, potassium titanate, and acrylate resin. This study provides the possibility that
potassium titanate can be used in diverse 3D printing industries for the first time by applying
potassium titanate to 3D printers. Research on such materials is necessary to develop a 3D printer
market and technology. Prior to the commercialization of potassium titanate and acrylate resins,
additional studies on the precipitation of potassium titanate, resin stability, biocompatibility, and
toxicity should be conducted.
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