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Abstract

Vat photopolymerization-based three-dimensional (3D) printing techniques have been used as an
efficient method for complex and special geometries in various applications. Composites are also a
group of polymer materials that are obtained by adding a reinforcing component such as filler, fibres
with different origins. Therefore, the development of 3D printable composites is paramount due to
their high precision and speed of production. Glass beads (GBs) have been favorites as economical
reinforcement agents for their chemical stability, water resistance in acidic environments, dimensional
stability, and eco-friendly properties. In this study, 3D printable composites based on coated glass
beads (CGBs) have been prepared. First, the beads are coated with ultraviolet (UV) curable resins to
improve the interface with the polymer matrix. Then, CGBs are mixed with 3D printing resin and
formulated for digital light processing (DLP) printing. The coating process is checked by scanning
electron microscopy (SEM), and the mechanical properties of the 3D-printed composite structures
have been evaluated by bending and compression tests. Also, the fracture behavior of cured resin has
been checked with SEM. Mechanical property investigations have shown the success of the 3D
printing of the CGBs into a photopolymer resin (PR) composite with behavior modification and
compatibility of the interface with the matrix in practice.

Abbreviations

3D Three-dimensional printing
AUVR Acrylate UV curable resin
BG Bioactive glass

CAD Computer-aided design
CGBs Coated glass beads

DLP Digital light processing
FDM Fused deposition modeling
GBs Glass beads

HT-LS High temperature laser sintering
PEK Polyetherketone
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PLLA/HGBs Poly(L-lactide)/hollow GBs

PMMA Poly(methyl methacrylate)

PR Photopolymer resin

SEM Scanning electron microscopy
SLA Stereolithography

SLS Selective laser sintering

SMPs Shape memory polymers

VPP Vat photopolymerization

1. Introduction

Three-dimensional (3D) printing involves adding layers of material to a 3D physical part based on designed 3D
data with computer-aided design (CAD) software. Therefore, this method can be considered additive or layered
production. 3D printing itself includes several techniques that are divided on different bases, such as the type of
input feed, printing method [1-3]. Today, light-sensitive resins mean photopolymers, and their application for
3D printing objects with complex geometries has received much attention, resulting in a huge category of
research devoted to them [4—6]. Therefore, many studies are being focused on improving printing methods and
developing printing materials via the synthesis of high-performance polymers and modification of
photopolymer systems [7-9]. During the 1980s, 3D techniques were limited mainly to decorative objects;
however, the accuracy, repeatability, and range of 3D printing gradually expanded to the production of advanced
industrial objects [10-12].

Itis worth mentioning that vat photopolymerization (VPP) is one of the most attractive methods among 3D
printing techniques. In this technique, by using light radiation with different wavelengths, such as ultraviolet,
polymer chains will be obtained, a polymer network will be formed, and the solidification of the liquid resin will
be visible. Based on this mechanism, various techniques such as stereolithography (SLA) and digital light
processing (DLP) have been developed that belong to this category. The advantages of this technique are high
accuracy, high speed, variety in formulation design, variety of print geometry, light source intensity control, and
variety in wavelength selection [13]. This method was initially introduced for printing pure resins, but with the
passage of time, it has been improved for use in suspension materials, ceramics, and polymer composites
[14—16]. With the increasing need for this technique, it has been noticed and used in a wide range of applications,
from dental implants and bone scaffolds to smart biomaterials for soft robotics, smart wearables, and
microfluidic devices [17]. In addition to these applications, the design of materials and related processes in
medical applications has received much attention today [17-22]. Meanwhile, research is underway in the
direction of developing polymer characteristics for mechanics and biocompatibility, with tuning of mechanical
properties achieved by altering printing process parameters. 3D printing processes such as Fused deposition
modeling (FDM), selective laser sintering (SLS), stereolithography (SLA), and digital light processing (DLP) have
also provided this platform for custom design. Safety gear, dental implants, and drug delivery systems are some
of the additional medical applications that have been examined. The results point to the need for enhanced
design methodologies to navigate the complicated choice space made possible by 3D printing [23-25]. In
addition, for the improvement and development of vat photopolymerization-based techniques, the
development of photopolymers and related materials such as photoinitiators, UV curing monomers and
oligomers, and multi-functional cross-linkers is needed, and interesting works have been done in this regard
recently. Meanwhile, the synthesis of new monomers and oligomers has a special place, and much research has
been focused on these matters. The functional groups present on these monomers and oligomers can determine
the type of photopolymerization mechanism, the speed of the 3D printing process, and the properties of the final
part [26]. Based on the type of functional group available, free radical or ionic photopolymerization can be
created, or based on monomers, simultaneous free radical and ionic photopolymerization can be activated
[27-29]. Therefore, based on the type of monomer, the type of photoinitiator, the mechanism of
photopolymerization will be determined [30, 31].

Acrylate [32, 33], methacrylate [32, 33], epoxy [34—36] and thiol [37, 38] monomers are of great importance
in UV curing 3D printing methods. Alessandro et al later used vegetable oils as starting monomers and then
acrylated them as photocuring agents in the presence of a photoinitiator [39]. Furthermore, Mahmoodian et al
prepared nanocomposites with alow amount of filler based on acrylate monomers and investigated the
mechanical properties of cured polymer [40]. Habib and colleagues also prepared the oligomer of epoxidized
and acrylated soybean oils and obtained a UV-baking system along with other acrylate monomers [41].
Theoretically, one mole of hydrogen peroxide can epoxidize one molecule of the double bond in the oil. In
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addition, Kulkarni et al synthesized UV-sensitive acrylate monomers and investigated their properties [42] while
Liand colleagues synthesized UV-based urethane acrylate monomers, which used castor oil and pentaerythritol
triacrylate acrylate monomer [43].

Polymeric materials are on track for improvement, for example, in the form of composite materials due to
their reinforced properties [44—46]. Desired mechanical properties are among the significant parameters of the
printed samples that are anticipated from the composite 3D printing resins, for which there has also been some
interesting research [47, 48].

GBs have been favorites as an economical reinforcement agent for their chemical stability, water resistance in
acidic environments, dimensional stability, and eco-friendly properties. The point here is that among all the
available techniques for 3D printing, methods such as SLS and FDM, are suitable and effective for composites
containing glass fillers. But along with all the advantages, they suffer from disadvantages such as low speed, low
accuracy, and process limitations that cause a lack of progress and close competition with other techniques based
on UV and polymer resins such as DLP and SLA. In this case, Zaki and colleagues used an extrusion-based 3D-
printing approach, deploying the FDM process to print transparent phosphate glasses. Finally, parts with
complex geometry have used this system in optical parts [49]. Das et al investigated the process and mechanical
properties of glass bead particulate-filled functionally graded Nylon-11 composites produced by SLS. The results
of the mechanical test showed that the tensile and compressive moduli increased with the increase of GBs
volume fraction, and the strain at the breaking point and bending decreased [50]. Also, Chung et al studied the
thermal expansion behavior and mechanical properties of GBs filled polyetherketone (PEEK) composite by high
temperature laser sintering (HT-LS) [51]. Guo et al prepared polyamide/GBs composites made with multi-jet
fusion technology. In this work, dimensional accuracy, surface roughness, surface hardness, mechanical
stability, thermal stability, and flammability were studied and evaluated [52]. Maria Kova¢ovd and colleagues
prepared composites based on the biodegradable polymer polycaprolactone and hollow glass beads (GBs). This
composite was prepared by the FDM method to produce filaments for use in 3D printing, and the main goal was
to decrease the printing temperature below 100 °C using biodegradable polymers in combination with very
cheap inert filler [53]. Following these cases, Cano et al studied the effect of temperature on the fracture behavior
of polyamide 12 and glass-filled polyamide 12 processed by SLS [54]. In one of the latest studies, Gadelmoula
et alinvestigated the tribological behavior of polyamide 12 composites filled with GBs by the SLS method [55].

Along with the investigations and studies done on the effect of GBs on the properties of polymer matrices,
these particles have been considered for use in biological, pharmaceutical, and medical applications. In this
regard, polymer composites containing these beads were also developed, so Shinzato et al investigated PMMA-
based bioactive cement and the effect of GB filler content and histological change with time [56]. In continuation
of this work, Shinzato et al studied the in vivo ageing test for a bioactive bone cement consisting of GB filler and
PMMA matrix [57]. The use of these GBs is not limited to the mentioned cases, and the existing applications are
also used as fillers for biocompatible and biodegradable polymer matrices. Hu et al investigated the morphology,
crystalline behavior, and mechanical and thermal properties of poly(L-lactide) /hollow GBs (PLLA/HGBs)
composite, which has been used as a substitute for petroleum plastics in recent years and is also popular in
medicinal applications [58]. Yun et al prepared porous bioactive glass (BG) balls using a modified version of a
polymer templating technique. These compounds derived from the sol-gel method have been introduced as
suitable candidates for graft material for bone tissue regeneration due to their bioactivity and biodegradability.
In general, the properties of these fillers were studied for their in vitro and in vivo biocompatibility [59].

Using higher loadings of the filler, or high-density stiff fillers, leads to undesirable properties of the 3D
printing resins, such as high viscosity or instability of the fillers within the resin. The 3D printers based on SLS
technology use powder materials for printing, resulting in high strength printed objects with limited resolution
in addition to a relatively lower printing speed in comparison to DLP and SLA. Therefore, to print high strength
objects while keeping resolution high, there is the possibility of using high strength fillers in the printing resin.

The present work is an attempt to combine SLS with DLP by using high-strength filler materials, and micron
sized GBs in acrylate UV curable resin (AUVR) 3D printing to overcome the drawbacks of SLS and use the
positive points of the DLP printing method. GBs have shown great chemical resistance, low moisture absorption,
excellent mechanical strength, and appropriate dimensional stability. Therefore, in this work, the main goal is to
directly modify and coat the GBs due to the applicability of the re-formulation of UV curable resin in DLP
systems, which today have high accuracy and speed of production compared to other 3D printing methods. The
purpose of the coating of GBs with PR has been to create a suitable interface with the polymer matrix in the
printed piece because these glass particles do not have proper interaction or special functional groups, but at the
same time, they can have excellent mechanical properties. This has been achieved by chemical surface
modification and coating of micron-sized GBs to stabilize the beads in the resin body during printing.
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Figure 1. PR preparation process.

2. Materials and experiments

2.1. Materials preparations

AUVR (containing epoxy acrylate oligomer, 2-hydroxyethyl methacrylate monomer, multifunctional acrylate
crosslinker, and photoinitiator) was kindly supplied by BasPar Technology Co., Iran, and GBs were obtained
from Merck (2.5 g cm 2, 40-250 pum). Other materials, including Cloisite 10 A (1.19 g cm 3, powder), and
Cloisite 30B (1.98 g cm >, powder), were purchased from Southern Clay, America. Montmorillonite K10 (1.9 g/
cm’, powder) was obtained from Fluka, Switzerland. Epoxy resin (1.12 g cm 2, colorless liquid) with amine
hardener from Parla-Iran, tetrahydrofuran (THF) (0.88 g cm ™2, colorless liquid), sulfuricacid (1.8 g cm ™), and
hydrogen peroxide (1.13 g cm ™) were purchased from Merck.

2.2. Preparation of the AUVR and epoxy mixture: (PR)

The main purpose of this project related to the GBs surface coating with acrylate UV curable 3D printing resin.
Epoxy resin has also been used for better adhesion and mechanical reinforcement of coatings. Therefore,
according to figure 1, for an optimal formulation, a mixture of two resins in different ratios of 10% to 90% (w/
w) has been prepared with various hardener contents. The results show that the weight ratio of 30:70 of acrylate/
epoxy was appropriate, as shown in figure 1. Higher percentages of epoxy caused the beads to stick, and in higher
proportions of acrylate resin, we couldn’t observe a proper coating.

2.3. GBs sizing

In order to achieve a uniform size distribution of GBs, industrial standard sieves in the sizes of 53 ©m (mesh 270)
t0 212 pm (mesh 70) were used, and the granulation method was such that the sieves were placed from top to
bottom. The bottom was stacked in large to small sizes and the particles were granulated through mechanical
vibration introduced by the machine for 15 min to make the particle size distribution uniform.

2.4. Surface cleaning and coating of GBs

Initially, Piranha solution (1:3 v/v sulfuric acid to hydrogen peroxide) was used to clean the beads’ surfaces and
remove all contamination. In the meantime, due to surface modification power of the Piranha solution and
surface oxidation to increase the density of polar groups, the beads are ready for further modification. Therefore,
2 g of GBs were mixed for 15 min with the piranha and then washed with distilled water and used after drying at
100 °C. The modification process that was applied to the GBs rotary vessel is shown in figure 2. Heating was
applied by an infrared lamp for preheating of the glass surface for 15 min A ratio of 1,/10 (w/w) of beads/resin
mixture was prepared, so GBs were transferred to the rotary vessel rotating at 50 RPM. For more precision in
creating a uniform coating, PR was sprayed on GBs time to time and heated.

2.5. Preparation of AUVR filled with CGBs

CGBs have been added to AUVR in a different ratio and dispersed inside the matrix using an ultrasonic probe.
After dispersion due to the different densities of the resin and the CGBs, precipitation was observed. Increasing
the viscosity of the mixture could overcome the precipitation problem, which was achieved by using viscosity
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Figure 2. GBs coating method.

Table 1. Specifications of the prepared samples.

Code  Matrix  Modifiedfiller  Filler percentage (wt.%)  Viscosity modifier Filler ~ Viscosity modifier Filler percentage (wt%)

R1 AUVR — — — —
R2 AUVR CGBs 10 Cloisite 10 A 5
R3 AUVR CGBs 20 Cloisite 10 A

modifier fillers. Therefore, three types of nanoparticles were examined, including cloisite 10 A, cloisite 30B, and
montmorillonite K10 in the range of 1 to 5 wt%. The types of prepared formulations are also reported in table 1.

3. Characterizations

3.1. Conditions for 3D printing

A Prodent HD DLP printer made by Bonyan Mechatronics Co, Iran, was used for printing 3D samples. The
printer had an LED projector (A =405 nm, 5w) and a printing volume of 64 x 40 x 134 mm”. Before printing,
desired models were created using CATIA software, converted to STL and transferred to the printer as sliced
image files. 3D printing was performed according to the predefined printing program at room temperature.
After printing, samples were immersed in ethanol for 10 min to remove any uncured remaining resin. The
samples were irradiated with ultraviolet light for post-curing.

3.2. Bending properties

To evaluate the mechanical properties of resin prepared with modified GBs, a three-point flexural test was used.
Tests were performed according to the ASTM D790 standard at room temperature with a crosshead speed of

5 mm min~ " [60].

3.3. Compression mechanical properties
A uniaxial compression test was performed on a Z010 device according to the ASTM D695 standard test method
at room temperature with a 5 mm min " test speed [60].

3.4. Microstructure and morphological observations
For morphological evaluation, a scanning electron microscope (SEM) was used to examine CGBs compatibility
and fracture behavior of the 3D printed samples.
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Figure 3. Images of 3D printed model samples.

Figure 4. SEM result of GBs before coating at different magnifications of (a) 50, (b) 100, (c) 250, (d) 500 times, SEM images of CGBs
with magnifications of (e) 50, (f) 150, (g) 350 and (h) 500 times.

4. Results and discussions

4.1. Printed sample
Samples with different geometries were printed usinga DLP 3D printer. Figure 3 shows printed samples with
prepared resins filled with modified GBs.

4.2, Surfaces characteristics of CGBs

Figures 4(a)—(d) show the SEM images of the GBs before and after coating. According to the images, the
geometry of GBs is mostly spherical, which is important for surface coating and the final properties of the 3D-
printed samples. After size sorting of the GBs, they were coated with UV-curable resins by spray coating. SEM
images show the effect of modification and coating on the desired surface morphology.
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Figure 5. The stress—strain curves obtained from the bending tests for: Pure resin, 10 wt% CGBS, and 20 wt% CGBS.

Table 2. Bending results for CGBs filled AUVR compared to pure AUVR.

Bending Ultimate

modulus strength Elongation at
Sample (MPa) (MPa) break (%)
Pure resin 86.56 £6.93 8.17£0.54 8.70 £1.31
CGBS 10 wt% 94.98 +0.43 4.92+0.64 5.00+0.80
CGBS 20 wt% 136.72 £ 26.49 3.981+0.44 3.11+0.81

4.3. Mechanical properties of the printed samples

4.3.1. Bending test

To evaluate the mechanical properties, the bending mode according to ASTM D790 standard and compression
testaccording to ASTM D695 standard were performed. The results of the bending test, including bending
modulus, final strength, and strain at break, are given in table 2. Stress—strain diagrams for pure resin, samples
with 10 wt% and 20 wt% CGBs are shown in figure 5. In the bending test, failure was observed to occur by
cracking from the side of the specimen under stress. Resins filled with CGBs showed different behavior from the
matrix in the face of stress and generally higher modulus compared to pure resin. Therefore, CGBS increases the
modulus up to 60%. Increasing the modulus of the matrix due to GBs was observed to fulfill Kerner’s equation
(equation (1)). CGBs increase modulus with increasing volume percentage, completely in agreement with the
experimental results from 86 MPa to 136 MPa for addition of 20 wt% CGBs. In equation (1), E.: composite
module, (Mpa) E,,,: matrix module (Mpa), 5 ¢,,,: volume percentage of the matrix and filler, respectively; and
Uyt Poisson ratio of the matrix.

(Y]

1504 (1 + V)
EC:Em(1+ il " )

(8 = 10v,)(1 — @,)

In contrast to bending modulus, CGBS has a weakening effect on bending strength, leading to decreased bending
strength with increasing volume percentage of the CGBs. This can be attributed to their greater rigidity
compared to the matrix, so that during stress loading, rigid particles prevent the deformation of the sample. Asa
result, strain at the break decreases, leading to decreased final strength. This behavior is compatible with the
predictions of particle-filled systems provided by Piggot-Leinder (equation (2)). According to this equation, with
increasing volume percentage of the filler, final strength decreases, as was confirmed by the experimental data. In
equation (2), o is composite stress, o, is matrix stress , A is the stress concentration, x is the polymer-filler
adhesion constant and, oy is filler stress.

0. = Aoy, — Xof 2
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Figure 6. The stress—strain curve obtained from the compression test: (a): Pure resin, (b):10 wt% CGBs, (¢):20 wt% CGBs.

Table 3. Compression results for results for CGBs filled AUVR compared

to pure AUVR.

Ultimate Elongation at
Sample strength (MPa) break (%)
Pure resin 827.87+61.54 40.79 +0.54
CGBS 10 wt% 710.69 +44.43 34.85+4.44
CGBS 20 wt% 473.59 £22.48 31.12£1.45

4.3.2. Compression test

The results of the compressive tests are given in table 3. Stress—strain diagrams for pure specimens, 10 wt% and
20 wt% CGBS are shown in figure 6. It is observed that the results are consistent with the bending test. In both
bending and compression tests, the presence of CGBs increases the modulus. On the other hand, CGBS
decreases the ultimate strength and elongation by increasing the filler content. Also, strain at break shows that
the CGBs reduce the toughness and strain at break of the samples from 8.70% for pure resin to 3.11% for resin
includes 20 wt% CGBs. The correlation of the experimental results obtained from the bending and compression
tests with the equations of Kerner and Piggot-Leinder indicates the effectiveness of the coating, the coating
method, and the compatibility of CGBs with the acrylate-based matrix.

4.4. Microscopic examination and failure behavior of the 3D printed samples

Figure 7 shows the SEM images of the surface of the fractured specimens obtained after bending test. Samples
containing CGBs show the effect of stress concentration over different parts of the sample which is related to the
presence of CGBs. This is why pure resin shows a smooth surface after breaking. In general, CGBS, due to their
higher inherent stiffness and rigidity, do not undergo deformation because of the applied force. In other words,
they do not absorb energy during loading, and therefore, energy is absorbed mainly by the matrix, leading to
fracture of the whole sample. According to SEM images in figure 7, CGBs have left holes on the surface after
detachment from the matrix, with no trace of materials deflection or deformation around the holes, showing no
energy concentration or energy dissipation around the particles.

Figure 8 shows the SEM images of the fracture surfaces of the specimens containing the CGBs filler and the
cavities created on the surface of the specimens when the load is applied to them in the bending test. Figures 8(a)
to 10(d) are related to samples containing 10 wt% CGBs with different magnifications, and figure 8(d) is related
to samples containing 20 wt% CGBs. As can be seen in the SEM images, for the fracture surfaces of the samples
containing 10 and 20 wt%, no deformation occurred during the application of load to the particles, and this
caused a decrease in the final strength of the samples. In the SEM images of fracture surfaces of samples
containing CGBs, holes were observed on the surface of the samples. The reason for the formation of these holes
is that when the load is applied to the samples, the GBs tend to separate from the surface of the matrix. As a result,
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P A
% 1 mm

Figure 7. SEM images of fracture surface of specimens in the bending test: (a) Pure resin, (b) 10 wt% CGBs, (c) 20 wt% CGBs.

the volume fraction of the composite that carries the load collapses, and the sample matrix fills up and looks like
a Swiss cheese.

Figure 9 shows that the interactions between the dispersed phase and the matrix are weakened by the greater
content of the CGBs, which is related to the reduction of the distance between these particles. By increasing the
content of CGBs to 20 wt%, we can see the reduction of the distance between the GBs, which is shown in figure 9
for 10 and 20 wt% CGBs in equal magnification. According to the pictures, it is possible to change the distance
between the particles by changing the volume fraction of the CGBs.

4.5. Mathematical investigation of failure behavior
To investigate the failure behavior of samples, the Wu equation (equation (3)) has been used. This means that if
the distance between the particles inside the matrix is greater than the critical value of the equation, the final
behavior will be brittle; otherwise, the hardness of the material will increase.

1

3
. —al[ 2| -1 3)
6Vye

Moreover, equation (3) shows the Wu equation. In this regard, V7, is the critical fraction of particles, and for
GBs, this fraction is equal to 12.5%. K is the equation constant and is equal to 1, and d is the average diameter of
the particles scattered in the matrix, which is equal to 137 pum for the GBs. As a result, if the distance between the
particles in the final sample matrix is greater than 83.84 pum, the sample behavior will be brittle. According to the
SEM images shown in figure 10, the average distance between particles inside the matrix is greater than the
critical value, so the behavior of the material will be brittle. The results obtained from the SEM images are
consistent with the results obtained from the mechanical tests. According to the obtained results, the average
distance between the CGBs inside the matrix at 10 wt% and 20 wt% is 460 ym and 240 pm, respectively. On the
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Figure 8. SEM images of fracture surfaces of specimens containing CGBs and cavities created on the specimen surface upon loading
(2)—(c) 10 wt% (d) 20 wt%.

Imm

Figure 9. SEM images related to reducing particle spacing by increasing CGBs content (a) 10 wt% (b) 20 wt%.

other hand, itis possible that by increasing the weight percentage of CGBs to 30 wt%, the average distance
between the particles will be less than the critical value of equation (3). However, according to the results, by
increasing the weight percentage of GBs, the mechanical properties, such as final strength, are reduced due to
separation of the beads and the increased hole content in the matrix.
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Figure 10. The distance between the CGBs inside the matrix: (a), (b) in 10 wt% and (c), (d) in 20 wt%.

5. Conclusion

In this paper, the effects of GBs’ inclusion in acrylate-based photopolymer resin and its 3D printing are
investigated. The effect of CGBs has been evaluated, and it has been found that mechanical properties such as
ultimate flexural and compressive strengths, strain at fracture, bending modulus, and fracture behavior of
specimens are strongly influenced by the addition of CGBs to acrylate-based photopolymer resin. The previously
noted results are:

+ Successful 3D printing showed that the prepared resins possessed the necessary rheological conditions to be
used in 3D printers as well as printability of the filled resins.

+ Bendingand compression tests indicated that the GBs reduced the final bending and compressive strengths
consistent with Piggot-Leinder’s theory (by adding 20 wt% CGBs, the final strength decreased from 8.17 £
0.54 MPa without CGBs to 3.98 4 0.44 MPa in bending condition).

+ The GBs reduce the strain at break in both flexural and compressive tests, proofing the brittle behavior of the
fracture (by adding 20 wt% CGBs, the strain at break has decreased from 8.70 = 1.31% without CGBs to 3.11
=+ 0.87% in bending condition).

+ Accordingly, compression and bending moduli were observed to be increased as a result of effect by CGBs, as
predicated by Kerner’s theory (by adding 20 wt% CGBs, the Modulus has increased from 86.56 4 6.93 MPa
without CGBs to 136.72 4 26.49 MPa in bending condition).

These findings provide researchers with new directions for 3D printing the coated GBs into an acrylate-
based photopolymer resin composite with behavior modification and compatibility at the interface with the
matrix.
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