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1. Introduction

ABSTRACT

The integration of nanoparticles, such as Graphene Oxide (GO), with photo-curable polymers in 3D printing has
garnered significant interest in recent years due to the potential to create functional nanocomposite materials.
This study explores the challenges of achieving optimal dispersion of GO nanoparticles within the polymer
matrix and the crucial role of photoinitiators in overcoming these limitations. Traditional photoinitiators, like
TPO, commonly used for GO/polymer resins, have raised concerns about high toxicity and limited sensitivity to
visible light, prompting the need for alternative initiating systems. In this research, we propose a two-component
initiator system based on bis-(4-t-butylphenyl)iodonium hexafluorophosphate and photosensitizer N-{4-[(E)-2-
(pentafluorophenyl)ethenyl]phenyl}-2,1,3-benzothiadiazol-4-amine (IOD/PS1) as a promising solution. This
new initiating system not only ensures a more environment-friendly resin but also exhibits enhanced polymer-
ization kinetics and compatibility with GO nano fillers. This study investigated the effect of the addition of nano-
GO on the kinetics of the radical photopolymerization process, 3D printing, and final mechanical and thermal
properties of the received products. TPO and PEGDA/H20 were used as reference systems. In addition, a new
two-component initiator system was synthesized, which is an interesting alternative to the commercial TPO
initiator that is widely employed in additive techniques. This publication presents the research procedure
involving various techniques: real-time FTIR and photoreology. In addition, the possibility of creating three-
dimensional structures from the newly developed photo-curable resins was verified. Finally, the morphologies
and mechanical properties of the resulting 3D structures were compared. Within the work, we demonstrate the
advantages of the two-component initiator in achieving uniform distribution of GO and fabricating high-quality
materials. By applying IOD/PS1 initiating system we facilitated a more controlled and efficient polymerization
process, reducing shrinkage-induced stresses and enhancing interlayer bonding. The result was the fabrication of
high-quality, well-dispersed materials with tailored properties suitable for various applications, particularly in
the biomedical field.

into solid objects layer by layer [4-8]. This technique offers high reso-
lution, speed, and accuracy, making it an attractive option for various

Additive manufacturing of polymers with nanoparticles using Digital applications including biomedical engineering [9-11]. Using this tech-
Light Processing (DLP) is a relatively new area of research that has nique, liquid resin can be easily mixed with a variety of nanofillers for
attracted significant attention in recent years [1-3]. DLP is a type of 3D the manufacture of functional nanocomposite materials [12-14].
printing technology that uses a digital light projector to cure liquid resin Nanofillers incorporation in a polymer matrix can improve the

* Corresponding author at: Department of Biotechnology and Physical Chemistry, Faculty of Chemical Engineering and Technology, Cracow University of

Technology, Warszawska 24, 30-155 Cracow, Poland.

E-mail address: jortyl@pk.edu.pl (3. Ortyl).

https://doi.org/10.1016/j.eurpolymj.2023.112403
Received 31 July 2023; Received in revised form 23 August 2023; Accepted 30 August 2023

Available online 1 September 2023

0014-3057/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.07).


http://www.sciencedirect.com/science/journal/00143057
https://www.elsevier.com/locate/europolj
mailto:jortyl@pk.edu.pl
https://doi.org/10.1016/j.eurpolymj.2023.112403
http://creativecommons.org/licenses/by/4.0/

mechanical and thermal properties of the final material [15-19]. On the
other hand, the introduction of nanoadditives to the polymer resin may
disturb the photoinduced polymerization processes and thus limit the
printability and quality of the printouts. Therefore, selecting a proper
photoinitiator becomes a key factor in ensuring the efficient and uniform
cross-linking of the printed material, especially when incorporating
components that are not inherently permeable to light, such as nano-
scale additives like Graphene Oxide (GO).

The use of proper initiating systems is of paramount importance to
overcome the limitations associated with the incorporation of GO nano
fillers into photo-curable resin [20-22]. When nanoadditives like GO are
introduced into the resin matrix, they can significantly influence the
photoinduced polymerization processes due to their unique physico-
chemical properties [23-24]. Without an appropriate initiating system,
the dispersion and interaction of GO within the resin can be compro-
mised, leading to uneven curing, poor mechanical properties, and
reduced print quality [25-27]. A well-selected photoinitiator plays a
crucial role in promoting uniform cross-linking and efficient curing of
the resin, particularly when incorporating non-permeable nano-scale
components like GO [28-30]. The photoinitiator’s ability to initiate the
polymerization reaction and generate reactive species upon exposure to
light ensures proper curing throughout the resin, including regions
containing GO nano fillers [31-32]. An effective initiating system can
enhance the dispersion and compatibility of GO nanoparticles within the
resin matrix, minimizing agglomeration and improving the mechanical
performance of the printed material. Additionally, it can mitigate issues
related to shrinkage mismatch and reduce the risk of cracks or defects in
the final printouts [33-35]. By using the appropriate initiating system,
researchers can harness the full potential of GO nano fillers to enhance
the material properties of the resin-based composite. This includes
achieving improved mechanical strength [36-37], enhanced thermal
stability [38], and better electrical conductivity [39-40], opening up
new avenues for advanced engineering applications.

So far, researchers have made notable efforts to address the chal-
lenge of achieving optimal dispersion of GO particles within various
matrices. The uniform distribution of GO nanoparticles in the resin
matrix is a critical factor in determining the final properties and per-
formance of the composite material [41-42]. A well-dispersed GO
network ensures efficient load transfer and enhances mechanical, ther-
mal, and electrical properties. To improve the dispersion of GO particles,
scientists have explored several approaches. One common method in-
volves modifying the surface functional groups of GO through chemical
functionalization [43-44]. Functionalization alters the interactions be-
tween GO and the matrix, reducing agglomeration and enhancing
compatibility [45]. This approach has shown promise in improving the
dispersion of GO and promoting a homogeneous distribution within the
resin. Another technique employed is the use of prolonged sonication
during the mixing process [46-48]. Sonication helps to disperse and
exfoliate GO sheets, breaking down large agglomerates into smaller,
well-dispersed nanoparticles [49]. This mechanical dispersion method
has demonstrated some success in achieving more uniform distribution,
but it may also introduce additional challenges such as potential damage
to GO structure or the need for extended processing times [50-52].

In the context of ongoing research, our work presents a novel
approach to enhance the dispersion of GO nanoparticles within the resin
matrix. Instead of solely relying on surface functionalization or extended
sonication, we investigate the influence of high-performance two-
component initiator system on the dispersion of GO in the resin. The
intiating system, designed with specific chemical properties, exhibits a
remarkable ability to facilitate the dispersion of GO and improve
compatibility with the resin matrix. Its unique chemical structure en-
ables strong interactions with the functional groups present on the GO
surface, reducing the likelihood of agglomeration and promoting uni-
form distribution throughout the composite.

Traditionally, the most commonly used photoinitiator for GO/poly-
mer resins has been TPO [53]. However, due to concerns about its high

toxicity [54] and other limitations like limited sensitivity to visible light
and oxygen inhibition during the polymerization process [55-57], there
isagrowing need to explore alternative initiating systems. In this regard,
our research presents a highly promising solution through the use of a
two-component initiator system based on bis-(4-t-butylphenyl)iodo-
nium hexafluorophosphate and photosensitizer N-{4-[(E)-2-(penta-
fluorophenyl)ethenyllphenyl}-2,1,3-benzothiadiazol-4-amine (lob/s
PS1). This innovative initiator system allows us to overcome the draw-
backs associated with traditional photoinitiators, achieving a more
environment-friendly resin with improved polymerization kinetics and
enhanced performance. By leveraging the unique properties of this two-
component initiator, we not only achieve more efficient curing and
reduced oxygen inhibition but also synergistic effects with GO nano
fillers, leading to a significant enhancement in the overall properties of
the GO-reinforced resin. This advancement paves the way for the
development of advanced nanocomposite materials, offering immense
potential for diverse applications in additive manufacturing, biomedi-
cine, electronics, and beyond.

In this study, we prepared composite materials using a combination
of Polyethylene glycol diacrylate (PEGDA) and GO, with a commercially
available TPO initiator system as the reference material. We conducted a
comprehensive investigation of the effects of nano-GO on the kinetic
properties, 3D printing process, and thermal and mechanical properties
of the achieved polymer structures. To characterize the photo-curable
compositions, we performed rheological behavior analysis to assess
the flow properties and viscosity of the resin mixtures. Additionally,
thermal analysis was conducted to study the curing behavior and ther-
mal stability of the composite materials. Mechanical analysis was
employed to evaluate the strength, toughness, and other mechanical
properties of the printed structures.FTIR analysis was utilized to gain
insights into the chemical interactions and cross-linking processes
occurring during the photopolymerization of the PEGDA/GO compos-
ites. As an essential aspect of our research, we explored the possibility of
replacing the commercially available TPO initiator with a high-
performance two-component initiator system (IOD/PS1). This new
initiating system was carefully designed and synthesized to address the
limitations associated with traditional photoinitiators. Through sys-
tematic experimentation, we demonstrated the potential of this two-
component initiator system in achieving a uniform distribution of GO
within the polymer matrix, resulting in high-quality materials with
enhanced properties.

2. Materials and methods

2.1. Materials

A commercially available TPO photoinitiator (diphenyl (2,4,6-tri-
methyl benzoyl) phosphine oxide, Allnex) was used as the one-
component initiator system. In addition, compositions containing a
two-component initiator system were prepared: iodonium salt IOD (bis-
(4-t-butylphenyl)iodonium hexafluorophosphate, SpeedCure 938,
Lambson) and the new photosensitizer PS1 (N-{4-[(E)-2-(penta-
fluorophenyl)ethenyllphenyl}-2,1,3-benzothiadiazol-4-amine). The
resin formulations contained the following monomers: poly(ethylene
glycol) diacrylate (PEGDA, Sigma Aldrich, average Mn 575) and pen-
taerythritol triacrylate (PETIA, Sigma Aldrich). As a nanoadditive, GO
(graphene oxide nanocolloids, 2 mg/ml, dispersion in H20, Sigma
Aldrich) was selected for the kinetic studies, 3D printing experiments,
and strength tests. The radiation absorbing additive in the resin
composition was tartrazine (TT dye content > 85 %, Sigma Aldrich).
Fig. 1 shows the compound structures that have been used as compo-
nents of the photoinitiating systems.

2.2. Spectroscopic characteristic

A Cary 60 UV-VIS spectrophotometer (Agilent Technologies) with a



Fig. 1. Structures of initiating system and resin components.

wide spectral range of 190-1100 nm equipped with a xenon flash lamp
(80 Hz) was used to determine the spectroscopic properties of the
investigated components of the initiating system and the prepared resin
formulations.

2.3. Real-time FT-IR measurements

Real-time FT-IR spectroscopy was implemented to determine the
initiation efficiencies of the initiating systems. A NICOLETTM iSTM 10
spectrometer (Thermo Fisher Scientific) equipped with a horizontal
attachment was employed. LEDs emitting radiation at a wavelength of
405 nmwere applied as a light source (M405L4 from Thorlabs with light
intensity on the investigated sample: 2.98 mW/cm2 M405LP1 from
Thorlabs with light intensity on the tested sample: 8.82 mW/cm?2).
Photopolymerization kinetics by real time FT-IR technology was verified
for the following resins: GO BASE: GO/PEGDA (3/1 w/w); GO resin:
TPO/TT (1/0.1 w/w) and GO/PEGDA (37.5/62.5 w/w); REF1: TPO (1
% by weight) and PEGDA; REF2: TPO/TT (1/0.1 w/w) and PEGDA;
REF3: TPO (1 % by weight) and H20/PEGDA (37.5/62.5 w/w); REF4:
TPO/TT (1/0.1 w/w) and H20/PEGDA (37.5/62.5 w/w); REF5: PS1/
10D (0.1/1 w/w) and PETIA/ H20/PEGDA (30/26.25/43.75 w/w/w);
GO new resin: PS1/10D (0.1/1 w/w) and PETIA/ GO/PEGDA (30/
26.25/43.75 w/w/w). The degree of conversion of the functional groups
present in the photo-cured resin was determined by the disappearance of
the characteristic band for C- C bonds (6120 - 6200 cm~1) [58]
employing the following formula:

C j 1_ Aafter grotgpdyrerization j *100 99 59
V A beforegrorpdynenization/
Where:

C _ conversion of functional groups [%]; A _ area of characteristic
bands.

2.4. Rheological behaviour on photo-curable compositions

A modular compact Rheometer MCR302 (Anton Paar) was employed
to examine the rheological properties of the prepared photo-cured
resins. Measurements were carried out under well-defined conditions:
initial thickness of the tested resin 0.1 mm, frequency 1.0 Hz, strain
amplitude 1.0 %. Vis LED 405 nm was applied as the light source, the
light intensity on the test sample was 2.98 mW/cm2 (for GO BASE: GO/
PEGDA (3/1 w/w); GO resin: TPO/TT (1/0.1 w/w) and GO/PEGDA
(37.5/62.5 w/w); REF1: TPO (1 % by weight) and PEGDA; REF2: TPO/
TT (1/70.1 w/w) and PEGDA; REF3: TPO (1 % by weight) and H20/
PEGDA (37.5/62.5 w/w); REF4: TPO/TT (1/0.1 w/w) and H20/PEGDA
(37.5/62.5 w/w)) and 8.82 mW/cm?2 (for REF5: PS1/I10D (0.1/1 w/w)

and PETIA/ H20/PEGDA (30/26.25/43.75 w/w/w); GO new resin:
PS1/10D (0.1/1 w/w) and PETIA/ GO/PEGDA (30/26.25/43.75 w/w/
w)), which was measured with a PM160 measuring device (Si Sensor
Power Meter, from ThorLabs). Each measurement lasted for 300 s, and
the light source was turned on 30 s after the start of the measurement.
The temperature of the examination chamber was constant at 25 °C. This
study made it possible to determine the gelation time of individual resin
compositions and polymerization shrinkage [59,60]. The gelation time
was determined from the intersection point of the storage and loss
moduli. Polymerization shrinkage was determined using the following
formula:

Where:
S _ polymerization shrinkage [%]; dstart _ initial sample thickness
[mm]; dend _ final sample thickness [mm)].

2.5. 3D printing experiments

The following photo-curable resins were utilized for DLP 3D printing
experiments: GO resin: TPO/TT (1/0.1 w/w) and GO/PEGDA (37.5/
62.5w/w); REF2: TPO/TT (1/0.1 w/w) and PEGDA; REF4: TPO/TT (1/
0.1 w/w) and H20/PEGDA (37.5/62.5 w/w); REF5: PS1/10D (0.1/1 w/
w) and PETIA/ H20/PEGDA (30/26.25/43.75 w/w/w); GO new resin:
PS1/10D (0.1/1 w/w) and PETIA/ GO/PEGDA (30/26.25/43.75 w/w/
w).

2.5.1. Determination ofprinting parameters

To adequately carry out the 3D printing process, it is necessary to
know the optimal parameters, and for this purpose, the prepared resins
were tested using Jacob’s basic working curves. These experiments
allow the determination of the Critical Energy (Ec), which is necessary to
initiate the photopolymerization process, as well as the depth of light
penetration (Dp). The parameters were determined using the following
formula:

Where:

Cd _ thickness of the cured resin slice [|im]; EO_ light energy on the
investigated sample surface [mJ/cm2].

From the obtained data, a plot of Cd _ f(EQ) was established, from
which the critical energy (the intersection point of the plot with the X-
axis) and the depth of light penetration (the slope of the resulting curve)
were computed. Knowledge of Dp and Ec allows for the selection of



appropriate exposure settings to optimize the printing conditions for the
best resolution.

2.5.2. 3D printing using DLP technology

A Lumen X+™ printer was applied to achieve digital light processing
prints. The light intensity of the photo-cured resin was 1.99-9.95 mW/
cm2. The 3D printed designs were prepared using Fusion360® software
(AutoDesk). The resulting prints were cleaned and postcured in a
Wanhao Boxman Curing Chamber (at 405 nm), the post-curing time for
each print took 10 and 60 min, respectively.

2.6. Determination offinal properties of three-dimensional materials

2.6.1. Microscopic analysis of the resulting materials

Nanoscale observations of as-supplied graphene oxide were carried
out using an FEI Tecnai G2 SuperTWIN 200 kV FEG transmission elec-
tron microscope equipped with a SIS MegaView IIl CCD camera for
acquisition of microstructure images in bright-field mode (TEM/BF) as
well as selected area electron diffraction (SAED) patterns. The samples
for TEM studies were prepared on a lacey carbon support. Surface
topography observations were carried out using an Axia Thermofisher
scanning electron microscope (SEM) at 10 keV in the secondary electron
(SEM/SE) mode. To overcome the charge-up effect, the surfaces of the
investigated samples were sputter-coated with carbon using a Leica EM
SCE 500 deposition system.

2.6.2. Mechanical analysis

The mechanical properties of the tested materials were evaluated via
uniaxial compression tests. The compression tests were performed using
an INSTRON 6025 modernized by a Zwick/Roell testing machine
equipped with static load cells with a small range of compressive forces.
The measurements were carried out at room temperature (~23 °C) and
at a constant strain rate of 0,1 mm/min. Test specimens were mounted
on cylindrical hardened steel dies. Fig. 2 shows a simplified diagram of
the deformation process. Three tests were performed for each type of
material to maintain appropriate statistics and check the repeatability of
the results.

Fig. 2. Simplified diagram of the deformation process.

2.6.3. Thermal analysis

Changes in the thermal stability of PEGDA after the addition of GO
nanoparticles were studied. The thermal behavior of PEGDA and
PEGDA/GO was analyzed by TGA and DSC. The weight losses during the
sample drying stage and the subsequent heating up to 700 °C were
measured using thermogravimetric analysis (TGA) by Mettler Toledo,
while the heat flow during that process was followed by the differential
scanning calorimetry (DSC) method using Q1000 (TA Instruments).

3. Results and discussion

3.1. Spectroscopic characteristic

The main objective of the spectroscopic studies was to determine the
effect of GO addition on spectroscopic properties. Therefore, absorption
measurements were performed for the following compositions: GO
resin: TPO/TT (1/0.1 w/w) as the photoinitiating system with GO/
PEGDA (37.5/62.5 w/w), and REF4: TPO/TT (1/0.1 w/w) as the pho-
toinitiating system with H20/PEGDA (37.5/62.5 w/w). Spectroscopic
measurements showed that the studied compositions had absorptions up
to approximately 500 nm. The GO nanoadditive did not cause any
deterioration in the spectroscopic characteristics. Fig. 3 shows the ab-
sorption spectra of the GO resin and the REF4 compositions.

3.2. Real-time FTIR measurements

The subsequent research stage involved checking the kinetic prop-
erties of the investigated photo-curable resins. To this goal, resins: GO
BASE: GO/PEGDA (3/1 w/w); GO resin: TPO/TT (1/0.1 w/w) and GO/
PEGDA (37.5/62.5 w/w); REF1: TPO (1 % by weight) and PEGDA;
REF2: TPO/TT (1/0.1 w/w) and PEGDA; REF3: TPO (1 % by weight)
and H20/PEGDA (37.5/62.5 w/w); REF4: TPO/TT (1/0.1 w/w) and
H20/PEGDA (37.5/62.5 w/w) were analyzed using infrared spectros-
copy techniques. Photopolymerization kinetics studies were carried out
on 0.1 mm thick rings, which are compatible with the layer thickness of
3D printed objects. Each measurement lasted 900 s, and the light source
in the form ofa VisLED at @405 nm was turned on after the initial 10 s of
the kinetics measurement. The graph below shows the kinetic profiles

Fig. 3. Absorption spectrum of GO resin (TPO/TT/GO/PEGDA 1/0.1/37.5/
62.5 w/w/w/w) and REF4 (TPO/TT/H:0/PEGDA 1/0.1/37.5/62.5 w/w/

w/w).



obtained during radical photopolymerization of the photo-curable for-
mulations examined.

According to the experiments, the conversion rate of the PEGDA
acrylate monomer, induction times for each resin, and slope curves were
determined. All kinetic parameters are listed in Table 1. where con-
version is the final conversion of acrylate groups and dC/dt is a
parameter that describes the rate of photopolymerization.

The investigated samples showed that the addition of GO to the
photo-curable resin did not have an inhibitory effect on radical photo-
polymerization kinetics. The obtained conversions of acrylate groups for
all resins (except GO BASE, with is the resin without photoinitiating
system) were very high and amount to 95-97 %. Nevertheless, in the
initial phase of the photopolymerization process, we noticed funda-
mental differences for the tested samples due to different induction
times varying from 12 s to as little as 2 s, and the slope of the kinetic
curve in the initial phase of the process was very different, which in-
dicates the various reactivities of the resins. It is mainly related to the
fact that the content of the photoinitiating system was applied with the
same weight concentration to the total weight of the sample, not just to
the weight of the monomer. Therefore, the total initiator concentration
per monomer for sample REF1 was 1 % by weight, and for the initiator in
sample REF3 is 1.6 % by weight after calculating the mass of monomer
contained in the sample. Based on the analysis of the kinetic data pre-
sented in Table 1 and Fig. 4, comparing the results for samples REF3 and
REF4, it is evident that changing the composition of the photoinitiator
system results in changes in the kinetics. The addition of TT to a photo-
curable formulation is generally expected to improve the 3D printing
parameters to ensure adequate resolution of printed objects. In our case,
a slight addition of TT equal to 0.1 % by weight of the sample resulted in
a reduction in induction time and acceleration of photopolymerization
kinetics in the initial period of monitoring the photopolymerization
process. Summarizing the results obtained, it can be said that kinetic
parameters for GO resin and REF4 samples were obtained similar, this
indicates that GO addition does not have an inhibitory effect on the
photopolymerization process under the established test conditions, only
slightly the kinetic rate of the photopolymerization process (dC/dt)
decreases compared to the REF4 reference sample. The spectra before
and after the photopolymerization process for all the studied composi-
tions are included in the Supplement (S.2.-S.9.).

3.3. Rheological behaviour on photo-curable compositions

Photorheological measurements were performed to determine the
polymerization shrinkage of the investigated photo-curable resins. The
intensity of 405 nm light on the sample was the same as for FT-IR
measurements and was 2.98 mW/cm2 (for resins: GO BASE: GO/
PEGDA (3/1 w/w); GO resin: TPO/TT (1/0.1 w/w) and GO/PEGDA
(37.5/62.5 w/w); REF1: TPO (1 % by weight) and PEGDA; REF2: TPO/
TT (1/70.1 w/w) and PEGDA; REF3: TPO (1 % by weight) and H20/
PEGDA (37.5/62.5 w/w); REF4: TPO/TT (1/0.1 w/w) and H20/PEGDA
(37.5/62.5 w/w)). The results obtained are presented as the dependence
of the loss modulus, storage modulus, and normal force on time (graphs
are presented in Supplement S.11.-S.18.). No changes were observed in
the composition of GO BASE over the course of the measurements. The
highest polymerization shrinkage was observed for REF1 resin. The

Table 1

Kinetic parameters obtained during radical photopolymerization under 405 nm (Light intensity on photopolymerizing composition _

Resin Composition

GO BASE GO/PEGDA (371 w/w)

GO resin TPO/TT (1/0.1 w/w) and GO/PEGDA (37.5/62.5 w/w)

REF1 TPO (1 % by weight) and PEGDA

REF2 TPO/TT (1/0.1 w/w) and PEGDA

REF3 TPO (1 % by weight) and H2O/PEGDA (37.5/62.5 w/w)
)

REF4 TPO/TT (1/0.1 w/w) and H2O/PEGDA (37.5/62.5 w/w)

value of this parameter for this resin was 6 % (composition without
water). For the GO resin and REF3 samples, no polymerization shrinkage
was observed under radiation. Based on this study, it was also possible to
determine the gelation times of the individual compositions. The
determined times were very short, indicating that the process occurred
very quickly. The calculated values of gelation time and polymerization
shrinkage are listed in Table 2.

3.4. 3D printing of composite materials

3.4.1. Determination ofprinting parameters

Characteristic printing parameters, such as the critical energy and
light penetration depth, were determined from Jacob’s basic working
curves. For each resin, which were utilized in subsequent 3D printing
work, an analysis of printing parameters was carried out, the selected
samples for research were: REF2 (TPO/TT (1/0.1 w/w) and PEGDA),
REF4 (TPO/TT (1/0.1 w/w) and H20/PEGDA (37.5/62.5 w/w)) and GO
resin (TPO/TT (1/0.1 w/w) and GO/PEGDA (37.5/62.5 w/w)). For
Jacob’s basic working curves, nine slices measuring 1 x 1 cm were
printed at different times. The thickness of each slice was measured five
times using a micrometer screw, and the average thickness value was
determined. The Eo value shown in the graph corresponds to the quo-
tient of the exposure time of a given slice and power of the printer. The
Cd parameter in Fig. 5 represents the thickness of the cured resin.

The critical energy and depth of light penetration were determined
according to the experiments, as shown in Table 3. As can be seen, the
addition of GO to the photopolymerization resin results in a decrease in
the critical energy value, as well as a decrease in the light penetration
depth value compared to the reference resins. From the results obtained,
it can be seen that GO resin with GO (0.075 % by weight) exhibits the
lowest critical energy value, i.e. the lowest amount of energy required to
supply the system for the photopolymerization to occur in an object of a
given thickness. This phenomenon may indicate a potentially acceler-
ating effect of GO on the photopolymerization process. Nevertheless, by
analyzing the second determined parameter, it can be seen that with the
addition of GO to the sample, the depth of light penetration decreases
drastically, which is completely reasonable considering the absorption
properties of graphene oxide in a 100 um thick printed layer.

3.4.2. 3D printing using DLP technology

Based on the results obtained from the analysis of the printing pa-
rameters and monitoring the photopolymerization processes using on-
line techniques, we attempted to print objects with specific
morphologies and shapes. Subsequently, the DLP 3D printing experi-
ments were performed. The following resins were used for the experi-
ments: GO resin: TPO/TT (1/0.1 w/w) and GO/PEGDA (37.5/62.5 w/
w); REF2: TPO/TT (1/0.1 w/w) and PEGDA; REF4: TPO/TT (1/0.1 w/
w) and H20/PEGDA (37.5/62.5 w/w). Three-dimensional objects were
prepared for further research. 3D structures were prepared and used for
microscopic resolution investigations, and printed cylinders were pre-
pared, which served as the test material for the strength tests (Fig. 6).
Table 4 lists the printing parameters for each resin.

2.98 mW/cm2).
Conversion [%] Induction time [s] dC/dt

No polymerization No induction time

95 2.22 4.29
96 11.76 2.29
97 12.25 2.25
96 8.86 6.46
95 2.05 6.76



Fig. 4. Kinetic profiles obtained during radical photopolymerization for resins with a one-component initiator system.

Determined values of gelation time and polymerization shrinkage for photo-curable resins under 405 nm (Light intensity on photopolymerizing composition _ 2.98

Table 2
mw/cm?2).
Resin Composition
GO BASE GO/PEGDA (371 w/w)
GO resin TPO/TT (1/0.1 w/w) and GO/PEGDA (37.5/62.5 w/w)
REF1 TPO (1 % by weight) and PEGDA
REF2 TPO/TT (1/0.1 w/w) and PEGDA
REF3 TPO (1 % by weight) and H20/PEGDA (37.5/62.5 w/w)
REF4 TPO/TT (1/0.1 w/w) and H20/PEGDA (37.5/62.5 w/w)

3.5. Determination offinal properties of three-dimensional materials

3.5.1. Surface analysis

A TEM/BF microstructure image of the as-supplied graphene oxide
flakes is shown in Fig. 7. One may distinguish folded sheets of material
(several micrometers long) that are free from contaminants. The semi-
transparency of the material for the electron beam and the lack of vis-
ibility of the edges of the flakes suggest the presence of many layers of
stacked material. The SAED pattern acquired from the area also covering
part of the folded graphene oxide presents continuous rings of intensity
overlapped with distinct spots (Fig. 7b). Indexing of the SAED pattern
allowed us to prove the graphite phase (the spot diffraction pattern
corresponds to [0001]C).

The morphologies of REF1, REF4, and the GO resin composite
observed using scanning electron microscopy (SEM) are shown in Fig. 8.
Print fidelity and dimensions changed when the material composition
was changed. According to the results, the reference samples exhibited
weak structural integrity in comparison to materials with GO particles.

Gel time [s] Polymerization shrinkage

[%]

No polymerization No polymerization

0.35 0
1.50 6
3.90 5
0.37 0
0.93 2

Among the studied reference combinations, samples with higher PEGDA
concentrations showed better printing fidelity. The printing accuracy
decreased with increasing water content of the PEGDA hydrogel. When
the PEGDA concentration was reduced, the printing accuracy decreased
because a lower PEGDA concentration led to a reduced crosslinking
degree and negatively affected the printability of the fine structure. The
addition of GO particles improves the quality of the printouts, regardless
of the addition of water to the resin. This indicates a strong interaction
between the polymer chain and GO particles [61]. Within the material,
sequencing of the surface relief appeared, which proved the homoge-
neous dispersion of GO in the material.

The degree of curing is critical for the structure fabricated via digital
light processing [62], as shown in Fig. 8. For the control samples,
extending the curing time resulted in crack propagation along the ma-
terial. Increasing the curing time enabled GO to scatter closer to the
remaining monomers, making the structure more compact. Thus, much
greater differences in the mesh dimensions are visible. The width of the
final layers is almost two times smaller for GO resin 60 min sample



Fig. 5. Determined Jacob’s basic working curves for resins: REF2, REF4 and

GO resin.

Table 3
Calculated 3D printing characteristics for photo-curable resins: REF2, REF4 and

GO resin.

3D printing parameters

Resin Equation Critical energy [mJ/ Curing depth
cm2] Mm]

REF2 y _ 358.69In(x)- 2.81 380.44
370.59

REF4 y _ 85,45In(x) - 1.42 82.22
30,08

GO y _ 62,29In(x) - 1.17 62.80

resin 10,08

which proves that the cross-linked material compared to GO resin 10
min. For the control materials, no significant differences in dimensions
were observed depending on the curing time of the printout.

3.5.2. Mechanical analysis

Fig. 9 shows the mechanical properties of 3D printed nano-
composities for different curring times. According to the results, the
Young's modulus of the final material increased slightly with post-
curing time. This is due to the speed of the radical polymerization pro-
cess, which occurs relatively quickly, which explains the slight differ-
ences in the mechanical properties depending on the curing time. A
much greater effect on the mechanical properties of the material was
observed during the polymer modification with nanoparticles. The
incorporation of GO into polymer-based resins improved the mechanical
properties of the final materials. GO exhibits excellent hydrophilic
properties. This high hydrophilicity is due to oxygen-containing groups
such as oxygen, hydroxyl (-OH), carbonyl (-CO-), carboxyl (-COOH),
alkoxy, and epoxide, which are present on the basal planes and edges of
GO [63]. Thus, GO can easily interact with polymers, thereby improving
their mechanical properties [64]. For nanocomposites with TPO, the
Young’s modulus of the GO resin nanocomposites increased two times,
and the most spectacular results were obtained for two-component
systems based on an iodine salt and a sensitizer. Materials without
nanoadditives exhibited very poor mechanical properties. The intro-
duction of GO increases the mechanical properties to values similar to
those of commercial TPO and pure monomer [65].

3.5.3. Thermal analysis

The thermal properties of REF1 and the GO resin nanocomposites
were evaluated by TGA and DSC, respectively, and the corresponding
data are presented in Fig. 10. The TGA results show that the PEGDA
network is thermally stable up to 270 °C whereas it undergoes thermal
degradation between 300 °C and 460 °C which signifies the decompo-
sition temperature. A long post-curing time of 60 min reduces the
thermal instability of the polymer compared to a short one, which im-
plies slower decomposition kinetics because the final decomposition
temperature remains the same. The post-curing time did not change the
size of decay about 94 %. The decrease in stability was also confirmed by
the onset temperature determined using tangents. The addition of GO to
the sample subjected to long post-curing times (60 min) increased the
thermal stability of the polymer. This may be related to the reaction of
the polymer chains with GO during extended post-curing. The end of the
decay (kinetics) and the size of the decay remained unchanged. The
addition of GO to the polymer with a shorter post-curing time increases
the decay rate. A certain difficulty is that the decay, in this case, reaches
102 %, perhaps this is due of the simultaneous deposition of decay
products on the balance elements, which changes the reference point.

Fig. 6. 3D models for mechanical testing and SEM analysis with sample printouts.



Table 4
DLP 3D printing conditions for REF2, REF4 and GO resin.

3D printing conditions

Resin Curing time of first layer [s] Curing time of layers [s]
REF2 3 1.5

REF4

GO resin 6 2

Fig. 7. TEM/BF microstructure image (a) and SAED pattern (b) obtained from
the graphene oxide flake.

However, even assuming 100 %, it’s still approximately 7 % more than
without the addition of GO or with long post-curing time with the
addition of GO. This indicates that there is a strong interaction between
PEGDA and the GO nanofillers at the interface owing to the formation of
hydrogen bonds. The chemical influence of GO, and probably C, on the
bonded structure reacts with the post-curing process. This indicates a
change in the mobility of the polymer chain at the borders, a decrease
under the influence of long post-curing, and an increase again owing to
the same post-curing but with the addition of GO.

4. New photo-curable nanoresin with novel initiator system

Because of the favorable results achieved by applying radical pho-
topolymerization to the preparation of 3D printed nanocomposite ma-
terials using a radical initiator system, we decided to apply a two-
component photoinitiator system for further research. GO-added nano-
resin was prepared utilizing a new two-component initiator system
based on bis-(4-t-butylphenyl)iodonium hexafluorophosphate and
photosensitizer N-{4-[(E)-2-(pentafluorophenyl)ethenyl]phenyl}-2,1,3-
benzothiadiazol-4-amine (IOD/PS1 1/1.0 w/w). The addition of the new
initiator system to the nanoresin was aimed at eliminating the TPO
initiator, which is a potentially toxic compound, making it unsuitable for
biomedical applications. Creating a new two-component photoinitiating
system that does not exhibit toxicity would greatly expand its applica-
tion possibilities in the fields of medicine, dentistry, and tissue engi-
neering. The research scheme was the same as that for resins with the
free-radical initiator diphenyl (2,4,6-trimethyl benzoyl) phosphine
oxide (TPO). The investigation began by verifying the spectroscopic
properties of the newly synthesized PS1 compound. The synthetic pro-
cedure and confirmation of PS1 structure, are presented in the Supple-
mentary Material (S.1.). Absorption measurements were performed in
acetonitrile. The new compound absorbs radiation in the visible range,
reaching up to 520 nm (Fig. 11), which is extremely promising in terms
of its further application as a photosensitizer for iodonium salts using
light sources in the visible range. However, one mechanism of photo-
sensitization is based on electron transfer between the excited state of
the photosensitizer and initiator in the ground state. By absorbing light
gquanta, the photosensitizer molecule is excited to a singlet state. The
excited singlet states are characterized by very short lifetimes and are,
therefore, transferred to the corresponding triplet states, which are
characterized by longer lifetimes, making it possible to interact with
molecules in the ground state. For this reason, electron transfer mainly
occurs from the excited singlet and triplet states of the photosensitizer

Thickness of the layer [Mm] Light intensity [mW/cm2]

100 2.98

towards the initiator in the ground state. During this process, reactive
forms capable of initiating polymerization are produced. The electron
transfer photosensitization process depends on the thermodynamic
conditions, the oxidation potential of the photosensitizer, and the
reduction potential of the initiator.

Subsequently, two resin formulations were prepared: REF5: PS1/
10D (0.1/1 w/w) and PETIA/H20/PEGDA (30/26.25/43.75 w/w/w);
GO new resin: PS1/I10D (0.1/1 w/w) and PETIA/GO/PEGDA (30/
26.25/43.75 w/w/w). The PETIA monomer was added to the H20/
PEGDA system employed in the previous chapter to act as a crosslinking
agent. The formulated resins were examined kinetically (study of the
kinetics of the radical photopolymerization process using infrared
spectroscopy and photoreological investigations). Table 5 lists the pa-
rameters calculated from these measurements. Kinetic profiles obtained
while measuring photopolymerization kinetics are included in Supple-
mentary Material (S.10.).

The results obtained from kinetic measurements are very promising,
despite the low over-reactivity of the acrylate groups for REF5 and GO
new resin (at approximately 20 %). The conducted photorheological
measurements showed that the gelation time of the new resin formula-
tions was short and did not exceed 1s, and the polymerization shrinkage
was low (2 %), which is particularly relevant when it comes to the
development of photo-curable polymer nanocomposites. The Kkinetic
studies conducted were a precursor to application studies, where the
new resin formulations were utilized as an input material for the 3D
printing of objects using DLP technology. To properly carry out the 3D
printing process, application studies began by determining the optimal
printing parameters (the method of determining the critical energy and
depth of light penetration were presented in the previous section).
Fig. 12 represents Jacob’s basic working curves obtained for the REF5
and GO new resin, while Table 6 shows the calculated 3D printing
parameters.

Subsequently, an effort was made to obtain three-dimensional ob-
jects from the prepared resins using the new initiator system for SEM
analysis (Fig. 13). As in the case of resins with a one-component initiator
system in the form of TPO, REF5 and GO new resin also received prints,
which in further stages were utilized for imaging by scanning electron
microscopy. Compared to resins with TPO, for REF5 and GO new resin it
was necessary to increase the exposure time for layers of printed objects
and increase the intensity of light incident on the photo-curable resin
during the 3D printing process. For the new GO resin prints, the layer
thickness must be reduced to twice that of the REF5 resin print, which
allows the photopolymerization process.. The 3D printing parameters of
the new photo-cured nanoresins are listed in Table 7. However, despite
the fact that the printing parameters of the new reference resin (REF 5)
and the formulation with added graphene oxide (GO new resin) require
much longer exposure times during the 3D printing process, this
research shows that the employment of two-component photoinitiating
systems based on an iodonium salt and an appropriately selected
photosensitizer opens up entirely new possibilities for composing photo-
curable formulations. In this chapter, we applied a two-component
typical photoinitiating system based on an iodonium salt to initiate
the radical photopolymerization process of acrylate monomers. How-
ever, it has been demonstrated that the selected initiating system en-
ables the realization of works related to 3D printing of spatial objects.
The possibility of applying this type of two-component photoinitiating
system allows compositions with epoxy and vinyl monomers, which is



Fig. 8. SEM morphology of REF1, REF4, GO resin samples with different curing time: 10 and 60 min.



Fig. 9. Young's Modulus and Tensile Strenght of 3D printed nanocomposites: REF1, REF4, GO resin, REF5, GO new resin. GO nanoparticles incorporation into

polymer matrix improves mechanical properties of final material.

Fig. 10. TGA and DSC curves for REF1 and GO resin.

Table 5
Kinetic parameters achieved for REF5 resin and GO new resin (Light intensity on
photopolymerizing composition = 8.82 mW/cm?2).

Radical photopolymerization process kinetics
FT-IR measurements

Resin Formulation Conversion
[%]

REF5 PS1/10D (0.1/1 w/w) 20
and PETIA/H20/PEGDA (30/26.25/43.75 w/
w/w)

GO new PS1/10D (0.1/1 w/w) 20

resin and PETIA/GO/PEGDA (30/26.25/43.75 w/

w/w)

Photoreological measurements

Resin Formulation Gel time Polymerization
[s] shrinkage [%]
REF5 PS1/10D (0.1/1 w/w) 0.20 2

and PETIA/H20/PEGDA (30/
26.25/43.75 w/w/w)
GO new PS1/10D (0.1/1 w/w) 0.90 2
resin and PETIA/GO/PEGDA (30/
26.25/43.75 w/w/w)

Fig. 11. Absorption characteristics of the individual components contained in

the photoinitiating systems utilized in the investigated formulations.



Fig. 12. Determined Jacob’'s basic working curves for resins: REF5 and GO

new resin.

Table 6
Calculated 3D printing characteristics for photo-curable resins: REF5 and GO

new resin.

3D printing parameters

Resin Equation Critical energy [mJ/ Curing depth
cm2] [Mm]
REF5 y = 216.53In(x)- 135.29 218.54
1062.60
GO new y = 212.77In(x)- 149.01 223.86
resin 1064.70

typical of cationic photopolymerization, to be employed for composing
formulations for 3D printing. This is due to the fact that the use of a two-
component system based on an iodonium salt and a photosensitiser
guarantees the generation not only of reactive radicals necessary for the
initiation of radical photopolymerization, but also of radical-cations
responsible for the photoinitiation of the ring-opening cationic poly-
merization process and the chain photopolymerization of vinyl
monomers.

The SEM morphologies of the materials with the new initiator system
at different curing times are shown in Fig. 14. According to the results,
the images in REF5 showed imperfections that appeared as cracks. In-
dividual layers were clearly visible regardless of the curing time. Resins
may not be cured uniformly or may have inconsistencies in their
composition, which can result in visible layer lines in the final print
[66]. Resin with GO nanoparticles, on the other hand, tends to have
more uniform curing properties, resulting in a smoother surface finish

and less visible layer lines. This proves that the GO nanoparticles are
evenly dispersed throughout the resin without clumping or aggregation,
which can lead to uneven curing and visible layer lines in the final print.
The formation of cracks in materials printed using additive
manufacturing with GO nano fillers can be attributed to poor dispersion
and agglomeration of GO nanoparticles. If the GO nanoparticles are not
well-dispersed in the matrix, this can lead to regions of weak bonding
between the filler and the matrix, causing cracks propagation. Addi-
tionally, agglomeration or clustering of GO nanoparticles can create
stress concentrations within the material, leading to the development of
cracks [67]. Moreover, some initiator systems, like TPO, can be sensitive
to oxygen inhibition, which may result in incomplete polymerization
and crack propagation [68]. The specific combination of bis-(4-t-
butylphenyl)iodonium hexafluorophosphate and photosensitizer N-{4-
[(E)-2-(pentafluorophenyl)ethenyl]phenyl}-2,1,3-benzothiadiazol-4-

amine promotes a more controlled and uniform polymerization process,
resulting in reduced shrinkage-induced stresses and better interlayer
bonding. The photosensitizer in the initiator system efficiently absorbs
UV light and facilitates the initiation process, leading to a more uniform
cure throughout the material. According to the results, the novel two-
component initiator system provided an innovative and effective
approach. Its unique chemical structure facilitated strong interactions
with functional groups present on the GO surface, reducing agglomer-
ation and promoting a homogeneous distribution throughout the com-
posite. Graphene oxide has a large surface area and contains various
oxygen-containing functional groups like epoxides, hydroxyls, and car-
boxylic acids. The functional groups on GO can engage in hydrogen
bonding and other non-covalent interactions, such as van der Waals
forces, with a wide variety of substances. lodonium salts are positively
charged, and their non-polar sections might be attracted to the carbon
backbone of the GO. The van der Waals interactions can occur between
the aromatic rings of the iodonium salt and the aromatic structure of
graphene in the GO. What is more, The iodonium salt could potentially
interact with negatively charged sites on the GO surface, leading to an
electrostatic interaction that stabilizes the dispersion of the GO nano-
particles within the resin matrix. In summary, the proposed interactions
between GO and bis-(4-t-butylphenyl)iodonium hexafluorophosphate
are plausible based on the known chemistry of these compounds. These
interactions might be instrumental in the dispersion of GO within the
resin as confirmed by the absence of cracks in the final printouts.
However, for the GO new resin samples, many voids were visible in the

Table 7
DLP 3D printing conditions for REF5 and GO new resin.

3D printing conditions

Resin Curing time Curing time Thickness of Light
of first layer of layers [s] the layer [Mm] intensity
[s] [mW/cm2]
REF5 150 30 100 8.82
GO new 150 30 50

resin

Fig. 13. 3D models for SEM analysis with sample printouts (1 - REF5, 10 min postcuring; 2 - REF5, 60 min postcuring; 3 - GO new resin, 10 min postcuring; 4 - GO

new resin, 60 min postcuring).



Fig. 14. SEM morphology of REF5 and GO new resin materials with different curing time: 10 and 60 min.

final printouts. To minimize these imperfections, it is important to
optimize printing parameters, such as exposure time and layer thickness,
to achieve the best possible results. Additionally, it may be necessary to
use a higher concentration of GO particles or to modify the printing
parameters to achieve the desired mechanical properties without
introducing imperfections [69-70]. Nevertheless, the analyses carried
out indicate the high potential of the new initiating system for the 3D
printing of materials with high-performance properties.

5. Conclusions

In response to the need for a more versatile and environmentally

friendly initiating system for photopolymerization processes, especially
for incorporating GO nanoparticles into the resin matrix, this study led
to the creation of a novel two-component initiator system. This inno-
vative system, comprised of bis-(4-t-butylphenyl)iodonium hexa-
fluorophosphate and photosensitizer N-{4-[(E)-2-(pentafluorophenyl)
ethenyl]phenyl}-2,1,3-benzothiadiazol-4-amine (IOD/PS1), was specif-
ically formulated to expand applicability to radical, cationic, and hybrid
photopolymerizations. The PS1 component’s absorption capabilities up
to a wavelength of approximately 520 nm provide a substantial
advantage over TPO, broadening the range of suitable light sources for
photopolymerization initiation.

In this study, the innovative applications of 3D printing with light-



initiated technologies were explored, specifically focusing on the
incorporation of GO nanoparticles into photopolymerizing resins. The
inclusion of GO nanoparticles in the resin matrix yielded enhanced
mechanical, thermal, and conductive characteristics in the final printed
structures, broadening the potential applications in various scientific
fields. The study focused on optimizing the dispersion of GO nano-
particles within the resin matrix. Traditional methods were examined,
but the novel two-component initiator system emerged as an effective
approach. Its unique chemical structure facilitated strong interactions
with the functional groups on the GO surface, reducing agglomeration
and promoting a homogeneous distribution throughout the composite.
This not only improved mechanical and thermal stability but also
minimized stress concentrations, thereby reducing the propensity for
crack formation.
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