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The final thermo-mechanical properties of structural parts fabricated by masked stereolithography (MSLA) are
highly determined not only by the processing parameters, but also by the post-processing methods. Improper
implementation of post-treatment often leads to underperforming printouts. A novel tool for complex charac-
terization of 3D printed bodies was developed and systematically demonstrated on a commercial free-radical
photopolymerization (FRP) resin. The method relies on superimposed static and oscillatory mechanical test
combining the heat deflection temperature (HDT) measurement together with the dynamic mechanical analysis

(DMA) in a single test for fast and reliable characterization of parameters determining the curing behaviour of
the photopolymer. The influence of post-curing time was addressed with a special focus on network density.
Furthermore, the print orientation, having a high impact on mechanical properties, is discussed with a particular
regard on the residual stress mitigation in future applications, such as 3D-printed cellular bodies.

1. Introduction

3D printing, also known as additive manufacturing (AM) has expe-
rienced a rapid growth in recent decades. Freedom of design, custom-
ization, waste reduction, fast prototyping, high precision, avoiding the
use of tools and ability to manufacture complex structures are the main
benefits of 3D printing [1]. The main disadvantage is the heterogeneity
of the 3D printed bodies due to the defects between the adjacent print
layers or voxels or inhomogeneous conversion of the monomer
throughout the printouts. In general, the parts 3D printed by various
techniques often fall behind the bulk processed materials in mechanical
properties unless the print layers/voxels are properly fused together [2,
3]. Furthermore, the heterogeneous character makes the overall me-
chanical performance sensitive to the print orientation which de-
termines the distribution of defects [4]. On the other hand, smart
designs could engineer weak spots on purpose to modify the overall
mechanical performance. Even though the ultimate strength is reduced,
a local failure at these weak spots could prevent a catastrophic fracture
in brittle materials [5].

Recent developments have reduced the cost of 3D printers, enabling
desktop fabrication of 3D objects even at home, thereby expanding its
application field from science and industry to small businesses and
general public. Among the 3D techniques, stereolithography (SLA) is the
earliest method patented in 1986 by Hull [6] and also the first
commercially employed one. It has been reported that almost 50% of the
3D printing market can be attributed to photopolymers [7]. Photo-
polymers have been used in fields such as lightweight engineering [8],
ultrasonic sensing [9] or functional constructs [10]. While they have yet
to be approved for long-term surgical implantation, they have been used
in medical device applications [11] such as hearing aids, microneedles
[12] or drug-loaded scaffolds with controlled release properties [13].
However, there are still numerous issues that need to be addressed in
order to full scale the SLA 3D printing. Moreover, due to the layered
manufacturing process, the products tend to be anisotropic, with the
boundary between layers representing weak regions with maximum
residual stresses [14].

The traditional SLA technique employs an irradiation with a
controlled ultraviolet (UV) spotlight or laser to polymerize the liquid
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resin point by point, which results in a patterned layer of the crosslinked
polymer [15]. Masked stereolithography (MSLA) was derived from the
SLA technique by putting a mask with a controlled shape between the
light source and the resin tank to cure a specific 2D pattern. These
methods exhibit higher build speed, excellent surface quality and pre-
cision with a typical feature resolution of tens to hundreds of micro-
meters depending on the technological parameters (light source,
wavelength, pixel size, material, etc.). The typical curing behaviour of
common free radical polymerization resins is characterized by a high
built speed of a polymer network (high-reactivity), fast transition from
liquid to solid (gelation) and a quick setting of the final mechanical
properties (curing), which leads to increased stiffness as a result of
changes on molecular level of the photopolymer material [16,17]. A
crosslinking of the system with higher functional acrylate oligomers and
monomers is necessary in order to increase the network density and thus
the thermomechanical stability suitable for the 3D printing process [18].

Numerous research activities on kinetics and characterization of
photopolymers have been performed [19-22]. Hong et al. conducted
research on mechanical properties of UV-curable 3D printing materials,
along with their anisotropic and size dependent behaviour [23]. The
anisotropic properties were clearly seen in tensile toughness and elon-
gation at break with respect to a printing direction, while it was not
observed in their Young’s modulus and tensile strength. Kotlinski per-
formed an in-depth analysis of commercial AM materials with respect to
their mechanical properties, including guideline for design engineers
[24]. The diffusion-controlled kinetics of curable 3D printing materials
has been studied by Kim et al. [25] and kinetic model was developed to
describe the limited conversion of cure as a function of isothermal curing
temperatures. Gao et al. [26] presented photopolymerization kinetic
model to predict printing effects, while it was concluded that printing
settings had a great influence on printing quality for paradoxical rela-
tionship between print speed and resolution. By Hofstetter et al. the cure
degree of a cured layer was evaluated in order to find a way to char-
acterize photopolymers [16] concluding that with the combination of
Jacobs working curve (cure depth), the mechanical properties and
double bond conversion (DBC) from the photorheometer (cure degree),
it is possible to completely characterize the curing behaviour of photo-
polymers. Further the great effect of post-curing and solvent
post-processing methods on mechanical properties have been studied
[27,28]. However, there is still need for better understanding of the
photopolymerization process as well as for utilized characterization
methods of novel resins.

Herein, we present a novel approach to characterize the thermo-
mechanical properties, which shall deliver a powerful tool for future
excessive studies of photocurable 3D printing resins and their use in
engineering applications. We present an effective, reliable, time saving,
and relatively simple hybrid method combining the DMA and HDT
measurements into a single test. The advantages in comparison to con-
ventional methods of HDT and DMA measurements methods are lower
material consumption, time, effort, and capacity savings due to faster
sample preparation and measurement, and collection of additional data
in a single run compared to situation where only one test is carried out.
Furthermore, it lowers the equipment requirements, if only one instru-
ment is needed instead of two. It originated from the fundamental
investigation of polymer glass dynamics via superimposed small static
stress typical for HDT measurement and oscillatory deformation
employed by the DMA [29]. The thermomechanical properties were
studied with a representative commercial free radical polymerization
(FRP) photo-resin. The parameters monitored in this study were the
curing time, specimen thickness and orientation on the print platform.
The presented hybrid method showed a great sensitivity to all these
parameters and correlated them to the network density, a key structural
parameter established by this technique which directly depends not only
on the resin composition and the photochemical reaction upon the 3D
printing, but also on the subsequent processing steps. The results will
help improve the understanding of the photopolymerization and MSLA
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technique for engineers and scientists as well as for the rapidly growing
small business, and general public community.

2. Material and methods
2.1. Materials

A commercial UV curable acrylate-based transparent clear resin (CR)
obtained from Shenzhen Yongchanghe Technology Co., Ltd. was used as
obtained. According to its UV-VIS spectra recorded by Jasco V-730 UV-
VIS spectrophotometer and compared to the neat TPO (RAHN,
Switzerland) dissolved in acetonitrile (Fig. S1), the resin contained 6%
of the diphenyl (2,4,6-trimethylbenzoyl)-phosphine oxide (TPO) free
radical photoinitiator. This resin was selected as a representative of
many common commercial photocurable resins, either for non-
demanding applications or for prototyping, which have similar chem-
istry, penetration depth and critical energy. Further thermo-mechanical
properties of the material are assessed below.

2.2. MSLA 3D printing

Samples were 3D printed with Prusa SL1 printer (Prusa Research,
Czech Republic), based on the Mask Stereolithography technology
(MSLA). The irradiation intensity of the 3D printer was 0.661 mW em ™2,
measured at the surface of the FEP foil in the vat with the Flame-S-UV-
VIS-ES spectrometer (Ocean Insight, USA). The maximum light intensity
was found at 405 nm (Fig. S1). Standard FEP foil with thickness of 150
pm was used. The exposure time was selected according to the Jacobs
working curves as described further in text. All specimens were printed
with the exposure time of the initial layer of 15 s. Further layers were
printed with the exposure time of 10 s. The layer thickness was set to 50
pm. If not specified otherwise, the samples were printed in x direction, i.
e., with the narrower face aligned to the built platform plane. Printed
specimens were washed in isopropanol for the shortest possible time
(less than 15 s) to avoid monomer extraction, swelling, and the conse-
quent deterioration of the mechanical properties [27,30,31]. It was
observed that the exposure time of the fresh printout to the cleaning in
isopropanol had a significant influence on sample appearance and the
presence of defects. A significant effect on thermomechanical properties
and final application performance can be expected. Thus, all samples
were cleaned for less than 15 s in this study. Nevertheless, the effect of
solvent washing on the post-treatment was beyond the scope of the
current study even though it is of great importance. Post processing was
performed with the Prusa CW1 curing and washing unit with approx.
irradiation intensity of 10 mW cm™2. The samples were dried and cured
at 35 °C. The influence of sample thickness, the curing time, print
orientation and position of the sample on the printing stage on ther-
momechanical performance was studied. All specimens were printed
off-centered, to provide the most uniform light distribution on the
printing plate.

2.3. Thermomechanical properties analysis

A method for simultaneous DMA and HDT analysis was performed
with RSA G2 from TA Instruments to establish material constants and
printing parameters. The stiffness measured through the dynamic
oscillatory deformation represented by storage modulus G’ of the stud-
ied materials was evaluated at different temperatures and the glass
transition temperature Ty was determined from the maximum of the loss
factor (tan §). Furthermore, HDT measurement was based on the ASTM
D 648-07 Standard Test Method for Deflection Temperature of Plastics
Under Flexural Load in the Edgewise position. The size of the test
specimens was proportionally reduced against the standard body to
48.5 x 5x 2-5 mm°. The specimens were loaded in three-point bending
setup with 40 mm distance between supports in the edgewise direction.
HDT was determined at a deformation that corresponded to a deflection


https://www.structo3d.com/pages/mask-stereolithography-msla-technology

M. Staffova et al.

of 0.25 mm of the normalized body, which equals to 0.195% flexural
strain for the samples used. The flexural strain was calculated according
to equation (1):

600-s-h
&= 12

@

Where s is the deflection, h is thickness and L is the span. The frequency
of oscillating deformation was set to 1 Hz and the strain amplitude was
0.002%. The imposed stress of 0.455 MPa was applied by the upper
geometry and the heating from 30 to 160 °C at the rate of 2 °C/min was
mediated by hot air. The validity of this presented method is discussed in
more detail in the results section. Moreover, the results were correlated
to the hardness which was measured with a handheld Shore D durom-
eter (SMT, Netherlands) with a 30° cone, radius of 0.1 mm and the
maximum force of 44.5 N, a fast, cheap, and simple technique which is
available not only to specialized laboratories, but could be easily
adopted also by small business and hobby users.

2.4. Photopolymerization assessment

The photopolymerization reaction was assessed by photo-DSC and
photo-rheology using DSC Discovery and ARES G2, respectively, both
from TA Instruments. The uncured resin loaded in the instruments was
illuminated by a constant 405 nm LED light source with a power in-
tensity of 0.661 mW cm ™2 measured inside the instrument at the sample
location, i.e., matching the power density of the SL1 printer. The onset of
illumination was set to the time of 0 s. Photo-DSC was performed in an
open aluminium pan with 15.0 pl of sample at a constant temperature of
25 °C against an empty reference pan which was also illuminated by the
same light. The results were compared to high intensity curing using the
same photo-calorimetric setup and the OmniCure S2000 curing unit
equipped with a 200 W high pressure mercury vapor UV lamp with a
power density of 30 W cm™2. Photo-rheology was conducted under
ambient conditions in steady oscillation at frequency of 4 Hz, strain
amplitude of 2%, and gap of 100 pm. A special disposable UV-curing
plate-plate geometry (transparent acrylic upper geometry, aluminium
lower geometry) with a diameter of 25 mm was used to illuminate the
top surface of the sample.

The samples for the cure depth (Cy) measurement were printed using
the SL1 printer (Prusa Research, Czech Republic). The resin was poured
into the printer’s vat and a single layer square shape was photo-
polymerized in the absence of the printing platform. The cure depth of
the layer was measured with a micrometre as a function of the exposure
energy by varying the exposure time. Jacobs working curve was created
as a linear-logarithmic plot of cure depth dependence on the exposure
energy (Emgx). The intersection of the working curve with the x-axis
gives the critical exposure E,, e.g., the exposure at which the resin so-
lidification starts to occur. The slope of logarithmic-linear plot repre-
sents the penetration depth (Dp) of light into a resin at which the
irradiation dose E, equals to the Ep,,x/e where e is the Euler’s number (see
Eq. (2)). Through the application of the Beer-Lambert law, the theo-
retical relation between the resin characteristics and exposure can be
developed (see Eq. (3)) [32].

Enlll.\
Cy :D,,-ln( i3 ) =D,-InEyu — Dy-In E. (2)
E.=E, . -ex _z 3
'z max p Dp

When Eq. (2) is fitted with a simple logarithmic functiony = alnx+
b, where the x and y represent the exposure energy and the cure depth,
respectively, the penetration depth is directly equal to the parameter a
while the critical exposure could be evaluated as (Eq. (4)):

b

E =e (€]
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All samples were printed as squares with the dimension of (10 x 10)
mm?, while the curing time varied between 10 and 60 s. After printing,
the squares were cleaned with isopropanol and their thickness was
measured (minimum five times per each sample).

2.5. FTIR measurement of double bond conversion

In order to find out the conversion ratio variation throughout the
sample’s thickness, the FTIR measurement was taken with VERTEX 70v
FTIR equipped with Hyperion 3000 Microscope in ATR mode. The
specimen was printed with dimensions of 48.5 x 5 x 5 mm® and post-
cured for 1 min with the Original Prusa CW1 curing machine. The
sample was cryofractured in liquid nitrogen to expose the bulk body and
measured at eleven evenly distributed spots along the thickness of the
broken plane.

2.6. Structural observation

The surface structure of the printed specimens was investigated with
the Confocal Laser Scanning Microscope Olympus Lext OLS4100
equipped with a 405 nm laser. The SEM observation was performed on
cryo-fractured samples coated with a 10 nm sputtered gold (ACE 600,
Leica) with a Mira 3 XMU microscope (Tescan, Czech Republic) in low-
vacuum mode at 10 kV acceleration voltage using the LVSTD secondary
electron detector designed for low vacuum operation and observation of
organic low conductive samples.

3. Results and discussion

The chemical composition, functionality, interactions, stiffness, and
chain length of the monomers strongly affect the photopolymerization
reaction, safety, and other properties of the final systems. Thus, it is of
great importance to have a reliable testing method for characterizing
these materials. Thermomechanical properties directly reflect the
structure of the analysed system. Therefore, they represent a suitable
tool for evaluating the influence of the processing and post-processing
parameters on the photopolymerized 3D printed systems.

The network density (v.) could be directly determined by dynamic
mechanic analysis (DMA) through measuring the modulus at a tem-
perature well above the Tg, in the rubbery region. The network density v,
is estimated from the rubbery modulus using the theory of rubber
elasticity (Eq. (5)) [33,34]:

21 40) S 5
ve=2(1+0) RT )
where v is the Poisson’s ratio, R is the gas constant, T is the temperature,
and GY is the rubber-plateau modulus. The network densities were
calculated assuming the material is incompressible (v = !%), using the
rubber-plateau modulus GY determined at the fixed temperature of
135 °C. Furthermore, the stiffness represented by storage modulus E' of
the studied materials could be evaluated at different temperatures, while
the glass transition temperature Tg, at which the segmental motion of
polymer chains is released and the stiffness decreases significantly, was
determined from the maximum of loss factor (tan o).

Another common tool for evaluating the thermomechanical prop-
erties is the maximum deformation (Dj.) and the heat deflection
temperature (HDT) which indicates the temperature at which the body
bends at a given deflection under the constant load. These parameters
are also directly related to the structure of the analysed system. We have
adopted the HDT measurement based on the ASTM D 648-07 Standard
Test Method for Deflection Temperature of Plastics Under Flexural Load
in the Edgewise position, proportionally reducing the size specified for
the normalized specimens to 48.5 x 5 x 2-5 mm?®. The static stress was
maintained at 0.455 MPa.

In order to save time and material, a combined DMA and HDT
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measurement was developed which was performed on RSA G2 (TA In-
struments, USA). This method, originating from the fundamental
investigation of the polymer glass dynamics [29], superimposes the
small static stress used by the HDT measurement with the oscillatory
stress of the DMA method to establish the material constants and pro-
cessing parameters in a single run (Fig. 1). The hybrid method is
particularly convenient for characterizing 3D printed materials because
of the rather long processing times and often the limited build volume.
Nevertheless, this method is only eligible to test solid specimens. Thus,
firstly are presented the results on photocuring assessment obtained by
other techniques which were used to obtain the basic printing parame-
ters. Further continue the discussion of the mechanical properties and
network density.

The glassy region at low temperatures was characterized with a
relatively weak dependence of the storage modulus on the temperature
and low tan § values (Fig. 1). As the heating continued, a drop in storage
modulus and peak of tan § appeared for all samples, marking the glass
transition region where the material losses its stiffness. The rubbery
behaviour with its characteristic rubbery plateau of storage modulus
and low tan & values followed at even higher temperatures. The terminal
zone and macroscopic flow of the samples was not observed due to their
highly crosslinked structure. However, failure of the samples at specific
temperature associated with the printing direction was observed which
is described further in the text.

3.1. Photocuring assessment

The parameters of the photocuring process were evaluated using the
Jacobs working curves, photo-DSC and photo-rheology to properly
adjust the printing parameters. The Jacobs working curve of the tested
resin is shown in Fig. 2. The critical exposure (E.) and penetration depth
(Dp) were calculated according to equations (3) and (4). The resin
showed a typical curing behaviour for acrylate photopolymers, which
can be characterized by high reactivity and fast gelation and curing. The
penetration depth must be larger than the printing layer thickness in
order to ensure sufficient adhesion between the layers and avoid
delamination [35]. Furthermore, the Jacobs working curve revealed a
sudden increase in the cure depth rate at about 9.6 mJ cm 2 (~14.55).
The data beyond this critical point could be fitted with an independent
logarithmic fit which yielded higher D, as well as the E. compared to the
initial photopolymerization reaction. The process behind this sudden
change in the curing behaviour could be better understood from the
photo-DSC and photo-rheological results which discussion follows.

The photo-DSC revealed two exothermic peaks when the resin was
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Fig. 1. Graph showing main values read from the developed technique
combining DMA and HDT measurement of photo-resins. (color in print)
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Fig. 2. Jacobs working curve for the tested resin. Standard deviation is below
8 pm for all samples and therefor is not visible in the graph.

illuminated with low intensity (0.661 mW cm_z) blue LED light (405
nm) with the maximum conversion rate reached at (12.3 + 0.3)
mJ-cm 2 (~18.6 s) followed by another local maximum at (213.6 +
19.5) mJ-cm™2 (~323.1 s) (Fig. 3 left). The second peak is reportedly
connected to the reaction of the heavier monomer (or oligomer) in a
mixture containing at least two monomers with different molecular
weight [36]. We note that the second peak is not commonly observed in
photo-DSC results when a high intensity (30 W ¢cm™2) wide-range UV
spectrum mercury lamp is used for the curing (Fig. 3 right). Interest-
ingly, the threshold energy of 9.6 mJ cm™2 at which the cure depth
started to grow faster (Fig. 2) slightly preceded the maximum of the first
peak (Fig. 3 left) but it is obvious that much higher exposure doses are
required to fully cure the resin. The total curing enthalpy was estab-
lished to (—343.8 + 4.1) J-g’l. We point out that the maximum con-
version rate took place at varying time depending on the volume of the
cured sample (data shown for 15.0 pl). In the contrary, the total curing
enthalpy was quite insensitive to this parameter but that would not be
expected unless for very thick samples.

The photo-rheology (Fig. 4) revealed that the gel point evaluated at
the crossover of storage G’ and loss G’ moduli took place at 3.0 mJ cm ™2
(~4.6 s), corresponding well to the critical energy of 3.3 mJ cm ™2
established by the Jacobs working curves. At higher exposure doses, the
increase of G’ has saturated, accompanied with a slight overshoot at G”
and a peak at the tan 6 at 7.1 mJ cm™2 (~10.8 s). This may possibly
relate to the vitrification point, i.e., the moment when the system turned
into glassy state. That happens when the gradually increasing Ty of the
cured system exceeds the experimental temperature at which the
curing/measurement takes place. The detailed evaluation of Ty in the
printed bodies will be discussed later. Interestingly, the sudden drop in
the curing heat flow at 12.3 mJ em 2 (Fig. 4 left) took place 7.8 s after
the vitrification point (Fig. 4 right). The transition to glass region would
be expected to slow down the diffusion of species within the sample and
hinder the propagation of the ongoing reaction, but this phenomenon
may also possibly relate to the full consumption of the lighter monomer.
The curing energy of 5.7 mJ cm ™2 (~8.6 s) required to polymerize a 100
pm layer (Fig. 2), i.e., to span across the gap used for the rheological
measurements, is lower than the energy required for the vitrification to
occur. Instead, it correlates with the exposure dose at which the rapid
growth of G” and G” is replaced by nearly indistinct change in properties
(Fig. 4 right). We note that the plate-plate geometry setup of the photo-
rheometer may struggle to transfer the stress into very stiff samples,
rendering the procedure insensitive to further structural changes beyond
this point.



M. Staffova et al.

Exposure Energy (mJ-cm'z)
0 100 200 300 400 500 600

T
Ls :\ Change in cure depth rate
12+
= 45 -Tui: Low intensity
g ClEl UV curing (405 nm)
;/ 08 "S:
S 06}
= 8
® 04fc
= 55
0 b
0 200 400 600 800 1000
exou i
( P) Time (s)

Polymer Testing 108 (2022) 107499

Exposure Energy (kJ-cm™)

0 1 2 3 4
7of ' ' ' '
~ 80r " High intensity
> 50 £ wide-spectrum
=3 40| § UV curing
2 ol 6
< Mg
% 20}
10}
ol
0 50 100 150
(exo up) Time (s)

Fig. 3. Normalized heat flow recorded by a photo-DSC as a function of exposure time and exposure energy upon irradiation by the low intensity 405 nm UV LEDs

(left) and high intensity wide-spectrum mercury lamp (right).
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3.2. The effect of printing orientation

The Jacobs working curves, photo-DSC and photo-rheology served as
a basis to establish the most convenient exposure time of the MSLA 3D
printing experiments, which was set to 15 s (~9.9 mJ cm~2) for the first
layer and to 10 s (~6.6 mJ cm™2) for the subsequent layers. Neverthe-
less, these results gave no clue on the molecular structure and other
important parameters such as the printing orientation or the network
density which strongly influences the mechanical performance [16].
Two sets of specimens with various curing times were printed in three
different directions x, y, z to investigate the influence of printing
orientation on thermomechanical performance (Fig. 5). The first set was
measured without post-curing (“green body”) while the second one was
post-cured for 30 min (~ 18.0 J cm’z). A pronounced effect of the
printing layers’ orientation relative to the applied force was observed.
The classic HDT measurement as well as our modified method applies a
constant load to the sample. In addition, a non-isothermal creep
occurred at higher temperature, causing a mechanical failure of the
specimen at a certain point [29]. The deformation and temperature at
break could be used as material characteristics for the specified heating
protocol. The latter effectively replaces the time to break which is usu-
ally evaluated in isothermal creep tests.

Significant differences in samples’ temperature resilience were

observed to highly depend on the printing orientation (Fig. 6). Printing
in the x direction showed the highest resistance to failure due to the non-
isothermal creep thanks to the most effective layer alignment in the
given load direction. The force was applied in the direction normal to
the printed layers; bending the whole layers when applied. A growing
crack had to pass through several boundaries formed by layered struc-
ture of weak and compact areas before resulting into the ultimate failure
of the specimen. On the other hand, specimens printed in the z-direction
showed lowest thermomechanical resistance to the propagating crack
during the deformation at higher temperatures because the weak layer
boundaries were aligned with the applied stress. Thus, the adjacent
layers were separated by a crack which started at the tensile-deformed
side of the sample and grew easily through the weak layer boundary.
The printing in the y-direction exploited intermediate thermomechan-
ical resistance when compared to x and z direction (Fig. 6). The possible
explanation might be the fact that the propagating crack does not need
to cross the interlayer region where it can branch and delaminate the
neighbouring layers, thus, dissipating more energy.

The photos of uncured sample printed in different directions after the
mechanical stress are shown in (Fig. 7). The distance between layers was
measured to be approx. 50 pm as expected according to the set layer
thickness of 50 pm. The same layer distribution was observed for all
uncured samples printed in x, y and z direction. Uncured samples
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Fig. 5. Schematic representation of the print orientation as the specimens were positioned on the printing plate (left) and in the combined DMA-HDT test with

corresponding layer orientation relative to the applied force (right).
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Fig. 6. The influence of print orientation on temperature at break and T,. The
sample with dimensions 48.5 x 5 x 3.5 mm® printed in the x direction and
cured for 30 min did not break until the end of the test. (color in print)

showed the highest concentration of cracks combined with worse ther-
momechanical performance, i.e.,, low T at break, polymer network
density, HDT, and Ty, caused by the lower interconnection of individual
layers and decreased double bond conversion. However, after 30 min
post curing the boundaries between the individual layers were not
distinguishable anymore. This correlates well with the increased poly-
mer network density and the improved mechanical properties of the
material, which is further discussed. An uncured sample after exposure
to mechanical stress is shown in Fig. 7 bottom right. The cracks passed
through the boundaries between the layers of the sample, as expected.
This phenomenon was not observed for none of the cured samples at any
print direction.

x direction y direction

54,75 pym

MIRA3 TESCAN SEMHV: 100KV | WD: 22.00 mm MIRA3 TESCAN]
View field: 500 um Det: LVSTD

SEMMAG: 415 x _ Date(midly): 11122121

SEMHV: 100kV | WD:18.80mm
View field: 250 ym Det: LVSTD
SEM MAG: 830 x__ Date(m/dly): 1122721

Pl
50 pm. 100 pm

Ceitec Nano Celtec Nano

Fig. 7. Uncured samples printed in x, y, and z direction after DMA measure-
ment, revealing print-direction dependent delamination (top); SEM image of an
uncured sample showing printed layers as was schematically presented in Fig. 5
with dimensions of approx. 50 pm (bottom left) and a sample after exposure to
mechanical stress with cracks passing through the boundaries between the
layers (bottom right).

The failure temperature and the mechanical resistance increased
significantly after post-curing for all printing orientations due to the
stronger interconnection of individual layers because of the increased
double bond conversion. These results indicated pronounced improve-
ment of the non-isothermal creep resistance which decreased in the
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order x > y > z printing direction. Hence, it would significantly extend
the service lifetime of these materials in applications with demands on
good mechanical performance, especially at higher temperatures. The
glass transition temperature remained the same for all directions as this
property was not influenced by the load direction (Fig. 5) and solely
depended on the molecular structure within the material regardless the
layer orientation and stress transfer between the neighbouring layers or
individual voxels. The printing orientation had also a pronounced
impact on the temperature at break which differed for the uncured
samples. A longer post-curing reduced the difference, as the layers’
interconnection was improved, but it was still significant.

The effect of the print direction was also significant for the deter-
mination of HDT and Shore D hardness (Fig. 8). A noticeable difference
was observed in print directions x and y even at low curing times. The
HDT values for x-direction showed better results. The difference in
various directions gradually decreased as the material became more and
more resistant to deformation. Thus, it is particularly important to
consider the loading direction regarding the printing direction for the
correct evaluation of thermomechanical properties and HDT. It can be
concluded that the combined DMA-HDT analysis can conveniently
visualize the mechanical properties varying with the printing layers’
orientation respective to the applied force and stress transfer of applied
force within the material, while the thermal properties were insensitive
to the orientation.

3.3. The effect of post photo-curing time

Both professionals and hobby users often purposely decrease the
post-curing time of the printed object to shorten the production time.
Moreover, they commonly neglect the requirements for the irradiation
of the printed objects from all sides of the printout. These flaws might
have serious consequences for the part durability which can be critical if
we consider engineering of load bearing applications or applications
requiring low or no migration of molecules from and/or into the object.
It may also prove critical for various structures with hidden surfaces
such as the inner walls of cells and cavities which might be inaccessible
to the post-curing light.

The curing time and the total exposure energy had a major influence
on the mechanical performance. The temperature dependence of the
printed objects’ storage modulus and tan é is shown in Fig. 9 for different
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Fig. 8. HDT and as a function of curing time for x and y print orientation
combined with shore D hardness of the samples printed in x-direction showing
similar trend. The negative influence of the layer orientation towards the
applied stress on HDT may be seen.
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post-curing times and exposure doses. The storage modulus is a measure
of sample’s elastic behaviour associated with its stiffness. We have
selected the representative temperature of 35 °C for the precise com-
parison of the glassy modulus between the samples. This point lay deep
in the glassy region of all the tested specimens while the heating cycle
has already stabilized after starting the heating procedure at 30 °C. The
tan § can be interpreted as a damping factor reflecting the energy
dissipation of the sample at the given temperature. Moreover, the values
of G,?, » Ve, M, and Ty are also stated in Supplementary data (Table S1).

The prolonged curing time and higher exposure doses led to the
significant shift of the Ty and the whole glass transition region towards
higher temperatures (Fig. 10). There was also a noticeable increase in G
at 35 °C which was partially connected to the increased network density,
as will be explained later, but also to the higher relative distance from
the glass transition due to the increased Ty.

Further information was extracted from the temperature dependence
of the flexural deformation induced by the superimposed static stress
(Fig. S2). After a short period dominated by the sample’s volume
expansion, manifested by negative strain values, the deformation started
to increase, i.e., bending the testing specimen. That corresponded to the
increased segmental motion of the polymer network and softening of the
material incurred at the glass transition region. The maximum of the
detected deformation shifted to lower values and higher temperatures
for the post-cured samples due to the increased network density
(Fig. S2). The deformation maximum was followed by the rubber elastic
region (Fig. S2).

The polymer network density, evaluated according to eq. (5),
increased with the prolonged post-curing time, as expected (Fig. 10).
Subsequently, higher exposure doses also led to the increase in all the
investigated thermomechanical properties (Table S1) and hardness. The
increase in glass transition temperature, HDT and network density was
asymptotic, i.e., tending to a limit (Fig. 10). The limit value is supposed
to correspond either to the completely cured system or, more precisely,
to a fully cured system under the given post-processing conditions
determined among others by the light wavelength, exposure dose, and
temperature in the curing chamber.

Uncured 3D printing resins contain large free macroradicals unable
to react at common temperatures beyond the vitrification point due to
the hindered diffusion, which results into imperfect UV curing with a
lower conversion. Some materials with low double bond conversion
might show problems during the post-curing at higher temperatures,
especially when not fully cured, causing the emergence of cracks in the
objects (Fig. 7). This is given by inhomogeneous thermal expansion of
the object in individual layers where the conversion is a function of the
z-coordinate as well as by the non-homogenous distribution of the
temperatures at the surface and inner parts of the printed objects. In
combination with the extraction of free monomers from the object body
and diffusion of a thermally expansive washing solvent, such as iso-
propanol, it might lead to either formation of small cracks along the
layers and/or complete destruction of the printed object, deteriorating
the mechanical performance of the material [30]. The diffusion of the
free monomers or pending chain ends can be increased by heating the
system above its glass transition temperature, bringing about a full re-
action of the free radical. Even though the post-curing at elevated
temperature was not investigated in this study, a similar phenomenon
has been observed during the DMA-HDT measurements. The post cured
samples had yellowish colour caused by the light absorption of the free
radicals, while the samples after the measurement were colourless
(Fig. S3).

Two main trends were observed from the dependence of the ther-
momechanical properties on the curing time and exposure dose
(Fig. 10). Until 5 min curing time, there was an exponential increase in
all the studied properties. Further increase was rather linear,
approaching a limit value. Two characteristic curing times were estab-
lished from this behaviour - the minimal curing time (tp;,) which may be
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Fig. 9. DMA data for a) storage modulus and b) tan delta as a function of temperature for samples with the dimension of 48.5 x 5 x 3.5 mm? cured for 0-60 min.
Curve shift caused by the increasing curing time is highlighted with an arrow pointing in the direction from 0 to 60 min.
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suitable for basic undemanding applications as the initial sharp
improvement of all properties was already saturated, while the ideal
curing time (tjgea) delivered the maximal thermomechanical properties
reachable at the given post-processing conditions. We note that these
values are connected to the layer thickness and may differ for thicker or
thinner layers. The tested resin reached the limit values after 60 min of
curing. This time was considered to be the ideal, since it showed the
maximal network density, plateau, deformation, HDT and storage
modulus at 35 °C, i.e., the best thermomechanical properties obtained in
this study. The minimal post-curing time was set to 5 min (~3.0 J cm™2).
We remind the reader that the storage modulus in the rubbery region
was the basis for the network density evaluation according to Eq. (5).
The network density (Fig. 11 left) increased with a similar trend as Ty
(Fig. 10). The molecular weight between entanglements decreased with
the increasing curing time as it is inversely proportional to the network
density. The polymer stiffness is dependent on the relative distance to
the glass transition temperature as well as on the network density [37].
Thus, the samples with the highest exposure doses were also the least
flexible. As far as the maximal deformation is concerned (Fig. 11 left),
the dependence on the curing time showed an inverse trend to the other
studied parameters (Fig. 8). The temperature dependence on network
density for two main studied parameters, Tg and HDT in shown in Fig. 11
right. It can be concluded that the network density is a driving structural
parameter for thermomechanical properties of photoresins, excluding

120

110 4
100+

T(°C)

80 160 1é0 14‘10 160 1&l30 2CIJO 250 2210 zéo 280
Network density (mol/m3.107%)

Fig. 11. Network density and maximal deformation as a function of post curing time for sample 48.5 x 5 x 3.5 mm® (left) and the temperature dependence on

network density for two main studied parameters, T, and HDT (right).
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the influence of molecular structure of the monomer.

The photopolymers used for SLA printing are usually described by
thermomechanical and mechanical properties such as tensile/flexural
strength, elastic modulus, maximum elongation, HDT, Tg, or hardness,
etc. [23,38-40] While some results found in the literature showed a
large impact of the printing setup on the mechanical performance [23],
other reported effects were far less pronounced [38]. Our results show
that all the mechanical and thermomechanical parameters largely
depended on the printing setup as well as on the post processing steps
but the differences were variable, following the extent of curing and
correlating well to a single parameter — the crosslinking density. Previ-
ous studies have failed to quantify the crosslinking density as a function
related to the specific combination of printing parameters, printed ma-
terial and cure dose, let alone correlating it to the material performance.
This is particularly important when the slow reaction kinetics of the
oligomers in the mixed monomer/oligomer UV-curable formulations is
considered (Fig. 3) [36]. Thus, we propose to use this property measured
at different cure doses as a unification parameter for all UV-curable 3D
printing resins to offer a good predictability of mechanical and ther-
momechanical properties independent of the printing setup. We note
that this approach can also capture the changes related to the modifi-
cation of the resin, e.g. by adding a crosslinker [39].

3.4. Specimen thickness

Furthermore, the dependence of thermomechanical properties on
specimen thickness was studied to determine the in-depth post-curing
effectivity. This parameter is important to many practical applications
but becomes of an utmost importance in complex cellular structures
utilizing the cell-size and wall-thickness as tuning parameters of their
macroscale performance [5]. Samples with two dimensions fixed at 48.5
x 5 mm? and a variable thickness of 5/4.5/4/3.5/3/2.5/2 mm were
printed from the tested resin and cured for 1 min. The curing time was
chosen in order to observe the largest possible difference; therefore, it
was in the range where the properties changed very significantly with
the curing time (Figs. 10 and 11). The DMA data showed overlapping
curves of storage modulus and tan § as a function of temperature for
different specimen thickness (see Fig. S4). All studied parameters — the
deformation, glass transition temperature, molecular weight between
entanglements and network density (Fig. 12) remained unaffected by
sample thickness. Minor deviations were probably caused by
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Fig. 12. Network density as a function of specimen thickness for samples post-
cured for 1 min. It can be seen, that thickness of the sample between 2 and 5
mm have a negligible effect on network density and consequently on me-
chanical performance of the resin.
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experimental measurement error. This trend was further confirmed by a
microscopical FTIR-ATR measurement of double bond concentration
(see section 3.5). Thus, the UV light penetrated without significant loss
of energy through the sample with thickness between 2 and 5 mm. We
note that the standardized testing specimen were 4 mm thick. This might
be caused by photobleaching of the TPO pohotoinitiator under the
irradiation with light during the post-curing. The light can thus pene-
trate further to the inner parts of the 3D printed objects and propagate
the residual photoinitiator cleavage and curing reaction. However, it is
expected that for another photoinitiating system, larger specimen
thickness, lower exposure doses, lower light intensities, different light
wavelengths with worse match between the curing light emission and
photoinitiator absorptivity, or resins filled with particles or
light-absorbers, a different effect may be observed and negatively affect
the crosslinking during post curing due to the light absorption.

3.5. Double bond conversion

The curing conversion across the specimen thickness was determined
using FTIR-ATR spectroscopical microscope (Fig. 13). The C=C double
bond absorption bands corresponding to acrylate groups can be seen at
1639 and 1612 cm ™! with a twisting vibration at 809 cm ™. The single
carbon-carbon bonds (C-C) are visible at 2871 and 2938 em ! and C-O
bonds at 3443 cm™!. The C=O stretching vibration at 1724 cm™! was
used as an internal reference for the spectrum normalization. The rela-
tive concentration of the C—=C and C-C bonds was then calculated as the
area under the corresponding peak of the normalized spectra. The re-
sults indicated an incomplete conversion of the C—=C which correlates
with the further change in thermomechanical properties observed at
longer exposure times (Fig. 10).

The C—=C of acrylate groups undergo a free radical polymerization
forming a cross-linked structure. The concentration of the C—=C double
bonds was studied along the depth of the specimen. “Candy-shell” effect
can cause hardening of only a thin outer layer on the sample’s surface
upon post curing due to exponential decay of light intensity along the
depth of the specimen [27]. Based on this assumption, exponential
decay of C—=C bonds was expected across the specimen. However, this
behaviour was not observed, for the specimen thickness between 2 and
5 mm. The specimen was evenly cured throughout the body already
after 1 min of the post curing (Fig. 14) but that was likely connected to
the specific combination of parameters in the current experiment
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Fig. 13. Overlapped FTIR-ATR spectra of the printed resin post cured for 1 min
measured at ten spots evenly distributed across the cross-section of 5 x 5 mm.
The spectra confirm the conclusion, that the sample thickness between 2 and 5
mm did not affect the thermomechanical properties.
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allowing the even penetration of light through the specimen as
explained above. The negligible decrease in C—C bond concentration
was probably caused by the orientation arrangement in the CW1 curing
machine.

The surface of the printed specimens was studied with Confocal Laser
Scanning Microscope (CLSM). It was found that all specimens show
characteristic square pattern, which occurs before and also after the post
treatment. The length of the square side pattern was measured and
established to 0.044 mm which corresponded well to the pixels of the
SL1 printer LCD panel which was 0.047 mm per pixel. The fact that the
surface is structured may support the swelling of solvent during the post-
process cleaning. Despite this phenomenon was not systematically
investigated, it was observed that the exposure time of the fresh printout
to the cleaning in isopropanol had a significant influence on sample
appearance and the presence of defects (Fig. S5). A significant effect on
thermomechanical properties and final application performance can be
expected. Thus, all samples were cleaned for less than 15 s in this study.
Nevertheless, the effect of solvent washing on the post-treatment was
beyond the scope of the current study even though it is of great
importance.

4. Conclusion

A complex characterization method combining the measurement of
heat deflection temperature (HDT) and the dynamic mechanical analysis
(DMA) was presented to enable a faster characterization of 3D printed
photopolymerized systems. In comparison to conventional measure-
ment methods of HDT and DMA, the main advantages of combined
technique are faster sample preparation and measurement, lower ma-
terial consumption, time, energy and capacity savings of the instrument
and the ability to compare the results of DMA and HDT for the same
sample, while eliminating sample preparation error. Several thermo-
mechanical properties obtained through this method together with
auxiliary techniques were used for evaluating the influence of the pro-
cessing and post-processing parameters such as the post-curing time,
specimen thickness, or object orientation on the print platform.

It was concluded that print orientation has large effect on both HDT
and temperature at break. The printing in x direction yielded the most
mechanically resistant arrangement because the applied force was
perpendicular to the printed layers and the weak interlayer regions. The
combined DMA-HDT analysis showed that the mechanical properties
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varied with the printing layers’ orientation respective to the applied
force and stress transfer of applied force within the material, while the
thermal properties were insensitive to the orientation. It was proven that
higher post-processing exposure doses increased the thermomechanical
properties, while having an asymptotic behaviour, i.e. tending to a limit.
Same trend, first the exponential increase followed by a slower linear
increase, was determined for all the studied material properties (HDT,
Ty, E and network density). Two curing times were selected from the
measured values as tpj, suitable for undemanding applications while
keeping the process time at minimum and tijges with the maximum
network density and the best thermomechanical performance. The
method is expected to be applicable for all photopolymerized as well as
thermosetting systems. Furthermore, the thickness of the sample be-
tween 2 and 5 mm had in our case a negligible effect on the network
density, C—=C bonds conversion and consequently on the mechanical
performance of the printed structures. However, it is expected that
larger thickness, different curing times or presence of particles may
negatively affect the crosslinking and thermomechanical properties in
deeper layers due to uneven light penetration, especially when the post-
curing is applied. It was also observed that washing in isopropanol has
large effect on thermomechanical properties due to the swelling
resulting into delamination even though it was not systematically
studied. All these phenomena possibly relate to the presence of regions
at the layer boundaries which are not fully cured due to the hindered
propagation of the photoreaction beyond the vitrification point.

Finally, we propose that the presented technique may represent a
new single-test standard helping to unify the available technical infor-
mation on photopolymerized 3D printed bodies, in order to be able to
fully predict the material characteristics. The acquired data considering
the influence of preparation parameters on thermomechanical proper-
ties of final 3D printed product may also significantly help in designing
the processing conditions and thus enable proper choice of application
field.
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