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Effect of build orientation and post-curing of (meth)acrylate-based
photocurable resin fabricated by stereolithography on the mechanical
behavior from quasi-static to high strain rate loadings
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Khaled Benfriha® - Abbas Tcharkhtchi' - Joseph Fitoussi'

Abstract

Stereolithography (SLA) is becoming an important fabrication method among the different additive manufacturing tech-
niques. This study investigates the effect of high strain rate on mechanical behavior, considering the fact that materials can
be shown different mechanical properties under rapid straining compared to quasi-static loading. In addition, the role of
polymerization as a determining factor in the final mechanical properties of the SLA parts is indicated. Regarding that,
samples based on urethane dimethacrylate resin material were printed in different directions (6 =[0-90]) and post-treatment
was performed with respect to the UV and UV with temperature. The effect of high strain rate was analyzed through a servo-
hydraulic machine, monotonic, and interrupted tensile tests ranging from 0.3 to 117.4 s~!. Scanning electron microscopy
was applied to analyze the failure surface characteristics. The results show the important effect of strain rate on mechanical
properties such that by increasing the strain rate, yield stress and ultimate stress were increased. Furthermore, investigation
of the strain rate sensitivity during the different steps of the failure indicates more sensitivity of the non-linear zone of the
stress—strain curve with strain rate.

Keywords Additive manufacturing - Stereolithography manufacturing - Polymers (durable resin) - Mechanical behavior -
High strain rate

1 Introduction methods, stereolithography considering the good precision,

economic efficiency, easiness of printing of parts, and pro-

Additive manufacturing has attracted a lot of attention
considering the fabrication of complex geometry and eco-
nomic efficiency [1-4]. Among the different manufacturing
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viding the ability to innovative new products has been at the
center of a lot of studies [5]. Different applications of this
technique across a wide range of industrial sectors such as
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automobiles, medical, and aerospace industry have led to
more and more research in this area [6].

In this method, polymerization of a photocurable liquid
resin can happen through exposure to ultraviolet laser radia-
tion and subsequently lead to solid objects. Fabrication of
the parts is in layer by layer of cured resin. The passage of
the laser according to the pre-determined design causes the
formation of solid layers mounted on a platform immersed in
the resin bath. The curing of the resin during the fabrication
is accompanied by entrapped uncured monomers between
the solid layers. In general, curing up to 65% can be achieved
considering the kind of polymer and laser source in the sam-
ples during the process [7]. There are a lot of parameters
that can impact the final part properties; nevertheless, the
percentage of curing and orientation of printing have been
among the key parameters that changed the properties such
as the mechanical behavior of the parts.

Chantarapanich et al. [8] studied the main build orienta-
tions (flat and edge) and sub-build orientations (0°, 45°,
and 90° with respect to the x-axis) on mechanical proper-
ties. Their results showed the important effect of main build
orientation on elastic modulus, UTS, elongation at UTS,
and elongation at break, whereas this effect was not signifi-
cant for different sub-build orientations. In another work,
anisotropy due to the different print orientations shows the
importance of this parameter on the mechanical properties.
Regarding that, it has been shown that the difference in elon-
gation of a sample positioned in the YZ plane with the axis
of the specimen orientated in the Y-direction and printed
sample in the YZ plane with the axis of in the Z-direction
was 8% [9].

The effect of residual monomers in the parts is such
that it can have a significant impact on the final proper-
ties of products [10]. Therefore, post-processing consisting
of washing and post-curing was essential to decrease the
quantity of unreacted monomers [11]. Generally, in washing,
printed parts are immersed in a suitable solvent for quitting
the unreacted monomers from solid parts. Another way to
decrease the amount of unreacted monomers is post-curing
the residual monomers. In this method, curing of the residual
monomers can be happened through heating, microwave,
and exposure of the produced sample against UV radiation
by the conventional oven, microwave oven, and ultraviolet
chamber. Among the techniques of post-curing, using UV
post-treatment has been mentioned as a method with the
ability to increase the mechanical resistance to the maximum
amount [12]. Furthermore, a chamber with high-intensity
ultraviolet with the ability to heat the sample which is called
post-curing apparatus has been used in many studies [13].
Depending on the time and heating, different cured percents
can be achieved in the samples.

Investigation of the mechanical behavior of the mate-
rial in severe conditions has been subjected in center of

many studies [14-16]. Considering the time-dependence
mechanical behavior of polymers, dependence of elas-
tic modulus and yield strength is expected. So, different
responses of polymers respected to the various loading
that refers to the sensitivity of the polymers with strain
rates have attracted a lot of attention [16—18]. Table 1
investigates the effect of strain rates on the polymeric
materials according to the different studies. The change
in the mechanical response is such that can be transformed
from rubbery to ductile plastic to brittle. So, understand-
ing the mechanism of damage can play a vital role during
experiment with different strain rates [19]. Resistance to
polymer chain alignment in the high strain point can create
strain hardening which will be balanced during the test.
This balancing can be performed through adiabatic heating
[20, 21]. Regarding that, extensive studies have been done
on investigating the effect of strain rate in the compressive
state on polymers [22-24]. In general, the experiments of
compressive tests in high strain showed the increasing of
modulus and yield stress with rising the strain rate with a
brittle fractured [25]. On the other hand, due to the more
difficulties of the tensile test compared to the competition,
fewer studies have been performed in this state. Gilat et al.
[26] studied the two different types of epoxy of E-862 and
PR-520 which are non-toughened two-part, and one-part
toughened epoxy resin, respectively, in the different load-
ing conditions at 5x 107>, 2 and 450700 s~!. Their results
showed an important effect of strain rate on the maximum
shear stress, such that it was increased by increasing the
strain rate. Somarathna et al. [27] investigated polyure-
thane as an elastomeric polymer at different strain rates
from 0.001 to 0.33 s~!. Their results emphasized increas-
ing the mechanical behavior such as Young’s module,
yield stress, ultimate tensile stress, and failure stress with
increasing the strain rates. Increasing the ultimate tensile
stress of the samples was attributed to the stiffness with
increasing strain rates. Also, the strain energy density of
samples showed the dependency on the strain rate, that a
higher strain rate was accompanied by the lower absorbed
energy.

The objective of this study is to investigate the effect of
fabrication process parameters and post-processing of ste-
reolithography technique on mechanical behavior. Different
build orientations and post-treatment conditions were con-
sidered for the fabrication of the parts. Mechanical charac-
terization was performed under the condition of quasi-static
to high strain loadings. The strain rates were 0.001, 0.3, 4.6,
and 117.4 s~ and the ultimate stresses were obtained 36.6,
67.5, 68.8, and 73 MPa, respectively. In addition, the frac-
ture surface was probed through scanning electron micros-
copy. The results of microscopy show changes in the mor-
phology of fracture, such that the plastic deformation zone
disappears with increasing the strain rate. Fracture samples



Table 1 Effect of strain rates on the different polymers

Ref

Strain rate (s”!) Results

Dynamic loading

Samples fabrication method

Material

1074-10* An extreme increase in yield strength by [31]

Split Hopkinson pressure bar

Polycarbonate and polyvinylidene difluoride Injection molding

enhancement of the strain rate was shown

and was referred to as the movement of the b
transition to room temperature at these rates

Increasing the temperature in the strain rate of [20]

0.1-0.001

Servohydraulic axial testing machine

Machining

Polymethylmethacrylate

0.01/s and 0.1/s was lead to the thermal softening

of the polymer

[32]

Stress levels increased with increasing strain rate.

0.005-1

Machining from extruded parts Uniaxial tensile

Commercial poly-vinylidene fluoride grade

Plastic dilation was observed at the microscale
and enhanced with increasing deformation

A high dependency of mechanical properties [33]

0.001-5100

Split Hopkinson bar

Molding

Epoxy

with strain rate was shown. Stress—strain curves

with respect to the different strain rates can be
followed by peak stress, subsequently post-

yielding stress softening, and strain hardening

deformation in the end

of 4.6 57! and 117.4 s~! showed a brittle breaking, including
increasing the rate of strain led to crack growth instead of
increasing crack density.

2 Material description, 3D printer device,
and characterization methods

2.1 Raw material

A Photocurable resin, Black Resin, with product code of
FLGPBKO04 from Formlabs (Berlin, Germany) was used as
a raw material. The resin has consisted of urethane dimeth-
acrylate diluted with the corresponding methacrylate mon-
omers, and bis(2,-4,6 trimethylbenzoyl) phenylphosphine
oxide as a photoinitiator. Also, isopropyl alcohol 99.9% was
used during post processing.

2.2 Samples fabrication

Samples were printed with a Formlabs 3D printer. The pro-
cess of printing consisted of importing the geometry to the
slicer in order to create the G-cod and then bring it to the 3D
printer. Samples were printed with a Formlabs 3D printer.
The geometry of samples for mechanical tests is shown in
Fig. 1. The stated technical considerations for printing the
parts are shown in Table 1. Figure 2 shows the samples that
were printed in different build orientations. After printing
the parts, support was detached and post-processing was per-
formed. Post-processing in this study consisted of two pro-
cesses of washing and post-treatment that were performed
through the form wash and form cure, respectively. The time
of washing was set to 30 min for all the samples. Post-curing
of samples was in the presence of UV at different heating
temperatures of 50, 60, and 80 °C for 30 min. In order to
reduce perturbation and disturbance wave’s impact on the
sample, and obtain homogenous strain flowing, ABAQUS
FE optimization was applied and then the best fit geometry
was proposed. In addition, this optimization is accompanied
by rapid stabilization of strain rate in the sample gauge part
during the first stage of applying load during the test [28,
29].

20 mm 20 mm
« > « > 4 mm

22 mm
R6 7

Fig. 1 Dimensions of specimen for tensile test



Fig.2 Schematic of different
build orientation direction of
samples printing: a 0°, b 90°,
and c 45°

2.3 Methods of characterization and experimental
procedure

2.3.1 Microscopic observation

The fracture surfaces of the samples were analyzed by a scan-
ning electronic microscope (HITACHI 4800 SEM). Regard-
ing after the test in different stain rates, samples were coupled
from the fractured side and were analyzed.

2.3.2 Differential scanning calorimetric

In order to analysis the percentage of curing the samples, dif-
ferential scanning calorimetric (DSC) was used (Q1000 V9.0
Build 275 DSC, TA instrument). The test was carried out on
resin and the green and post cured printed samples. Approxi-
mately 8 g of printed samples was separated, while capsule was
prepared for 5 g uncured resin. The thermogram heating was
selected from 50 up to 210 °C with heating rate of 10 °C/min.

2.3.3 Quasi-static tensile test

A low-speed tensile test was performed for specimens printed
for different sub-build orientations without and with different
post-curing conditions. Regarding that, MTS 830 hydraulic
machine with a loading cell of 10 kN used, the constant ramp
speed was set at 5 mm/min. The repetitively of each test was
checked out by using 4 samples.

In order to investigate the different strain rates from quasi-
static to 117.5 s™!, a servo-hydraulic machine as specified
by the manufacturer (Schenk Hydropuls VHS 5020) was
applied. The load level was measured by a crystal 50-kN load
cell during the experiment. Figure 3 illustrates the schematic
of this equipment; as can be seen, the samples were placed
between the load cell and the moving device.

2.3.4 High strain tensile loading characterizations
To understand the global mechanical behavior and related dam-

age mechanisms of printed samples, tension loading with dif-
ferent strain rates was applied. Regarding our last investigations

[29, 30] of the high strain rate tensile test, for experimental
evaluation of strain—time measurement, 2 points were put on
the face of the sample for defining the initial gauge in the ten-
sion test, and then changes were monitored via a high-speed
camera. Subsequently, image analysis was used to observe a
displacement of the centroid of each marked point to show
the strain between the two points. Regarding tdhe simulation
and experimental results, it was proved that after the damping
stage, the strain rate became constant that consequently could
be measured from the slope of the linear part of the curve in
Fig. 4, which is a confirmation of the chosen boundary condi-
tions in accordance with ABAQUS FE simulation.

3 Experimental results and discussion
3.1 Curing percentage

In order to investigate the curing percentage afer fabrication
the parts, DSC analysis was performed. Figure 5 shows the

135 mm

Fig.3 Schematics of high strain-rate tensile test: 1, load cell; 2, sample;
3, fixing system; 4, sliding bar; 5, hydraulic jack; 6, damping joint; and
7, displacement direction



Fig.4 Strain measurements
against the time
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results of DSC for different samples in green and differ-
ent post curing conditions. Exothermic picks that appeared
in the range of 45 to 220 °C is related to the absorbed
energy of monomers for polymerization. The area of each
peak is related to this energy that is reduced from green to
UV +Heat cured at 80 °C. This phenomenon is shown that
the less unreacted resine is remanied by post curing. Per-
centage of curing in each sample was calculated from the
following equation:

Degree of cure (%) = (1 — AHsample/AHresin) X 100 (1)

where AH . and AH |, are the heat release energy from
samples and resin, respectively.

Table 2 shows the curing percentage of each sample.
According to the results, the lest and most one were 88 and

Fig.5 The results of DSC for 2

Time (s)

97.5% that related to the green and UV + Heat cured at 80 °C,
respectively. Curing in the resins through the SLA method
can happen in two ways: radiation and heating. So, using the
UV can cause the curing in the samples. Also, increasing the
temperature is accompanied with increasing the chain mobil-
ity in the polymers that can enhance the polymerization. So
more heating can cause the more curing in the samples during
the post treatment.

3.2 Quasi-static tensile behavior
3.2.1 Effect of build orientation: 0°, 45°, 90°

The results from tensile tests are shown in Fig. 6. These
results show the stress—strain curve of samples with respect

the samples
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Table 2 Heat release energy and curing percentage of samples

Sample Heat release Curing
energy (J/g) percentage (%)
Without post-curing 11.9 88.0
uv 10.2 89.7
UV + Heat cure (50 °C) 4.7 95.3
UV + Heat cure (60 °C) 4.1 95.9
UV + Heat cure (80 °C) 2.5 97.5

to the sub build orientation and different post-curing condi-
tions. For investigation of the printing orientation effect on
mechanical properties, each printed group in 0°, 45°, and
90° was compared together.

Various directions of printing show the different mechani-
cal behavior of samples. This fact shows the anisotropy of
fabricated parts and also can impact the steps up to break
in the stress—strain curves. The stress—strain curves for
0°-printed show the linearly elastic, nonlinearly ascend-
ing, yield-like (peak) behavior, strain softening, and then

Fig.6 Stress—strain curves with
different post-curing conditions:
a 0°-printed, b 45°-printed, and

plastic flow. These samples indicate the most percentage of
elongation compared to the other printed samples in differ-
ent directions. Literature has shown the plasticizer effect of
unreacted monomers on the final product. Also, considering
the DSC results that were discussed in the previous sec-
tion, the amount of residual resin in the samples was shown.
So considering the direction of tension, which has been in
the direction of the printed plate, it can be said that the
elongation of the samples has reached its maximum value.
After stretching the material up to the special ratio that is
called the “natural draw ratio,” necking will be stopped, and
through the new material at the neck shoulders, this part
starts to grow. This phenomenon, “drawing,” continues until
it spans the full gauge length of the specimen. Considering
the strengthened microstructure during this process, it can
be said that failure occurs when new materials are unable to
transform outside the neck [10].

Ductile stress—strain curves were observed for 45°-printed
samples. According to this figure, the results show the lin-
ear elastic and then the plastic flow of samples during the
tensile test. The percentage of elongation was less than the
0°-printed samples, while the value of maximum stress at
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Fig.7 Young’s modulus for
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Sub-build orientation

break was increased compared to the other two groups. Con-
sidering the direction of printed plates with tensile direc-
tion in this group, it can be said that material transfer has
not occurred in the neck area. This fact caused decreasing
elongation. Curves in the group of 90°-printed samples
were rigid. This sub-build direction showed the least value
in %elongation around 2% and maximum stress at break. In
general, the results show that maximum stress at the break
for printed samples can be ranked as follows: 45°>0°>90°.
This fact shows the important effect of sub-build on printing
the parts.

3.2.2 Effect of post-curing temperature: 50 °C, 60 °C,
and 80 °C

In this section, importance of post curing temperature with
UV was analyzed on the samples printed with different build
orientations. Figure 7 shows the values of Young’s modu-
lus obtained from the mechanical tests. Results showed the
important effect of temperature during the post curing on the
mechanical behavior, such that Young’s modulus of the sam-
ples was increased by increasing the temperature. The maxi-
mum of the mechanical strength was achieved at 80 °C+UV
post treatment in all the printing orientations. This increase
can be attributed to the increasing of the curing percentage
at high temperatures post curing. The more curing percent-
age at higher temperature is related to the better mobility of
polymeric chains.

Also, according to the results from Fig. 7, the key role
of temperature on the shape of stress—strain curves can be
observed. In this figure, strain softening effect was reduced by
increasing the temperature during the tensile test, especially in
the samples printed at 45°. This observation can be explained
by the plasticizer effect of residual resin during the test. In addi-
tion, increasing the cross-link density can lead to less ability of
chains to the movement that leads to the reduction of the strain
softening.

3.3 Effect of strain rate on tensile loading: 45°,
post-cured

Investigation of strain rate was carried out on the samples
of 45°-printed that were post-cured at 80 °C in the presence
of UV for 30 min. Figure 8 shows strain—stress curves of
this test at different rates from 0.3 to 117.4 s~!. According
to the results, the ultimate tensile strength was increased by
increasing the rate, such that these values for rates of 117.4,
4.6, and 0.3 s~! were 73, 68.8, and 67.5 MPa, respectively.
The different zones of these curves consisted of an initial
linear elasticity domain, followed by a yielding domain and
then a moderate increase of stress. In addition, the curves of
stress—strain did not show a significant change in the slope
of elastic zone which can indicate Young’s modulus is inde-
pendent of rates. Stress—strain curve of the similar sample in
static condition (0.001 s™!) shows the ductile deformation

—s— £=1174s"
—e—£=465"
0 s £=03s"

0.00 0.01 0.02 0.03
Strain (mm/mm)

Fig. 8 Stress—strain curves at different strain rates
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with large straining and a low increase of stress. The maxi-
mum values of ultimate tensile stress and the strain at break
were 59.1 MPa and 6.8%, respectively. So, dynamic loading
on the samples caused reducing significantly of strain at
break and increased the ultimate tensile stress.

Furthermore, a threshold in the ultimate stress and strain
was considered that is corresponding to the first non-linearity
behavior. This point can be referred to as a transition from
passing linear to nonlinear properties and can be caused by
the initial microfracture. Increasing the force during the test,
the initial microfracture grew and led to fracture. The stress
and strain threshold results are presented in Fig. 9. According
to this figure, stress and strain thresholds were decreased by
increasing the rate that is described as follows: increasing the
rate is accompanied by going to the non-linear stage in less
strain and stress. On the other hand, a decrease in the rate
can cause the delay of this transition in the samples which
means a delayed damage onset. It seems that in the high rate,
increasing the rate can cause an increase in the crack density,
whereas decreasing the rate can provide more crack propaga-
tion. In addition, the results show a direct relation between
modulus and strain rate, such that a higher modulus is fol-
lowed at more strain rates.

Also, for investigation of the failure mechanism and dynamic
analysis properties with respect to the effect of strain rate on
the stress, strain rate sensitivity “m” was considered. Regard-
ing that, this parameter was evaluated from Backofen equation
which is an empirical power-law function, as follows [34]:

o =C+Ke" )

Table 3 Parameters from Backofen equation

Parameters of power C K m R?
function
Thershold 10.56 34.56 0.03 0.99

Ultimate stress 43.46 20.10 0.11 0.92

where o is the stress, £ indicates the strain rate, C and K are
the constants that referred to the experimental conditions and
microstructure of materials, and m shows the SRS index. It
can be said that by increasing the SRS index, the sensitivity
of the material with strain rate will be raised. Threshold and
ultimate stress were considered for investigating the effect
of different rates on the different steps of failure, such that
sensitivity index from the threshold can correspond to the
linear zone, whereas the index from the equation respected
to the ultimate stress can refer to the non-linear step. The
results from the fitting are shown in Table 3. According to
the results, the samples showed more rate sensitivity in the
non-linear stage compared to the linear step. This can be
attributed to the visco damage behavior of the samples dur-
ing the test. After the linear stage, the mechanism of the
damage will be active which is accompanying the creation
of cracks in the samples and is more sensitive to strain rate.

According to the results, a greater m index for ultimate
stress compared to the yield stress can show more sensitiv-
ity of the sample with strain rate after yield stress, which is
located in the zone of non-linear. So, it can be said that the
non-linearity stage is more sensitive to strain rate compared
to the linear step in the stress—strain curve.

3.4 Fractography

In order to investigate the effect of different strain rates on
damage, surface fractures of samples 45°-printed post-cured
at 80 °C were observed. Figure 10 shows the SEM of frac-
tured samples in the strain rates of 0.3, 4.6, and 117.4 s7!
at different magnifications. The figures show the brittle
fracture containing the plastic region which this region will
be decreased by increasing the strain rate, such that sur-
face fracture at the strain rate of 117.4 s~! did not show
the plastic deformation. Figures 10 a and b are attributed
to the strain rate of 0.3 s~!, as can be seen, the cracks have
grown more compared to the other strain rates. In addition,
according to the shear and cavitation evidence in the plastic
area, it can be seen the chain slippage mechanics as a failure
mechanism. This mechanism can occur when propagation
speed is reduced by the stress release.
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4 Conclusions

In this study, the effect of build orientation and post-curing
in printed samples with SLA was considered. Mechanical
properties of the materials were considered under the quasi-
static and high strain rate tensile loading. The following
points can be concluded:

e The importance of post-curing on final mechanical behav-
ior was shown in the post-processing method. Post curing
was accompanied by reducing the residual monomer, such
that by increasing the polymerization in the parts elonga-
tion was reduced. DSC results show the maximum cure
degree of the samples up to 98% during the post-treatment
with UV at 80 °C.

e The mechanical behavior of the samples in quasi-static
conditions shows the sensibility with build orientation,
such that the most value of stress at break was attributed
to the 45°-printed parts, then for 0° and finally for 90°.
In addition, different shapes in the stress—strain curve
consist of brittle, ductile, and curve with softening effect.

e Results of high strain rate from 0.001 to 117.4 s~ on the
mechanical behavior show the important role of strain
rate on the mechanism of failure. The samples showed
more sensibility in the nonlinearity zone compared to the
linear step of the stress—strain curves.
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