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1 | INTRODUCTION
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Abstract

Additive manufacturing (AM) has attracted a lot of attention in the industry
and studies due to the ability to fabricate parts in different sizes and shapes
along with economic costs. Among the different three-dimensional (3D) print-
ing methods, stereolithography (SLA) is becoming an important method. The
objective of this work is to investigate the effect of different sub-build orienta-
tions of an acrylate-based 3D printing SLA rapid-prototyping photosensitive
resin concerning UV and thermal post-curing on the thermal and mechanical
properties. Key role of polymerization as a determining factor in the final
mechanical and thermal properties was shown. The results indicate turning
the mechanical properties of cured resin by different sub-build orientations.
Furthermore, post-curing process was performed in order to complete the cur-
ing of unreacted monomers. The results show the important effect of thermal
post-curing on the mechanical properties. In addition, a polymerization up to
98% for thermal curing at 80°C was achieved. In addition, the maximum ten-
sile strength for the maximum amount of polymerization was for sub-building

orientation of 45°, 0°, and 90°.
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polymerization or cross-linking and leads to the fabrica-
tion of the parts. This process consists of layer-by-layer

Three-dimensional (3D)-printing technology has been
one of the most important processes that have undergone
changes and have attracted a lot of attention. Generally,
in this method, fabrication of the part completed by plac-
ing one layer of material on top of the other."? Among
the various methods in 3D printing, stereolithography
(SLA) due to the high accuracy, smooth surface finishing,
the ability to produce transparent objects, and the incor-
poration of fine details, for example, compared to the
fused deposition modeling has been the center of atten-
tion of studies.’ In this method scanning the resin sur-
face by a laser, which is programmed before, can cause

https://doi.org/10.1002/app.52248

polymerization of the photosensitive resin.® Some of the
applications of this method can be addressed to the auto-
mobile, electric, biomedical, and aerospace industries.””®
Parameters such as laser power distribution and scan-
ning speed during construction, resin characteristics
(such as monomers, oligomers, and curing agent compo-
sitions) can play a decisive role the maximum density of
cross-linking and consequently final properties.>'°
Generally, acrylates, vinyl ethers, and epoxides have been
among the types of multifunctional monomers which
were used for laser-induced polymerization."'™** In the
different types of multifunctional resins producing, the
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mechanism of polymerization occurs by reaction of the
acrylate group and an epoxy group through a radical and
cationic mechanism, respectively.'*'*

According to the applications mentioned for this
method, having suitable properties play an important
role in the efficiency of the parts produced by this pro-
cess. For this purpose, the polymerization of the polymer
has played the most important role in determining the
final behavior of the parts.'®'” After fabrication, the sam-
ple is quite hard, but an increase in the polymerization
by post-curing apparatus is an important step to increas-
ing the cross-link density and removing residual resin.'®
In most cases, produced parts can be cured by the use of
high-intensity ultraviolet (UV) light and temperature.'®*

Resin composition and production parameters have a
determining role in the degree of cure. Uzcategui et al.*!
studied the effect of processing parameters on mechani-
cal properties and developing a dual-cure system with an
ability of 100% conversion on a multifunctional acrylate-
based resin. For post processing, removing the unreacted
monomer by a solvent was the first post processing. Con-
sidering the plasticization effect of unreacted monomer,
they showed a key importance role of using a solvent for
removing this monomer for improving mechanical
behavior. In addition, thermal post curing was signifi-
cantly has been increased the modulus of samples. This
increase was from 7 to 15 MPa through thermal cure.
However, studies have shown that the degree of cure in
the parts fabricated without post-curing was about 80%,
and subsequent treatment operations were necessary to
achieve more than 90% curing. In a study by Fuh et al.*®
94% degree of cure by using the UV light for 120 s was
achieved. On the other hand, the use of temperature has
been another method of curing, which used in many
studies. In this method, using the sample in chamber at a
constant temperature for a certain period of time leads to
an increase in the amount of cross-links density. In gen-
eral, depending on the composition, the temperature
range can consist of 40-140°C. Also, the curing time
period has been in the range of several min to several
hours. Hague et al.'® studied the effect of UV and thermal
post-curing of the Acura SI40 and SL 7560 resins. Their
showed the important role of thermal post-curing cycle
on mechanical properties. Post curing was performed by
using the UV and thermal condition in the time range of
90 and 120 min, respectively. However, optimization and
using the best condition during post-curing by evaluating
various parameters, including changes in the time and
temperature have been studied in many researches.'****
It is worth noting that the effect of temperature and time
on creating the residual stresses in the end parts should
be considered. Therefore, clarifying the relationship
between mechanical properties and post-curing from the

parts by considering the properties of the resin plays
an important role to achieve the set of the best
parameters.’*?

Among the resins, acrylate-based resins due to their
high hydrophobicity, high accuracy, and low cost have
attracted the attention of many studies*>*” which using a
broad range of multifunctional acrylate in the system can
lead to the excellent performance of the produced parts.*®
In this study, acrylate-based resin was considered for the
fabrication of the parts. Due to the importance of poly-
merization of the samples, the post-curing process by
using UV with and without heating was used. Also, due
to the importance of anisotropy in the produced parts,
this parameter was evaluated by fabrication of samples in
different sub-build orientations. Finally, the physico-
chemical, thermal, and mechanical properties of the parts
were evaluated by Fourier-transform infrared spectros-
copy (FTIR), differential scanning calorimetry (DSC),
thermogravimetric analysis (TGA), DMA, and tensile test
analysis. The results showed a key role of post-curing on
the final properties. In addition, according to the results,
the maximum tensile strength was ranked as follows:
90° < 0° < 45°.

2 | MATERIALS AND METHODS

2.1 | Materials

A photoresist, Black Resin (product code: FLGPBK04)
from Formlabs (Berlin, Germany), was used in this study.
According to the datasheet, the resin was consisting of
urethane dimethacrylate (UDMA) diluted with the
corresponding methacrylate monomers, and bis(2,-
4,6-trimethylbenzoyl) phenylphosphine oxide as a
photoinitiator. Ethanol with 100% purity was used to
wash the samples after printing.

2.2 | Sample preparation

Formlabs Form 3-printer machine was used to fabrica-
tion the samples. Then, by the Preform software, the ten-
sile samples (ISO 3167 type B*°) were prepared in stl.file
format for printing. The different orientations in 0°, 45°,
and 90° (with respect to the x direction) with a automati-
cally support were prepared. The thickness of the layers
and printing speed were 100 microns and 20 mm/s,
respectively. Figure 1 shows the schematic of printed
samples in different sub-build orientations. Immediately
washing was performed in an alcohol bath for 30 min
after printing. Then the support was separated from the
samples and green samples were produced. The green
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FIGURE 1 Schematic of printed samples in different sub-build
orientations [Color figure can be viewed at wileyonlinelibrary.com]

samples in different directions for the post-curing process
were collected. The post-curing was applied for 30 min
with two posturing mechanisms: using UV without
heating and UV with the heating in the temperature
range of 40, 50, 60, and 80°C.

2.3 | FTIR analysis
FTIR was used to analyze the residual percentage of
unpolymerized of UDMA in the samples. A FTIR spec-
trometer (potassium bromide [KBr] powder transmis-
sion) was used for the tests and the wavenumber was in
the range of 4000-400 cm ™",

2.4 | DSC analysis

DSC was carried out (Q1000 V9.0 Build 275 DSC, TA
instrument) to investigate the degree of post-curing of the
samples. In this regard, approximately 8 g of each sample
0°-printed was removed, and then the thermogram
heating was carried out from 80 up to 210°C. The heating
rate and nitrogen gas flow were 10°C/min and 50 ml/
min, respectively.

2.5 | TGA analysis

Thermal stability of samples was analyzed by TGA, using
a METTLER TOLEDO 822e¢ instrument (Ohio, U.S.).
Regarding, samples were weighted in the range of
9-10 mg. The test was performed at a temperature from

25 to 800°C by a heating rate of 10°C/min under nitrogen
flow of 50 ml/min.

2.6 | DMTA analysis

Dynamic mechanical thermal analysis (DMTA) in flexion
mode were performed by the device Dynamic Mechanical
Analyzer type Q800 V21. Regarding, rectangular samples
were printed at 0° in dimensions of 35 x 10 x 4 mm®.
The condition of the test was set for temperature in the
range of 25 up to 250°C with a heating rate of 3.00°C/
min at multi-frequency of 1, 3, 10, and 30 Hz. Finally,
storage modulus (E), loss modulus (E") and loss tangent
or tan § (E"/E") were measured against the temperature.

2.7 | Mechanical characterization

For analyzing the mechanical properties quasistatic ten-
sile tests were performed by using the MTS 830 hydraulic
machine with a loading cell of 10 kN at a constant ramp
speed of 5 mm/min. At least four repetitions were per-
formed for each tensile test, and the average of results
was finally reported.

3 | RESULTS AND DISCUSSION
3.1 | Effect of post-curing on
polymerization

The effect of post-curing on the polymerization of the
samples was studied by using the FTIR and DSC in this
study. Regarding, from the FTIR results, absorption
changes in the functional groups were investigated.
Figure 2 shows the FTIR results related to the green, UV,
and UV with heat curing at different temperatures in the
range of 40-80°C for 0°-printed samples. The absorption
bands related to the methacrylate function, amide II
vibration, and the C—O—C have appeared at the peaks of
1637, 1535, and 1100-1245cm ™", respectively.>**! The
absorption peak in 1701cm ' is corresponding to the
C=0 bond for UDMA.*

Two absorption peaks of C=C at 1630 cm - and
amide II at 1532cm ™" (I1630/11532 cm ™ ") were considered
as an index for the calculation of residual unpolymerized
monomers.>>** The ratio obtained for the green sample
was considered to control which ratio shows the 100%
residual of unpolymerized monomers. Consequently,
residual unpolymerized monomers for post-cured sam-
ples according to the control ratio were calculated.
According to the intensity ratio, the percentage of

1
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residual UDMA for UV, UV with heat 40°C, UV with
heat 50°C, UV with heat 60°C, and UV with heat 80°C
post-cured samples were 83.77%, 82.36%, 79.36%, 76.01%,
and 67.37%, respectively.

Curing the resin in SLA can be divided into two
mechanisms of photocuring and thermal curing.** Photo-
curing mechanism in (meth)acrylate-based resin per-
forms by the radical system which is consists of radical
generation, initiation, and propagation of radical. For the
first step of this mechanism, radical generation occurs by
converting photolytic energy into a reaction for the initia-
tion of polymerization.'? On the other hand, thermal cur-
ing is another mechanism that polymerization is
happening by photo initiators with temperature (all of
the SLA resins have photo initiators for curing with tem-
perature).”® For investigation of curing mechanisms,
studies have been analyzed two peaks of C=C bands at
810 and 1632cm ' that are related to the acrylate
group.>>*® Changes in the absorption of these peaks
represent the polymerization of monomers during the
crosslinking reaction.’’*° Figure 3 shows the ratio
of I 701/Ig;0 cm ™' against the temperature. The Figure
showed the linear relation with a threshold in the 50°C
(R>0.98). First, the polymer main chain crosslinking
reaction is dominant. On the other hand, It can be men-
tioned that the second slop is related to the side photo-
chemical reactions of the macromolecular chains end
groups. According to the temperature range used in post-
curing, it can be said that the mechanism of polymeriza-
tion was the only photocured mechanism because
according to the DSC results, thermal cured happened in
the temperature range of 110-200°C.

The thermal properties of the liquid resin and sam-
ples considering the different post-curing conditions were
analyzed by DSC. According to the results, by the follow-
ing equation, the cure degree of the samples which
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FIGURE 3 The obtained I170;/Ig1o cm ™ ratio of absorption

from FTIR for post-cured samples in the temperature range of 30—
80°C. FTIR, Fourier-transform infrared spectroscopy [Color figure
can be viewed at wileyonlinelibrary.com]

indicates the polymerization of the samples after post-
curing were investigated'’:

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

where AHgample and AH,n are the heat release energy
from samples and resin, respectively. Figure 4 shows the
heat flow against the temperature for resin. For measur-
ing the AH,eg,, the heat flow from the liquid resin was
analyzed and heat release energy was measured equal to
99.34]/g.

The obtained results of DSC for the green and post-
cured samples are indicated in Figure 5. All obtained
DSC heating plots show endothermic peaks
corresponding to glass transition and one exothermic
peak corresponding to thermal curing. According to this
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figure, curing was performed in the range of 110-200°C.
The maximum and minimum enthalpy were 11.87 and
2.51 J/g which related to the sample without post-curing
and post cured sample by UV with the heat presence of
80°C, respectively.

According to the cure degree results, the green sam-
ple was 88% cured whereas post-curing by using the light
and in the 80°C increase the degree of cure the samples
up to 98%. By results, increasing the temperature from
40 to 80°C leads to the increasing the polymerization dur-
ing the post-curing, which can be attributed to the
increasing the mobility of the polymer chain by increas-
ing the temperature. Thus, increasing the temperature
leads to the increasing in the chain mobility, and by

3.0 157.11°C
25

2.0
1.5
1.0
0.5

Heat flow (W/g)

0.0 142.91°C
05 99.34 Jig

-1.0

50 100 150 200
Temperature (°C)

FIGURE 4 The DSC heat flow plot for liquid resin. DSC,

differential scanning calorimetry [Color figure can be viewed at
wileyonlinelibrary.com|

20 2.0

increasing the polymer network mobility, chain transfer
reaction will be increases.*>*!

3.2 | TGA analysis

To investigate the thermal stability of samples TGA was
performed. Figure 6 shows the TGA analysis for resin,
green and post-cured samples. Figure 6b shows derivative
thermogravimetric curves for each sample. According to
the results, higher thermal stability of crosslinked poly-
mers compared to the net one was shown which is good
agreement with literature.*

The results showed a different number of decomposi-
tion stage for resin compared to the green and post-cured
samples. Loss weight for the resin showed a 2-stages
decomposition whereas in other samples was happen in
three-stages. The stages of resin decomposition were
accrued in 102.9, 352.9, and 438.20°C, which in each
steps resin lost were 23.4%, 44.2%, and 34.2%, respec-
tively. First decomposition step is related to the evapora-
tion of volatile components acrylate groups at 102.9°C.
Second and third step of the resin degradation were coin-
cided in temperature of first and second degradation stag
of green and post-cured samples. As mentioned, in gen-
eral, all the resin, which used in SLA method can be
cured by heating in the certain range. Therefore, resin
will be cured by increasing the temperature during the
TGA analysis that can be led to the approximately same
decomposition temperature compared to the other
samples.

s without post-curing 167.1°C uv 164.9 °C -1.3 | UV + Heat cure (40 °C)
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— 24 _ - 169.44 °C
g = 215 /
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FIGURE 5 The results of DSC for the samples. DSC, differential scanning calorimetry [Color figure can be viewed at

wileyonlinelibrary.com]
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Green sample and post-cured samples showed more
thermal resistance compared to the resin, which repre-
sents the important role of cross-links on thermal
behavior. The first weight loss in the samples was at
352.9°C, which was accompanied by 52.5% weight loss.
This weight loss can be attributed to the trapped
volatile materials that are released. The next step
happened at 438.20°C that represented completion
decrosslinking and thermal degradation. The weight
loss of this step was 47.5% and this reduction can be
attributed to the decomposition of aromatic struc-
tures.*>” TRT 80°C showed the best thermal behavior
among the other samples, which is related to the
density of cross-links in these samples compare to the
others.

3.3 | DMTA analysis

DMTA in flexion mode was used to investigate the
thermo-mechanical behavior of fabricated samples.
Green and post cured 0°-printed samples were selected
for this purpose. Figure 7 shows the storage modulus and
tan 6 for without post cured samples in different frequen-
cies of 1, 3, and 10 Hz. According to Figure 7a, a shift
toward a higher temperature of the peak of tan & was
observed by increasing the frequency. Tan § value is
attributed to the phase displacement of the sinusoidal
movement of the clamps compared to the responded
movement of the samples.*’ The maximum of this dis-
placement which is displayed as a peak can be seen near
the Tg caused by the segmental movement of polymer

(a) (b)
L. 43820°C —— UV + Heat cure (80 °C)
100 w2C UV + Heat cure (60 °C)
/i\ /‘\ —— UV + Heat cure (50 °C),
80 G P uv .
&S i} : —— Without post-curing
- S5 : : —— Resin
< 60 £ P
= 8 N\ /i
2 = SN
ET) 5 A
= fh 1
@ ! !
a) o
20 AN
0 - N N 1029°C . .
100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
Temperature (°C) Temperature (°C)
FIGURE 6 Thermal stability of resin, without post cure and post cured: (a) thermogravimetry weight loss and (b) derivative

thermogravimetric curve [Color figure can be viewed at wileyonlinelibrary.com]
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(a) Flexion storage modulus (E') and (b) tan § for green parts in frequencies of 1, 3, 10, and 30 Hz [Color figure can be
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chains.** Increasing the frequency during the test is
accompanied by decreasing the segmental molecular
motions.** So, the segmental motions which have an
important role in changing the transition from glassy
to the rubbery state become restricted and cause to
increasing the Tg.*® Figure 7b shows the storage modulus
against the temperature for different frequencies.
Decreasing in E’ was observed by Increasing the tempera-
ture up to 150°C which is related to the increasing the
mobility of polymeric segments during heating. In the
range of 150-250°C modulus was increased and then was
reduced again. In this range of temperature residual
resins can be cured and subsequently modulus will be
increases and again by increasing the temperature E’ was
reduced.

Figure 8 shows the storage modulus and tan § for
post-cured samples in frequency of 10 Hz. According to
the results of Figure 8a, the lowest Tg was related to the
UV-cured sample and then in the other samples, the Tg
was increased with increasing the curing temperature
that the highest Tg was for heat curing at 80°C with
UV. Considering the critical role of segmental motions
on Tg and reducing these motions by increasing the poly-
merization, increasing the glass transition is directly
related to the polymerization of parts during post-treat-
ment. According to the Figure 8b, storage modulus at
room temperature for UV and UV + heat curing 80°C
showed the lowest and highest with 1795.9 and
2307.7 MPa, respectively. All the samples showed a
reduces in modulus with increasing the temperature
which this reduce was performed by lower rate for UV
+ Heat cure 80°C compare another. Also, changing in
the modulus from 150 up to 210°C show the incomplete
cured in the samples and in this range of temperature

(@)
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0.5
le]
- 04
©
= 03
0.2
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50 100 150 200 250
Temperature (°C)
FIGURE 8
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residual resin were cured. Glass transition of samples is
presented in Table 1.

3.4 | Effect of post-curing on mechanical
properties

The mechanical properties of green and post cured sam-
ples were analyzed for the different sub-build orienta-
tions. The maximum tensile strength and elongation
results were considered for competing for the mechanical
properties of the samples. Figure 9a,b show the stress-
strain curve for different orientation printed samples for
without and post cured at 80°C, respectively. According
to the Figure 9a maximum tensile stress of without post-
cured samples for 0°, 45°, and 90° were 25, 20, and
40 MPa, respectively. Also, the maximum strain was for
90°, 45°, and then 0°. Figure 9b shows the stress against
the strain for UV + heat cure 80°C for different orienta-
tions printed samples. The maximum of stress at break
was 55, 44, and 50 MPa for 0°, 45°, and 90°, respectively.
In addition, 45°-printed part showed a higher strain at
break compared to the 0° and 45°-printed parts.

Figure 10a,b shows micrographs of the fracture sur-
face of 90° printed sample that post-cured at 60°C with
respect to the different magnifications after tensile test.
Plastic deformation area along with other region of brittle
failure can be observed in fractured surface of Figure 10a.
The plastic deformation region can be attributed to the
chain slippage which flaw propagation speed is reduced
by the stress release. In addition, fractured surface of
Figure 10b shows a region with the layer forms that can
be indicated the layered nature of parts printed by this
method. In other regions of this figure, the failure is not

(b)

— UV
| —— UV+Heat cure 50 °C| |
R —— UV+Heat cure 60 °C
—— UV+Heat cure 80 °C
©
[a R
\E« 100 ¢
w
10 ¢

50 100 150 200
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250

(a) Flexion storage modulus (E') and (b) tan § for post-cured samples in frequencies 10 Hz [Color figure can be viewed at
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observed layer by layer which seems to the fact that the
curing has been done completely in this area.®

Figure 11a,b are shown the maximum tensile strength
and % elongation, respectively. The results showed a sig-
nificant effect of post-curing on the tensile strength and
% elongation of samples. In general, post-curing led to a
decrease in the % elongation of the samples. Increases in
the maximum tensile strength of the samples by post-
curing can be referred directly to the amount of polymeri-
zation of samples. It should be mentioned that uncured
resin, which is between the layers, or the surface of the
parts known as a place with poor mechanical properties,
which leads to a reduction in the mechanical properties
of the part.""***” Therefore, improvement of the mechani-
cal properties can be expected by increasing the amount
of polymerization in the samples. In addition, in a study
by Salmoria et al.® the release of internal stress concen-
tration in the samples during the post-curing as one of
the important factors to improving the mechanical

TABLE 1 Tg value of samples identified as a peak of tan ¢

Sample name Frequency (Hz) Tg (°C)
Without post-curing 1 85.4
Without post-curing 3 89.0
Without post-curing 10 94.46
Without post-curing 30 99.19
uv 10 96.59
UV + heat cure 50°C 10 102.34
UV + heat cure 60°C 10 104.34
UV + heat cure 80°C 10 113.99
(a)
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FIGURE 9
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Brittle failure

Plastic deformation

FIGURE 10
cured at 60°C with respect to the (a) more magnification and

Fracture surface of 0° printed sample and post-

(b) lower magnification [Color figure can be viewed at
wileyonlinelibrary.com]
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properties have been considered. Therefore, polymeriza-
tion and release of the internal stress can well explain the
increase in mechanical properties by increasing the tem-
perature in the post curing for the samples.

As mentioned, the mechanical properties of the fabri-
cated parts were also examined in different sub-build ori-
entations. According to the results, the maximum tensile
strength can be ranked as follows: 90° < 0° < 45°. So that
the samples without heat treatment showed 0°, 45°, and
90° maximum elongation were equal to 2.83%, 12.37%, and
30.96%, respectively. According to the results, the maxi-
mum tensile strength was achieved for the orientation of
45°. Tt is related to the angle of the layers is at an angle to
the force direction. Also, according to Saini et al.®® it was
shown that the elastic modulus of the samples printed by
the SLA method at an angle of 45° showed a higher elastic
modulus than the sample of other printed angles which is
referred to the elastic properties in this orientation.

As can be seen from the results the maximum tensile
strength was reduced by increasing the angle orientation
from 45° to 90°. On the other hand, by increasing the angle
orientation from 45° to 90°, % elongation was increased.
Microstructure of the fabricated parts by SLA can be
divided into three regions: over-cured resin, cured resin,
and non-cured resin. The region of the non-cured resin is
between the layers or on the surface of the samples."** In a
study by Asmussen et al.*’ they introduced the non-reacted
monomer as a plasticizing parameter on the polymer
which can impact the physical and mechanical properties.
Given that the 90° and 45° samples were tensioned in the

o-_i.ﬁ.@.i =
o

lﬂjnlﬂﬂ_lm

Sub-build orientation

direction of the layers it can seem that the plasticizing
effect of residual resin was maximum. However, due to the
angle of the layers with the direction of tension, this effect
can be insignificant for the angle of 0°.

4 | CONCLUSION

In this study, the effect of post-curing at different tempera-
ture ranges in a certain time on the mechanical properties
for UDMA resin was investigated. The mechanical proper-
ties of green and post cured samples were analyzed for the
different sub-build orientations. Physico-chemical, ther-
mal and mechanical properties were investigated by DSC,
FTIR, TGA, DMA, and tensile analysis. The obtained
result explained the curing mechanism of the samples in
the post-curing and the value of residual resin was calcu-
lated. Key role of residual resin in the parts on thermal
and mechanical analysis was explained. This effect was
investigated on the glass transitions of the samples, so that
post curing caused to the increasing the glass transition.
According to the results, an increase in the post-curing
temperature process increased the tensile strength so that
the post-curing at 80°C caused to the increasing the poly-
merization up to 98%. Finally, results showed the maxi-
mum of tensile strength in the rank of 90° < 0° < 45°.
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