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Abstract

Next-generation additive manufacturing processes based on UV-curing
acrylate photopolymers extend the barriers of functional part production by
deploying rapid processing speeds, complex geometries with high resolu-
tions, and an extended material spectrum. Many technologies introduce
temperature-dependent curing and decomposition behavior of acrylates to
the list of process-related challenges. This investigation targets a compre-
hensive analysis of the curing behavior and thermal stability of acrylic pho-
topolymers by implementing analyzing techniques like thermogravimetric
analysis, Fourier-transform infrared spectroscopy, and differential scanning
calorimetry. Significant parameters such as the UV intensity and the iso-
thermal temperature are varied based on the design of experiments. Charac-
teristic evolving gases at elevated temperatures are identified and discussed
towards their relevance for the curing process. The calorimetric results
demonstrate increasing reaction speeds with elevated UV intensities as well
as a restricted accelerating effect of increasing temperatures. The reaction
enthalpy proves to be strongly dependent on the chosen temperature. The
results represent the base for the comparison of different kinetic curing
models in future investigations.

KEYWORDS
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photopolymers or UV-light activated polymers ranked
second behind polymer powders in AM materials sold
worldwide, with a market share of 25.2%." This market

Additive manufacturing (AM) of plastics is one of the
most promising technologies in the 21st century. Near-
unlimited design freedom qualifies the technology for a
broad range of industry sectors, such as the medical field,
consumer goods, and the automotive industry. In 2021,

share can be explained by the utilization of these mate-
rials in AM technologies such as Material Jetting and Vat
Photopolymerization, which demonstrate a high maturity
and distribution within the private sector as well as
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industrial applications. Photopolymers usually consist of
monomers, oligomers, and photoinitiators, which are
essential building elements for radical polymerization.
The essential monomers for photopolymers are acrylates,
which combine high reactivity, rapid cure rates, and high
versatility with the monomer functionality.!) Owing to
these potentials, there is great interest in the utilization
of acrylate-based photopolymers within a broad range of
AM technologies. This not only includes state-of-the-art
AM but also experimental technologies and concepts
with increased functionalities and elevated process-
related requirements. Extensive research is invested in
the field of photolithography technologies and multi-
material AM. Multiphoton lithography represents an AM
technology based on ultra-short-pulsed laser/material
interaction.!®! Challenges for this technology are limited
by the lack of heat resistance of the printable materials.
Baldacchini et al.l*! and Jian et al!®! both successfully
demonstrate the suitability of acrylic-based photopoly-
mers for use in multiphoton lithography based on geo-
metrical and optical quality criteria. Nguyen et al.l®!
additionally consider the impact of different UV-
intensities as well as thermal stability and decomposition
behavior based on calorimetric and thermogravimetric
measurements. A combined approach to analyze and
model the curing kinetics with the exploitation of the
influence of the process temperature was not considered
in any of the aforementioned investigations. Another
technology representative for an AM process with ele-
vated process requirements is the novel “Fusion Jetting”
(FJ) process. The FI process is allocated to the multi-
material AM sector which requires challenging require-
ments towards a tailored curing behavior and sufficient
thermal stability of acrylate-based photopolymers. What
is defined as multi-material AM in today's market is
entirely separated into two individual material classes:
the combination of either thermoplastics or thermo-
sets.l”®! First suggested by Wudy et al.,!”! the FI process
represents one of the first AM attempts to simultaneously
process thermosets and thermoplastics into multi-
material parts. The technology is based on the combina-
tion of two powder-based state-of-the-art AM technologies:
laser-based powder bed fusion of plastics (PBF-LB/P) and
binder jetting (BJT). The challenging requirements for
acrylates arise from the necessity of a high-temperature
environment for defect-free PBF-LB/P processing. Previous
investigations within the field of FJ processing concen-
trated on experimentally and mathematically describing
the impact of the process temperature and the powder
conditions on the infiltration behavior, as well as the
impact of homogenously dispersed thermoplastic powders
on the dynamic mechanical properties of UV-cured ther-
moset parts.'>"] The UV curing behavior of the acrylate
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systems dependent of the temperature as well as the ther-
mal stability in the high-temperature environment within
FJ processing has not been analyzed yet.

Considering the state of research described above, the
need for an experimentally deepened understanding of the
curing kinetics and decomposition behavior of acrylate
photopolymers is inevitable. Compared to conventional
AM processes, such as Vat Photopolymerization, next-
generation AM processes introduce the temperature-
dependent curing and decomposition behavior of acrylates
to a list of process-related challenges. These challenges
must generally be avoided or used as a tool for strategic
tailoring of the curing process. This investigation concen-
trates on the experimental analysis of the thermal decom-
position behavior with subsequent calorimetric analysis of
the curing behavior of different acrylate systems. In this
context, the following key aspects are investigated:

1. The influence of increased isothermal temperatures
during UV-curing on the speed and extent of the reac-
tion of the analyzed acrylate systems.

2. The utilization of the UV-intensity as a tool for strate-
gic variation of the curing speed and the degree of
cure of the analyzed acrylate systems.

An initial experimental analysis of the thermal stabil-
ity of the individual materials based on thermogravi-
metric and spectroscopic measurements is conducted.
This helps to gain a deeper understanding of potential
temperature-based processing windows and the process-
related risks of introducing liquid photopolymers to ele-
vated states of temperature and temperature environ-
ments. The analysis includes the characterization of
potential evaporating and deteriorating photopolymer
components and the evaluation of their importance for
the UV-curing process. Further, an experimental analysis
of the chemical crosslinking of the individual materials
based on calorimetric measurements is performed. For
these experiments, strategic variations in the UV inten-
sity and isothermal temperature were conducted. The
results represent the base for the model-based investiga-
tion of the curing kinetics described in Reference [12]. In
the following, a detailed introduction to the materials
and methods of this investigation is given.

2 | MATERIALS AND METHODS

2.1 | Materials

The materials used in this investigation are acrylate-
based photopolymers with the tradename “UV DLP
Firm” and “UV DLP Hard” by the company Photocentric
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TABLE 1 Selected material characteristics of Acrylate A and Movable Mirror
Acrylate B.I*14! Fixed |C—S—=  Beam Splitter
Mirror Detect
Acrylate A Acrylate B elector
tradename: UV tradename: IV —
DLP firm UV DLP hard
Evolving
Viscosity/mPas 560 230 gases
. Infrared =
Tensile strength/MPa 10 15 Source ||
Tensile modulus/MPa 700 2060 -
Oven with
Density/kg/m> 1180 1190 N, atmos-
phere
FIGURE 1 Thermogravimetric Analysis (TGA) combined with

3D. Both reactive liquids are photopolymers containing
diacrylates (volume percentage of 10%-15% for UV DLP
Hard; volume percentage of 15%-20% for UV DLP Firm)
and dimethacrylates (volume percentage of 50%-70%
respectively) as their proprietary building elements.!*>14
The chemical structures of each element can be found in
Section 3.1.

Both materials are selected due to their profound
mechanical properties after curing, fast curing speeds,
and sufficient controllability of the viscosity behavior
through temperature increase. The infiltration behavior
within different polymer powders and the rheological
behavior at elevated temperatures have already been
described in previous investigations.”o] In comparison,
the materials differentiate mostly in their viscosity and
the mechanical properties of the crosslinked parts.
Selected values can be found in Table 1. On a chemical
level, the difference between both materials is the pres-
ence of a non-specified “multifunctional acrylate” as a
proprietary building element within “UV DLP Hard”,
with volume percentages between 5% and 10%. For sim-
plification and better representation in diagrams and
tables, “UV DLP Firm” and “UV DLP Hard” are referred
to as “Acrylate A" and “Acrylate B" respectively through-
out this investigation.

2.2 | Methods

221 | Thermogravimetric analysis (TG)
with in-situ Fourier-transform infrared
spectroscopy (FTIR)

For this investigation, a PERSEUS® TG 209 F1 Libra®
thermogravimetric analyzer (NETZSCH, Germany) is uti-
lized for analyzing the decomposition behavior of Acrylate
A and Acrylate B at elevated temperatures. Fully cured as
well as liquid samples of approximately 40 mg are placed
in aluminum crucibles. The heating is performed under a
nitrogen atmosphere, starting at 30°C with a heating rate
of 10 K/min, followed by an isothermal temperature of

Fourier-transform infrared spectroscopy (FT-IR).

TABLE 2
of Acrylate A and Acrylate B liquid samples.

Experimental parameters for UV-DSC measurements

Isothermal temperatures Tis,/°C 30, 90, 150
Soak time to,/min (for T = 30°C tgoa = 0) 10

Heating rate/K/min 5

Cooling rate/K/min 20
UV-Intensities/mW/cm? 7.5, 15, 30, 60
Radiation time tyv/min 10

Delay before irradiation start/s 5

200°C for >30 min. The maximum temperature of the pro-
gram is limited to 200°C. To gather increased information
about the so-called “evolved gases” originating from the
samples, the thermogravimetric analyzer is paired with in-
situ Fourier-transform infrared spectroscopy (FT-IR). For
this investigation, the term “evolved gases” defines a gas
composition caused by the potentially intercorrelated pres-
ence of decomposition and evaporation effects of a mate-
rial under the influence of elevated temperatures. The
FT-IR spectrometer (Bruker Optics, USA) is then used to
examine the so-called fingerprint (absorption spectrum in
a wavenumber area between 400 and 4000 cm ™) of the
evolved gases. For this, the detector of the FT-IR is located
above the crucible of the TGA, causing the gas stream to
pass between the detector and the beam splitter. A simpli-
fied schematic representation of the entire set-up can be
seen in Figure 1.

2.2.2 | Differential scanning calorimetry
(DSC) with UV-light source (UV-DSC)

With differential scanning calorimetry (DSC) the poten-
tial of spontaneous thermal curing of Acrylate A and
Acrylate B is examined. Liquid samples of both materials
with a mass of approximately 10 mg are analyzed on a
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FIGURE 3 TG analysis of Acrylate A and Acrylate B (left) and respective 3-dimensional representation of FTIR spectra of the evolved

gases of liquid Acrylate A dependent on the wavenumber and the temperature over time (right) at a heating rate of 10 K/min, followed by

an isothermal stage at 200°C for 30 min.

FIGURE 4 Comparison of the 0.0016 T
L. | Evolved gases from liquid Acrylate A;
characteristic absorbance spectra of the experimentally determined;
evolved gases from liquid Acrylate A 0.0008-  Temperature: 200 °C
and liquid Acrylate B samples towards ) N
the database spectra of 2-propenoic acid, \‘;’ 0.0000 T ' T T T T
2-propenyl ester'? (database spectra E 0.0016 - 3500 3000 2500 2000 1500 1000
. | Evolved gases from liquid Acrylate B;
extracted from BRUKER analysis @ 00008 | ©*Perimentally determined
software; Comparison at 200°C). § : 1 Temperature: 200 °C
e i
§ 0.0000 —tentmtoees A"\/\(\ T [ T T T
0.0016 4 3500 3000 2500 2000 1500 1000
< 2- Propenoic acid, 2-propenyl ester;
0.0008 - data base
0.0000 - T T T T T T
3500 3000 2500 2000 1500 1000
Wavenumber / cm™!

DSC 214 Polyma (NETZSCH, Germany). Each sample is
heated from —120°C to 250°C with a heating rate of
10 K/min for determination of potential curing.

To analyze the curing behavior and the exothermic
heat flow during UV-curing at different temperatures,
DSC with a UV light source (UV-DSC) is used. Liquid
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(B) Dimethacrylate:

O O (0]
H 20%0, R \OJK%CHz Hzc%o, R
H H CH,

R 2 Substituent

(C)2-Propenoic acid, 2-propenyl ester:

0]
H ZCW \ACH )
(0]

Acrylate group

FIGURE 5 Chemical structure of

(A) diacrylates and (B) dimethacrylates as
proprietary building elements of Acrylate A
and Acrylate B compared to the chemical
structure of (C) 2-propenoic acid, 2-propenyl
ester.

0O
CH
Ao
CH,

00012 ' Evolved gases from cured Acrylate A; Temperature: 200 °C FIGURE 6 Comparison of the
h experimentally determined characteristic absorbance spectra of the
0.0000 released gases by fully cured Acrylate A
' ' ' ' X ' ' and fully cured Acrylate B towards the
. O 3500 3000 2500 2000 1500 1000 ot Y fry Mgt
E Evolved gases from cured Acrylate B; Temperature: 200 °C atabase Spectr:;zo water at 25 an
'é':) experimentally determined carbon dioxide??! (database spectra
% 0.0000 } . 3 ~|~AM1 : S i) extracted from BRUKER analysis
= . H e}
8 0.0012 3500 3000 2500 2000 1500 1000 software; Comparison at 200°C).
§ Water at 25 °C
< (data base)
0.0000 ¥ T T el o T
0.0012 3500 3000 2500 2000 1500 1000
Carbon dioxide
(data base)
0.0000 T T T T T T
3500 3000 2500 2000 1500 1000

Wavenumber / cm™

Acrylate A and Acrylate B samples with a mass of
5mg +/—0.02 are analyzed with a Photo-DSC 204 F1
Phoenix (NETZSCH, Germany) under a nitrogen atmo-
sphere. The used UV-light source is an OmniCure® S
2000 (Lumen Dynamics Group, Kanada) with a split light
guide. Each liquid sample is pipetted into aluminum cru-
cibles and is weighed before and after DSC analysis to
gather information about potential mass loss during the
temperature and UV treatment. Previous investigations
successfully demonstrated the suitability of UV-DSC
for the analysis of the curing behavior of photopoly-
mers for example Bachmann et al.l'*! and Jiang et al.*®
Using UV-DSC, it is possible to depict the average curing
behavior of the entire photopolymer sample, which is not
applicable to methods such as FT-IR. In the case of FT-IR,
the detectable curing is restricted to a depth of approxi-
mately 2 pm because of the limited infiltration depth of

the infrared light within the sample."’"*! Kardar et al.”*"!
and Rusu et al.l"® investigated the influence of negative to
medium temperatures up to 85°C as well as different
atmospheres (nitrogen and oxygen) on the curing behavior
of photopolymers combing acrylates and epoxies. The UV-
intensities were also varied between 2 and 80 mW/cm?.
In both investigations, increased temperatures and
UV-intensities respectively led to accelerated curing. The
thermal stability was not analyzed.

As summarized in Table 2, UV-intensities of 7.5, 15, 30,
and 60 mW/cm? at isothermal temperatures of 30, 90, and
150°C are analyzed for this investigation. The detailed tem-
perature program is depicted schematically in Figure 2.
Each sample is exposed to UV-light twice for 10 min for
later curve subtraction (Figure 2 left and right). The sub-
traction allows the creation of a horizontal baseline
(Figure 2 right) and acts as a verification for complete
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FIGURE 7 DSC analysis of liquid n=1 per material; Mg,
Acrylate A and Acrylate B samples 0.6

without UV-curing with inclusion of 05 _

both heating cycles (first and seconding
heating) for better interpretation of
potential curing.

Specific heat flow / mW/mg
o
1
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— — First heating
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!
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« Exo

Temperature / °C

curing of the sample. Before UV-light activation, soak times
of 10 min are included before the isothermal temperatures
of 30, 90, and 150°C. All heating rates are 5 K/min and the
cooling rates 20 K/min. A 5 s delay is included before each
UV-treatment. The results of the DSC and UV-DSC mea-
surements are analyzed towards the specific heat flow and
the reaction enthalpy during the exothermal curing reac-
tion. The amount of specific heat released was calculated by
integrating the curve based on a specifically selected base-
line for integration. For this investigation, a linear baseline
is considered for all measurements.

To describe the conversion achieved during the cur-
ing reaction the so-called degree of cure is calculated as

follows!?!!:

t Q(t)dt

Lstart
1
H total ( )

AH
a= =
Hioal

The achieved conversion « is the ratio between the
partially emitted exothermic amount of specific heat AH
and the total amount of reaction enthalpy available H,yq;
(compare Figure 2). In the case of DSC or UV-DSC mea-
surements of this investigation, H,y is calculated regard-
ing the enthalpy of each individual curve. Accordingly,
AH is described as the integral of the specific heat flow

Q(t) over the time ¢ from the start of the reaction £y

3 | RESULTS AND DISCUSSION

3.1 | Thermal stability and
decomposition behavior

For this investigation “thermal stability” is defined
according to ASTM E2550, which establishes the onset

r~rrrr1rrrrrrrrrri
-150-100-50 0 50 100 150 200 250 300-150-100-50 O 50 100 150 200 250 300

r~rrrr1rrrrrr1rrrrrr i

Temperature / °C

temperature as well as the overall curve progression and
extent of mass loss during temperature increase as signifi-
cant aspects for result description. Figure 3 (left) shows a
mass loss at temperatures between approximately 50 and
120°C for all analyzed samples. The mass loss up to
120°C is around 0.05% for all samples. With further
increasing temperatures, the liquid samples experi-
ence an accelerated mass loss, while the cured sam-
ples illustrate a steady decline in mass. The onset of
both liquid samples is approximated at 155-165°C.
After an isothermal stage at 200°C of 30 min, the
remaining mass of the cured samples lies between 98%
and 98.5%. The mass loss of Acrylate B is significantly
lower than of Acrylate A, indicating a higher thermal
stability in its liquid state. This behavior can most
likely be correlated to the presence of the additional
“multifunctional acrylate” within liquid Acrylate B as
described in Section 2.1 and a therefore lower pres-
ence of potentially more unstable diacrylates. Follow-
ing the isothermal stage at 200°C for 30 min, the
liquid Acrylate A sample experiences a remaining
mass around 83%, while the mass of Acrylate B is
approximately 87%. Thus, 17% and 13% of the material
was decomposed, respectively.

To understand the composition of the eluded mate-
rials and their potential significance for the curing pro-
cess, the gathered in-situ FT-IR results simultaneous to
the TG analysis are analyzed. The results can be seen in
Figure 3 (right), Figure 4, and Figure 6. In Figure 3
(right), the absorbance behavior of the evolved gases of
the liquid materials is exemplified through the extraction
of the absorbance spectra of liquid Acrylate A. Indicated
by the red line is the absorbance spectrum at the maxi-
mum amplitude of the absorption spectrum at a tempera-
ture of 200°C. Characteristic peaks can be found between
wavenumbers of 500 and 2000 cm ™' and at 3000 cm ™.
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Material: Acrylate A; n=1 per intensity;
5 Temperature: 30 °C; t,,= 10 min; mg,.= 5 mg
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FIGURE 8 Impact of the variation of the UV-intensity on the

specific heat flow (above) as well as on the conversion curve of the
curing reaction of Acrylate A at an isothermal temperature of 30°C
with exemplary determination of the time ¢, until the highest
curing reaction rate is reached and the half-time ¢;, of the curing
reaction.

The detailed characteristic spectra of liquid Acrylate A
and Acrylate B samples can be seen in Figure 4.

Figure 4 shows nearly identical fingerprints for both
materials. The main difference is a characteristic peak for
Acrylate B at approximately 2300 cm ™', indicating the
presence of carbon dioxide!**! (compare Figure 6). Other-
wise, the eluded materials show the highest similarity to
the solvent “2-propenoic acid, 2-propenyl ester” or “Allyl
acrylate”!??! with the following chemical structure:

The presence of the evolved gas most likely correlates
to the decomposition and/or evaporation of one of the

proprietary building elements of Acrylate A and Acrylate
B presented in Figure 5. The shared presence of the acry-
late group of 2-propenoic acid, 2-propenyl within the
chemical structure of diacrylates supports this hypothesis
(compare Figure 5). As can be seen in Figure 6, the spec-
tral fingerprints of the cured materials do not indicate
the presence of 2-propenoic acid, 2-propenyl ester.
Instead, gases released from both materials indicate
water and carbon dioxide predominantly.!??!

3.2 | Experimental analysis of the
curing behavior

3.21 | Thermally activated curing

To examine the thermal behavior and potential curing of
the acrylate-based photopolymers, DSC measurements
are performed on Acrylate A and Acrylate B samples.
The thermograms are illustrated in Figure 7. Both heat-
ing steps are presented, without the subtraction of the
individual segments.

The DSC results indicate no curing at temperatures
below 175°C. Near 200°C, Acrylate A starts to cure with-
out the use of a UV light source. Similar behavior is visi-
ble for Acrylate B starting at approximately 210°C. The
curing is indicated by the visible exothermal peak that is
present during the first heating of both materials. The
second heating indicates a distinct glass transition for
both materials at approximately —40°C but no exother-
mal peak at higher temperatures. In addition, the first
and second heating cycles exhibited near-identical exo-
thermal behavior between temperatures of 0 and 180°C.
In comparison to the results of UV crosslinking presented
in Section 3.2.2, the amount of heat dissipated during the
thermally activated exothermal reaction is significantly
lower by a factor of approximately 20. The reaction
enthalpies through thermal crosslinking of Acrylate A
and Acrylate B are approximated at 15-16 J/g with a lin-
ear baseline.

3.2.2 | Impact of UV-intensity and different
isothermal temperatures on characteristic
reaction times

Because of the similarity of the effects and reaction types
of both materials, the UV-DSC results presented in the
diagrams below are limited to Acrylate A alone. The com-
prehensive UV-DSC results of Acrylate A and Acrylate B
can be found in the Figure Al. The impact of different
UV-intensities at an isothermal temperature of 30°C is
presented in Figure 8. Only the first 50 s of the reactions
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the curing reaction for Acrylate A and Acrylate B dependent of the UV-intensity and the isothermal temperature.

Time ty. until the highest curing reaction rate is reached, half-time ¢;,, of the curing reaction, and total reaction time t,,, of

30°C 90°C 150°C
UV-intensity/mW/cm?” Acrylate A Acrylate B Acrylate A Acrylate B Acrylate A Acrylate B
Time at maximum reaction rate f,,, at different isothermal temperatures/s
7.5 7.1 6.1 5.2 4.9 4.5 4.4
15 54 5.2 44 43 3.9 3.8
30 4.5 4.3 3.7 3.5 3.4 3.2
60 3.8 3.5 3.0 3.0 2.9 2.8
Curing half-time t;, at different temperatures/s
7.5 10.8 10.7 7.9 8.4 7.5 8
15 8.2 8.9 6.8 6.2 6.6 6.9
30 6.9 7.5 6.1 7.2 5.7 5.9
60 6.3 6.3 5.2 5.4 5 5.2
Total reaction time #,, at different temperatures/s
7.5 530 431 470 589 451 650
15 392 277 171 548 396 482
30 71 133 78 443 85 325
60 42 50 38 166 40 247
are presented. For all measurements, £,y is determined,
which represents the time after UV light activation until {\J"\a/ti:;ae'n:n‘;ryfstin/\\/vrgzpg\:Tg":iuiamplf 5 mg
the individual DSC curves reach their maximum reaction
rate. Comprehensive f,,, values for all UV-DSC measure- 0-
ments and materials can be found in Table 3. o ;]
Figure 8 and Table 3 illustrate the influence of the A3
UV-intensity and isothermal temperature on the time % 101
with the highest reaction rate t,c Increasing the UV ; -15
intensities led to a decrease in t.,., for all examined tem- L% 204
peratures and materials, indicating that the highest reac- § 25 ]
tion rate was reached earlier. The progression of the %
values indicates an exponential decay for increasing UV- 5 301
intensities (compare Figure 10 at the end of Section 3.2.2). (;3). .35 4
Furthermore, t,,, decreases for elevated isothermal tem- 40 .
peratures. With increasing temperature, the mobility of 2 UVoradiationfortyy  _ _ _________
the monomer units is increased, which goes along with a "'i 45 : o A 5 5 =
higher probability of collision between the monomers Time / s
and thus a higher probability of crosslinking. The impact
of the isothermal temperature on fmay is illustrated for a FIGURE 9 Impact of the variation of the isothermal

constant UV-intensity of 15 mW/cm? in Figure 9. The
accelerating behavior through the increase of the UV-
intensity and the isothermal temperature is presumably
correlated to the collision theory initially proposed by
Trautz!**! and Lewis!?*! individually. By increasing the
UV light intensity, the number of photons that interact
with the photopolymer is increased, resulting in a higher
probability for the photons to collide with the photo-
initiators of the reactive liquids, leading to a faster initia-
tion and progression of the reaction. Through the

temperature on the specific heat flow of Acrylate A for a UV-
intensity of 15 mW/cm?>.

increase of the temperature, the molecule movement is
accelerated and the average kinetic energy per molecule
is increased, which subsequently increases the number of
collisions that have enough energy. Therefore, an
increase in both parameters benefits the probability of
molecular collisions of sufficient energy and subsequent
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curing of the proprietary building elements to the poly-
mer chains.

Figure 8 shows the curing conversion or rather the
progress of the degree of cure (compare Equation (1)) and
curing half-time #; ,», which is the time until curing conver-
sion reaches 50% based on the UV-DSC results presented
in Figure 8. Comprehensive t,,, values for all UV-DSC
measurements and materials can be found in Table 3.

Like the t,., values, the curing halftime ¢/, of both
materials demonstrates an accelerated behavior for
increasing UV-intensities and temperatures which is cor-
related to the collision theory described above. The pro-
gression of the values indicates an exponential decay for
increasing UV-intensities (compare Figure 10 at the end
of Section 3.2.2).

For all materials analyzed, complete curing (Degree of
cure of 100%) is achieved for the selected parameters. The
total reaction time ¢, is determined, which describes the
time until a degree of cure of 100% is reached. The com-
prehensive results of #, for all UV-DSC measurements
and materials can be found in Table 3.

As illustrated in Table 3, the UV-intensity has an
accelerating impact on the total duration of the exother-
mal reaction ;. The progression of the values partially
indicates an exponential decay for increasing UV-
intensities (compare Figure 10). Only for Acrylate B at

temperatures of 90°C the shape of the curve differenti-
ates. After UV-light activation, the curing of the sample
prolongs between 30 and 40 s and up to 650 s depending
on the intensity. For increasing isothermal temperatures
total demonstrates inconsistent behavior dependent of the
material. For Acrylate A, the isothermal temperature
marginally impacts the duration of t,; with the highest
fluctuations at UV-intensities of 7.5 and 15 mW/cm?. For
Acrylate B however, t, is increased for all UV-
intensities by raising the isothermal temperature from
30 to 90°C. Between 90 and 150°C however, the behavior
of fa again becomes inconsistent. For 7.5 and
60 mW/cm?, an increase is visible and for 15 and
30 mW/cm? a decrease. Overall, Acrylate A shows signifi-
cantly smaller t, values compared to Acrylate B, which
presumably correlates with the elevated decrease of pro-
prietary building elements of Acrylate A as described in
Section 3.1.

3.2.3 | Impact of different UV-intensities and
isothermal temperatures on the reaction
enthalpy

Table 4 shows the integrally determined reaction enthalpy
Hpr (compare Equation (1)) at different temperatures
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TABLE 4
crosslinking of Acrylate A and Acrylate

Reaction enthalpy during

B samples at different UV-intensities
and temperatures.

UV-intensity/mW/cm

7.5
15
30
60

Average

for Acrylate A and Acrylate B. By analyzing the amount
of heat dissipated, the UV-intensity cannot be correlated
conclusively to the reaction enthalpy. In individual
cases, a slight decline of the reaction enthalpy can be
detected with increasing UV-intensity. However, the
decline is inconsistent and is declared as non-
significant in comparison to the measurement uncer-
tainty of the UV-DSC measurements. For this investiga-
tion, the reaction enthalpy is assumed non-correlative to
the UV-intensity for all materials analyzed. The impact of
the temperature is highly interrelated to the reaction
enthalpy: Hq1(30°C) < Hiotq1(90°C) > Hipr1(150°C). The
dependence is the case for all materials analyzed, but
most significant for Acrylate A. The highest reaction
enthalpy for both materials can be found at 90°C, indicat-
ing the highest chemical curing of the three temperatures
analyzed. For 30 and 90°C respectively, the amount of
heat dissipated through Acrylate A is approximately
30 and 13J/g higher than for Acrylate B. At 150°C, the
reaction enthalpy decreases significantly for both mate-
rials compared to 90°C. For Acrylate A the decrease is
the highest with 61J/g and for Acrylate B with 13J/g.
Considering the standard deviation of the measurements,
Acrylate A experiences the highest fluctuation in reactive
behavior at this temperature.

A hypothesis for the above-described temperature-
based behavior of both materials is based on two super-
imposing effects:

a. The acceleratory impact of the temperature on the
reaction speed.
b. The material decomposition at elevated temperatures.

Aspect (a) again correlates with collision theory, as
described in Section 3.2.2. Through the increase of the
temperature, the molecule movement is accelerated and
the average kinetic energy per molecule is increased,
which subsequently increases the number of collisions
that have enough energy. This represents a hypothesis
for the increase of reaction enthalpy from 30 to 90°C and
the shortening of the reaction time. Aspect (b) represents

PROFESsIONALS AND SCIENCE

Reaction enthalpy at different temperatures/J/g

Acrylate A Acrylate B
30°C 90°C 150°C 30°C 90°C 150°C
286 346 286 253 331 316
282 342 287 253 322 314
273 337 273 249 333 313
286 335 272 251 325 313
282 340 279 251 327 314
n=4 (per material and temperature);
100.0 intial sample mass Mg,,,.= 5 Mg
7

99.5 o

Acrylate A

] Acrylate B

S

Mass-percantage of UV-DSC samples / %
8 8
(6] o

98.0
30°C 90 °C 150 °C
Temperature
FIGURE 11 Average mass percentage of UV-DSC samples

after the measurement with an initial mass of 5 mg at different
isothermal temperatures for Acrylate A and Acrylate B respectively.

a potentially negative aspect of the reaction that must be
considered, which is represented by the mass loss on UV-
DSC samples at different temperatures, as shown in
Figure 11. The diagram shows the mass percentage of the
UV-DSC samples of Acrylate A and Acrylate B after
being exposed to different isothermal temperatures. Visi-
ble for both materials is a significant mass-loss of
1%-1.5% respectively at temperatures of 150°C, with
Acrylate A experiencing the higher mass loss. This behav-
ior can be directly correlated to the results described in
Section 2.2.1. The increased mass loss for Acrylate A corre-
lates well with the obtained TG results (compare Section
2.2.1; Figure 3 (left)). As described before, the detected
2-propenoic acid, 2-propenyl ester is potentially caused by
decomposition and/or evaporation of a proprietary build-
ing element. If this is the case, the reduction in the compo-
nent potentially explains the decrease in the reaction
enthalpy. Consequently, for curing at 150°C, the beneficial
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effect represented by aspect (2) above is overshadowed by
the negative effect described through aspect (b).

4 | CONCLUSION

This investigation successfully demonstrated a compre-
hensive analysis of the curing behavior and thermal sta-
bility of acrylic photopolymers for use in next-generation
AM technologies. Thermogravimetric analysis, Fourier-
transform infrared spectroscopy, and differential scan-
ning calorimetry were utilized to analyze the thermal
stability and curing behavior. The UV intensity and iso-
thermal temperature varied according to the experimen-
tal design. Combinations of isothermal temperatures of
30, 90, and 150°C with UV-intensities of 7.5, 15, 30, and
60 mW/cm® have been analyzed. Besides their diffe-
rence in chemical constitution, the materials analyzed
(Acrylate A and Acrylate B) show nearly identical behav-
ior for the curing behavior in dependence of the parame-
ters varied. Increasing UV-intensities and thereby the
number of impacting photons, significantly increases the
reaction rate. The highest reaction rates are reached
before 50% of the conversion is reached. The increased
isothermal temperatures during UV-curing proved to
have an enhancing as well as an impeding impact on the
speed and extent of the acrylate reaction due to parallel
promotion of molecular movement and material decom-
position. An accelerating impact of the temperature and
an increase of the reaction enthalpy is only visible from
30 to 90°C. For 150°C, the reaction speeds are compara-
ble to 90°C and the total reaction enthalpy is lowered. It
was demonstrated that the UV intensity can be strategi-
cally utilized and varied to impact the curing speed and
degree of cure of the reactive liquids. With simultaneous
TG and FT-IR analysis, it was possible to characterize the
thermal stability of the materials analyzed including the
constitution of evolving gases. 2-propenoic acid,
2-propenyl ester was identified as a temperature-sensitive
and volatile component originating from the liquid state
of both materials analyzed, potentially impacting the
speed and extent of the curing reaction. The individual
mass loss was the highest for Acrylate A compared to
Acrylate B and the decomposition/evaporation started at
temperatures above 120°C, which presumably correlates
with the increased content of volatile diacrylates within
Acrylate A. The results of subsequently performed ther-
mal DSC measurements pointed out the ability of sponta-
neous curing for both materials at higher temperatures
above 175°C. With UV-DSC measurements the progres-
sion of the specific heat flow and the reaction enthalpy
during polymer curing for different UV-intensities and
isothermal temperatures was investigated. The reaction

enthalpy proved to be significantly sensitive to the chosen
isothermal temperature, experiencing an increase by
increasing the isothermal temperature from 30 to 90°C as
well as a decrease by increasing the temperature from
90 to 150°C. However, increasing the isothermal temper-
ature had an overall accelerating impact on the reaction
speed for both materials, which could be predominantly
shown for the halftime of curing and the time until the
highest reaction rate was reached. In the case of UV
intensity, the impact of the parameter on the reaction
enthalpy was insignificant. For all UV-intensities investi-
gated, it was possible to achieve a maximum degree of
cure within the duration of UV-light activation. Overall,
the results of this investigation represent fundamental
insights required for the successful utilization as well as
experimentally corroborated and error-free performance
of acrylate materials within a processing environment of
next-generation AM systems. The results represent the
base for the model-based investigation of the curing
kinetics described in Reference [12].
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APPENDIX A

Material: Acrylate A; n=1 per intensity; Material: Acrylate B; n=1 per intensity;
tyy= 10 min; m, =5mg tyy= 10 min; m =5mg
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