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Abstract

Next-generation additive manufacturing (AM) processes such as multiphoton
lithography and the fusion jetting (FJ) process demonstrate increasing
demands toward temperature stability and a thoroughly understood curing
behavior of acrylate photopolymers. This investigation targets the utilization of
different kinetic models based on experimentally determined calorimetric
results of different acrylate systems. The goal is to determine a holistic model
that successfully describes the simultaneous dependency of the curing behav-
ior on the temperature and the UV intensity. Two consecutive modeling strate-
gies are investigated: a single measurement analysis followed by a clustered
measurement analysis. In both cases, models based on the Kamal-Sourour
method provide superior coefficients of determination above 0.99. First conclu-
sions were drawn toward selected kinetic parameters, such as the temperature
independence of the respective reaction orders. The model was then success-
fully utilized for first predictions of the curing behavior, demonstrating plausi-
ble progressions of the degree of cure for not experimentally determined UV
intensities.

KEYWORDS
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high-temperature environment of laser-based powder
bed fusion of plastics (PBF-LB/P).>® Compared with

Next-generation additive manufacturing (AM) processes
based on UV curing of acrylate photopolymers combine
rapid processing speeds, complex geometries with high
resolutions, and an extended material spectrum for mul-
timaterial part production. This contains processes such
as multiphoton lithography, as well as the experimental
fusion jetting (FJ) technology for multimaterial polymer
parts." FJ introduces acrylate-based photopolymers to the

state-of-the-art photopolymer-based AM, the temperature
experienced by the acrylate during processing represents
a critical factor regarding the curing behavior for both
technologies. The temperature along with the UV inten-
sity can be utilized to increase or decrease the extent and
speed of the curing reaction of the photopolymer, which
was demonstrated experimentally in Reference [4]. Fur-
ther, high temperatures proved challenging for the
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thermal stability of specific components of the examined
acrylate systems. Besides the experimental analysis of
acrylate-based photopolymers, the mathematical descrip-
tion of the reaction mechanisms represents an essential
cornerstone for process understanding and future optimi-
zations. The mathematical models to describe the curing
kinetics of acrylate systems for the abovementioned tech-
nologies should consider the temperature and the UV
intensity collectively. Similar holistic kinetic approaches
are investigated in comparable fields, for example, by
Bloh,” who describes the combined influence of tempera-
ture and UV intensity on the kinetics of photocatalytic
reactions. However, within the field of photopolymer-
based AM, most kinetic modeling attempts are restricted
to the variation of the temperature or the UV intensity
solely. For example, Redmann et al.® utilize a model-free
approach for describing the curing kinetics of the second-
ary heat treatment of a calorimetrically analyzed epoxy-
based b-stage photopolymer. A similar approach is pre-
sented by Konuray et al.” focusing on a model-based
approach represented by the Kissinger-Akahira-Sunose
method. In multiphoton lithography, the curing kinetics
of the thermal post-cure of acrylate-based photopolymers
has been investigated by Bauer® based on experimentally
gathered data through Raman spectroscopy. Taki et al.’
numerically simulated photopolymerization kinetics
based on the UV intensity with the addition of the
oxygen-based diffusion behavior during vat photopoly-
merization processing. Kim et al.' describe the tempera-
ture dependence of the curing kinetics of photopolymers
between —10 and 70°C for a constant UV intensity. The
utilized model describes an autocatalytic reaction mecha-
nism and is based on data gathered through differential
scanning calorimetry with a UV-light source (UV-DSC).
Also, Bachmann et al.'! previously demonstrated the
validity of UV-DSC to successfully describe the curing
kinetics of photopolymer systems.

This investigation introduces and evaluates com-
plementary kinetic models to describe the curing reac-
tions of acrylate-based photopolymers for next-
generation AM technologies, which consider the UV
intensity and the process temperature similarly. Com-
pared with conventional UV-curable systems such as
epoxy-based adhesives, acrylate systems demonstrate
faster curing times within seconds.'®'* Fast curing
times represent a fundamental requirement for the
reduction of layer time for future AM processing of
volatile substances at elevated temperatures. The goal
of the investigation is to identify models that combine
the high coefficients of determination for a wvalid
depiction of the curing kinetics with sufficient infor-
mational output toward the chemical reactions. For
this, different kinetic models are established and

evaluated regarding their degree of determination and
chemical plausibility to describe the degree of cure
and the reaction rate. Important kinetic factors such
as the reaction rate constant k are investigated as func-
tions f dependent on the temperature T and the UV
intensity I: k=f(I,T). The models are fitted toward
experimentally determined UV-DSC data points. All
experimental results were gathered and discussed in Ref-
erence [4]. The curve-fitting procedures follow two differ-
ent approaches: single measurement analysis and
clustered measurement analysis. Based on the results,
first predictions for nonmeasured parameter sets are per-
formed. The ability to predict the curing behavior repre-
sents a promising tool for future optimization of the
process parameters of AM processing in a high-
temperature environment. The predictions facilitate the
non-experimental determination of process parameter
sets to achieve a specific degree of cure while considering
the limitation of the temperature exposure and thermal
decomposition of the acrylate system. Therefore, elevated
final part qualities can be achieved.

2 | THEORETICAL BASICS:
KINETIC MODELING

2.1 | Conversion rate

To describe the conversion achieved during curing reac-

tions, the so-called degree of cure is calculated as
follows'*:

t
dt
_AH Q

a= — Lstart (1)
H total H total

In this, the achieved conversion « is the ratio between
the partially emitted exothermic amount of specific
energy AH and the total amount of reaction enthalpy
available Hyyq,. In the case of DSC or UV-DSC, AH is
described as the integral of the specific heat flow Q over
time ¢t from the start of the reaction ty,,;. The conversion
rate % is the time-dependent derivative of the conversion
a. One of the most important equations in reaction kinet-
ics for describing 9 is represented through the following

ordinary differential equation'”:

da
k. 2
S —k-f(@) @
Equation (2) introduces two values: the reaction
mechanism f(«) dependent on the reaction type and the
reaction rate constant k. In case of a solely thermally
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controlled reaction, k is dependent on the isothermal
temperature T applied during curing. This can be
described by the Arrhenius equation’®:

k(T)=A-e Ea/RT (3)

The activation energy E, is a value correspondent to
the magnitude of the energy barrier to reaction, while
R=8.314J/mol K is the universal gas constant and A the
pre-exponential factor or frequency factor.'” Dependent
on the reaction mechanism, different mathematical
models can be used to either directly describe a or the
acceleratory function %. With those models, different
reaction-specific kinetic values such as the reaction order
n are introduced. The values are either constant or can
be correlated to specific variable process parameters. In
the following, the reaction models and reaction mecha-
nisms f(a) (compare Equation (2)) relevant for this inves-
tigation are described in detail.

2.2 | The Avrami equation

A simplified and nondifferential approach to describe the
reaction kinetics of a sigmoidal progression of the conver-
sion « is the so-called Avrami method.!” In this, a is
dependent on the reaction rate constant k4, the reaction
time t, and the reaction order n4:

a(t)=1—e kat™ (4)

The Avrami equation is originally intended to
describe the phase transition for characteristically
sigmoidal-shaped transformation curves. This is the
case, for example, for the crystal growth in semi-
crystalline thermoplastics. Investigations by Jiang
et al.'”> Murias et al.'"® and Xu et al."” showed that the
UV-curing reactions of photopolymers achieve promis-
ing fits for this approach. For all investigations, the gen-
eral assumption was made that the phase change from
liquid to solid can be described through the Avrami
equation. For an acrylic photopolymer, Jiang et al.
pointed out a linear correlation of the UV intensity with
the reaction rate constant k4 as well as the reaction order
na. Considering the Avrami equation for the description
of UV-curing reactions takes into account the general
simplification, that the sigmoidal-shaped curve needs to
have a symmetrical progression. This is often not the case
for real-life UV-curing reactions and eventually leads to a
challenging depiction of the start and end of the reaction
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as well as for accelerating mechanisms and different
reaction paths. Nevertheless, depicting the reaction
behavior of the UV-curing reactions with the Avrami
equation is still examined for this investigation because
of its advantageous simplicity and mathematical defi-
niteness compared with most of the kinetic models
examined in this investigation. As mentioned before, the
Avrami method is originally intended for heterogenous
reaction mechanisms such as crystal growth in a thermo-
plastic polymer. Heterogenous in this context means that
chemically identical constituents of the reactant may
possess different reactivities depending upon their loca-
tion within the sample and the history of each sample
preparation.'> This is contrary to homogenous reaction
mechanisms, which are measurements of changes in
concentration of one (or more) reactants or products
with time, at constant temperature.’” In a homogenous
case, the reaction rate can be described using previously
discussed Equation (2) (compare 2.1) with the respective
reaction mechanism f(a). In case of polymer-based cur-
ing, there are two important models to mathematically
describe f(a): the n-th order reaction model and the auto-
catalytic reaction model. Both are introduced in the
following.

2.3 | N-th order reaction model

The widely used Freeman and Carroll method*® or
n-th order reaction model represents a homogenous
reaction mechanism f(a) (compare 2.1, Equation (2))
based on the consumption of reactant molecules. It is
dependent on the conversion a and the reaction
order nyy:

fla)=1-a)™ (5)

Based on Equation (5), a reaction order of 1< n,4;<3
usually indicates a purely homogenous chemical reac-
tion. Further, an ideal first-order reaction (n,s, =1) can,
for example, indicate molecular structural rearrange-
ments."® Ry, <1 or Ny, >3 can be an indication of non-
chemical or inhomogeneous reactions. The consumption
of reactant molecules of the n-th order reaction is corre-
lated to the initial maximum in exothermal heat dissi-
pated, followed by a continuous decline of reactivity with
progressing cross-linking of the polymer. Besides repre-
senting an advantageously simple approach, different
investigations indicate alternative models or extensions
of Equation (5) to realistically describe the reaction kinet-
ics of polymer cross-linking.”’~** In the following, the so-
called autocatalytic reaction model is introduced.
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2.4 | Autocatalytic reaction model
Another reaction mechanism is the autocatalytic reaction
model or Sestatk-Berggren model.** In this case, the
reaction mechanism f(«) is calculated as follows:

fl@)=a"(1-a)" (6)

The autocatalytic reaction model is intended for the
representation of cross-linking and polymerization reac-
tions, with n and m representing the autocatalytic reac-
tion order. Contrary to the n-th order reaction, the
autocatalytic reaction is a self-accelerating reaction,
which starts with a minimum of exothermal heat dissi-
pated. After that, the heat flow increases until a global
maximum is reached. Finally, the heat flow symmetri-
cally declines until the reaction is over. The simplest
form of the autocatalytic reaction model is the Prout-
Tompkins equation (n =m = 1)**:

fl@)=a(l-a) (7)

Similar to the Avrami model and the n-th order reac-
tion (compare 2.2 and 2.3), the autocatalytic reaction has
limitations to fully function as an ideal representation of
cross-linking reactions. Du et al.>® Zhuqing et al.,”” and
Raja Pandiyan et al.®® attempted kinetic modeling of
epoxy resins and polyester resins respectively with the
Sestatk-Berggren model. In all cases, the curve fits
showed challenging behavior capturing all segments of
the reaction equally. The deviations are particularly pre-
sent at the start/end of the reaction. As a modification,
Raja Pandiyan et al. successfully introduced a diffusion
factor to achieve a more tailored representation. Galu-
khin et al.* also introduced a diffusion-based kinetic
model for thermal curing of an adamantane-based dicya-
nate ester. The model complements the initial curing
reaction with a diffusion factor f;, which considers the
conversion « as well as the final conversion of the poly-
mer. The implementation of diffusion factors was also
considered for this investigation. However, the results
showed a reduction in the fit quality of the mathematical
functions compared with sole reaction-driven kinetic
models. A reason for this behavior is represented by the
short reaction time as well as the distinction of the photo-
polymer curing reaction from a sole temperature-
dependent curing reaction. Therefore, diffusion-driven
models are not further discussed in this investigation.
Instead, an alternative approach is represented by the
consideration of parallel and complementary reaction
pathways. This can be achieved through combination of

the n-th order and autocatalytic reaction models and will
be explained in the following.

2.5 | Combined n-th order
and autocatalytic reaction model:
The Kamal-Sourour equation

The n-th order reaction model and the autocatalysis reac-
tion model are characterized by individual reaction path-
ways: A>B (n-th order) and A + B->2B (autocatalytic).
Through combination of both methods, the n-th order
reaction becomes a complementary asset to the autocata-
lytic reaction and acts as a necessary initiating feature by
providing its product B as an educt for the autocatalysis.
This correlation can be represented through the Kamal-
Sourour equation,® which proved as an adequate
description of thermoset curing, especially for thermally
cured epoxy systems:

d
d—?: k1 . (1 — a)”gen +Kcat,gen % k2 . amge,l (1 _ (Z)nge" (8)

In its general form, the Kamal-Sourour equation is a
combination of Equations (2), (5), and (6) with the
optional addition of a weight factor Ky g, to represent
the contribution of the autocatalysis reaction.”' Mgen and
Ngen are the temperature-independent reaction orders of
the autocatalytic and n-th order reaction respectively,
while k; and k, are the reaction rate constants of each
path. Multiple investigations demonstrate a sufficient rep-
resentation of thermoset curing kinetics with the general
Kamal-Sourour equation. Other investigations demon-
strate modified versions of the Kamal-Sourour equation by
considering a shared reaction rate constant for both path-
ways” or individual reaction orders n; and n, for n-th
order and autocatalysis reactions respectively.>® For this
investigation, the Kamal-Sourour model is examined for
kinetic modeling in its general form only (Equation 8).

3 | MATERIALS AND METHODS

3.1 | Materials

The materials used for this investigation are UV DLP
Firm and UV DLP Hard by the company photocentric
3D. Both reactive liquids are photopolymers with diacry-
lates and dimethacrylates as their proprietary building
elements.**> The materials are selected due to their pro-
found mechanical properties after cross-linking, fast
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curing speeds, and sufficient controllability of the viscosity
behavior through temperature increase, which has been
described in previous investigations.> Combined with ther-
moplastic elastomeric powders, both acrylates represent
promising partners for future hard-soft structures and
selective reinforcements created through the FJ process.
For simplification and better representation in diagrams
and tables, the respective materials are abbreviated as
“Acrylate A” and “Acrylate B” throughout this investiga-
tion. The chemical structures of the diacrylates and
dimethacrylates can be found in Figure 1A. Potential inter-
action points for polymer chain formation are highlighted
with arrows. These interaction points correlate to all pre-
sent C-C double bonds within the monomer structure of
the diacrylates and dimethacrylate, which represent the
starting points of most photopolymerization reaction path-
ways.”® The substituent groups R are also considered as
starting points since there is only restricted information
about the content of double bonds within the entirety of
the molecular structure.

3.2 | Differential scanning calorimetry
measurements with a UV-light source

The kinetic models of this investigation are based on
results from differential scanning calorimetry measure-
ments with a UV-light source (UV-DSC). A detailed
description of the experimental setup as well as a detailed
analysis of the measurement results can be found in Ref-
erence [4]. The experiment parameters are summarized
in Table 1. The UV-DSC measurements were performed
with UV intensities of 7.5, 15, 30, and 60 mW/cm? at iso-
thermal temperatures of 30, 90, and 150°C. The UV treat-
ments are performed twice for 10 min. Through curve
subtraction, a horizontal baseline is created and complete
curing is verified. Before UV-light activation, soak times
of 10 min are included. Heating rate is 5 K/min and the
cooling rate of 20 K/min is used with a five-second delay
before the UV treatment.”

TABLE 1 Summarized experimental parameters for UV-DSC
measurements of Acrylate A and Acrylate B liquid samples as
described in Reference [4].

Isothermal temperatures/°C 30, 90, 150
Soak time tgy,/min 10

Heating rate/K/min 5

Cooling rate/K/min 20

UV intensities/mW/cm? 7.5, 15, 30, 60
Radiation time/min 10

Delay before irradiation start in s 5

PROFESsIONALS AND SCIENCE

3.3 | Modeling approach

The modeling approach of this investigation is divided
into two consecutive procedures: single measurement
analysis and clustered measurement analysis. The single
measurement analysis is utilized as pre-selection criteria
for identification of the most relevant kinetic model to
describe the experimental UV-DSC data. The consecutive
clustered procedure is then performed based on the les-
sons learned from the single measurement analysis for a
selected kinetic model with the highest coefficient of
determination. Except reaction orders, the interpretation
of the kinetic parameters is primarily performed qualita-
tively and not quantitatively for both procedures. The sin-
gle measurement analysis is performed as follows:

1. Automized curve fitting of the respective kinetic
model with the achieved conversion a based on the
experimentally gathered UV-DSC data.

2. Evaluation of the fit accuracy based on the coefficient
of determination R

3. Analysis of the correlation between the respective
kinetic values and the isothermal temperature during
curing as well as the UV intensity.

4. Discussion and evaluation of the results toward their
physical and chemical plausibility.

For the single measurement analysis, all curve-fitting
procedures of all nondifferential equations (such as the
Avrami method) are performed using the Levenberg-
Marquardt algorithm®” with a maximum number of
500 iterations. In the case of all ordinary differential
equations (compare Equation (2)), the Runge-Kutta
method RK 45 is applied, also with a maximum number
of 500 iterations.

According to the recommendations developed by
the Kinetics Committee of the International Confedera-
tion for Thermal Analysis and Calorimetry (ICTAC),*!
a clustered analysis of multiple measurements for dif-
ferent heating rates and/or isothermal temperatures is
advisable to guarantee valid results for kinetic model-
ing. This includes a substitution of the reaction rate
constant with a more detailed mathematical model. For
thermally triggered curing reactions, this can be
achieved by substituting k(T) with the Arrhenius equa-
tion (compare Equation (3)). However, since the curing
reactions of this investigation are triggered by photon
interaction and not by temperature increase, the activa-
tion energy can technically not be considered as an
energy threshold provided by temperature increase.*
Accordingly, instead of an Arrhenius-based reaction rate
constant k(T) (compare Equation (3)), a substituted ver-
sion of an Arrhenius-like exponential decay function is
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used to describe the reaction rate constant k(I,T) in
dependence of the UV intensity I and the temperature T.
The clustering can be performed in two ways fork(I,T),
which are summarized in Table 2. In case of clustering
regarding the UV intensity, k(I,T) can be described by
Equation (9):

k(I,T)=A(I) e PD/T (9)

In case of clustering regarding the temperature,
k(I,T) can be described by Equation (10):

k(I,T)=A(T)-e 2D/ (10)

For both Equations (9) and (10), D and A are referred
to as exponential factor and pre-exponential factor,
respectively, throughout this investigation. The kinetic
modeling procedure for clustered measurement analysis

follows the same pattern as represented by steps (1)-
(4) of the kinetic modeling procedures for single mea-
surements described above. For all clustered calculations,
a commercial software (Kinetics Neo, NETZSCH GmbH,
Germany) is used, which is mathematically based on the
Euler method.

4 | RESULTS AND DISCUSSION
4.1 | Overall comparison of different

kinetic models based on single
measurements

Figure 1B depicts all models discussed before, which are
exemplarily fitted to the UV-DSC data of Acrylate A for a
UV intensity of 7.5 mW/cm? at 30°C. For better represen-
tation of the quality of each fit, only the first 50 s of the
reaction is shown. Besides only depicting one measure-
ment, the following conclusions can be considered as

(A) (B)
Dimethacrylate: Material: Acrylate A; Temperature: 30 °C; n=1;
10 UV-Intensity: 7.5 mW/cm?; tyy= 10 min; Mgmye= 5 Mg
0 o o —
0) P
H.CJd _R. L CH, Gues®= -
(6) (0] 0.8 L —
-
CH3; CHj; . P -
Diacrylate: 5 0.6
® 4
5 J .
0} 0 0} 2 J ,° = DSC-Signal
H,Cd R. LCH, S 04+ A, = —Aviami (R%=0.973)
AS 0O o) (¢] s - - - Freeman-Carroll (R?=0.958)
H H o — - - Sestatk-Berggren (R?=0.895)
024 'lf"“ -Kamal-Sourour (R?=0.998)
,/"‘ UV-radiation for t;, - ]
R 2 Substituent ¢4 -
00 T T T T T T T
1 = Location for potential 0 5 10 15 20 25 30 35 40 45 50
chain formation Time /s

Acrylate A; Temperature: 90 °C; n=1 (per UV-intensitiy);

intial sample mass Mg,n0.= 5 mg; t,= 10 min

R?=0.983

0.8
7.5 mW/cm?

15 mW/cm?

O
(o2}
1

30 mW/cm?

Conversion / -
o
=
1

60 mW/cm?

- — -45 mW/cm? (Prediction)
- — -90 mW/cm? (Prediction)

UV-radiation for t,,

0.2

7.5 mW/cm? (Kamal-Sourour)
—— 15 mW/cm? (Kamal-Sourour)
—— 30 mW/cm? (Kamal-Sourour)

—— 60 mW/cm? (Kamal-Sourour)

0.0 T T T T T T T T
0 5 10 15 20 25 30 35 40 45

Time/s

FIGURE 1
diacrylates as proprietary building
elements for Acrylate A and Acrylate B;
(B) Exemplary curve-fitting results of

(A) Dimethacrylates and

different kinetic models (including their
coefficient of determination R?) for
description of the curing reaction of
Acrylate A for a UV intensity of
7.5mW/cm? at an isothermal
temperature of 30°C; (C) Kinetic
predictions for Acrylate A at 90°C for
UV intensities of 40 and 90 mW/cm?
based on the enhanced Kamal-Sourour
equation (compare Equation (12)) in
comparison with originally measured
UV-DSC data.
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TABLE 2

UV-intensity-based clustering of UV-DSC measurements

Cluster 1: 7.5 mW/cm? 30, 90, 150°C
Cluster 2: 15 mW/cm? 30, 90, 150°C
Cluster 3: 30 mW/cm? 30, 90, 150°C
Cluster 4: 60 mW/cm? 30, 90, 150°C

Temperature: 30 °C

1.0
0.8 1
1

.5 0.6 -

2}

o RZ weme = 0.973
0.4 - 2 -

CC) ’ Ris mwiemz = 0.991

(@)

Rgo mwiem? = 0.997
Rezso mwiem? = 0.998
UV-radiation for t,

ol |

T L ¢ §F T 5 =1 T I = 1F ¥
0 5 10 15 20 25 30 35 40 45 50
Time /s

Temperature: 150 °C

1.0
0.8 4
1
s 0.6 4
4
g R;.S mwiemz = 0.967
€ 0.4+ R? =0.989
o 15 mWiem? ~ Y-
o R:2’>0 mwiem? = 0.998
0.2 RGZSO mwiem? = 0.998
UV-radiation for t,
- = = = -
0.0 == T T

I * Iy = = L % I =} T | N
0 5 10 15 20 25 30 35 40 45 50
Time/s

FIGURE 2
as temperatures of 30, 90, and 150°C.

generally applicable for all measurements and materials
analyzed.

The achieved results vary strongly based on the
method and the individual variations of each method
implemented. With a coefficient of determination R* of
0.895, the Sestatk-Berggren model represents the worst
fit of all successfully converged models, followed by the
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Clustering methods for kinetic analysis of Acrylate A and B based on UV intensity and temperature.

Temperature-based clustering of UV-DSC measurements

Cluster 1: 7.5, 15, 30, 60 mW/cm?
30°C

Cluster 2: 7.5, 15, 30, 60 mW/cm?
90°C

Cluster 3: 7.5, 15, 30, 60 mW/cm?
150°C

Temperature: 90 °C

1.0
0.8
1
5081
o
g R%.S mwicmz = 0.980
0.4 2 =
S ’ Ris mwiem? = 0.990
© R%O mwiem? = 0.997
0.2 H Réo mwiemz = 0.998
UV-radiation for t;,
7 = === =
00 +==f*—7—7—T T T T T 71—
0 5 10 15 20 25 30 35 40 45 50
Time /s
Acrylate A:

n=1 (per UV-intensitiy); t,,= 10 min;
intial sample mass Mg,mq.= 5 Mg

7.5 mW/cm?

7.5 mW/cm? (Avrami)

® 15 mW/ecm?

15 mW/cm? (Avrami)

= 30 mW/cm?

30 mW/cm? (Avrami)
B 60 mW/cm?

——— 60 mW/cm? (Avrami)

Single measurement analysis of Acrylate A with the Avrami method for UV intensities 7.5, 15, 30, and 60 mW/cm? as well

Freeman-Carroll method with an R? of 0.958. A single
n-th order or autocatalytic reaction mechanism for the
description of the reaction behavior of both materials is
therefore not advisable. The Avrami method shows the
second best fit of all depicted kinetic models with an R?
of 0.973. The best fit of all kinetic models examined is the
Kamal-Sourour equation for both materials analyzed. In
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(A) Single measurement analysis of Acrylate B with the Avrami method for UV intensities 7.5, 15, 30, and 60 mW/cm? as

well as temperatures of 30, 90, and 150°C; (B) Dependency of the reaction rate constant k4 and the reaction order n,s from the UV intensity
at different isothermal temperatures for Acrylate A and Acrylate B based on the Avrami method (compare Equation (4)).

the example presented in Figure 1A, the Kamal-Sourour
equation reaches an R* of 0.998. The only model not
implemented is the Prout-Tompkins method, for which

it is not possible to create a converging fit to the UV-DSC
data due to limited modifiability of the mathematical
model. In the following, the results of the Avrami method
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FIGURE 4 Single measurement analysis of Acrylate A with the Kamal-Sourour method (compare Equation (8)) for UV intensities 7.5,

15, 30, and 60 mW/cm? as well as temperatures of 30, 90, and 150°C.

(compare 2.2) as well as of the general Kamal-Sourour
equation (compare 2.5) are presented in detail.

Figures 2, 3A show the curve-fitting results with the
Avrami equation for Acrylate A and Acrylate B, respec-
tively. As can be seen, coefficients of determination R?
can be achieved between 0.973 and 0.998 for Acrylate A
as well as 0.950 and 0.998 for Acrylate B. An increase of
R? with increasing UV intensities is visible for both
materials.

As discussed in Section 2.2, the Avrami equation is
dependent on two parameters: the reaction rate constant
k4 and the reaction order n,. Their dependencies of the
UV intensity and isothermal temperature for Acrylate A
are depicted in Figure 3B. With increasing temperature,
the results for ks achieve higher values globally com-
pared with lower temperatures. For Acrylate A, the
values vary between 0.025 and 0.035 s7! for 30°C,
between 0.04 and 0.05s™* for 90°C, and between 0.0425

and 0.065s™ " for 150°C. The results of Acrylate B show
similar behavior for increasing temperatures, with a gen-
erally higher magnitude achieved in k, values up to
0.162s ' at 150°C. A potential hypothesis for the global
increase of the k4 values with increasing temperatures is
represented through the collision theory proposed by
Trautz* and Lewis™ since k, is directly proportional to
the reaction rate. A clear correlation to the UV intensity
with the reaction rate constant k4 cannot be detected due
to varying progression of the individual curves for both
materials. Contrary to the behavior of the reaction rate
constant k4 described above, the reaction order ny pre-
sented in Figure 3 shows a distinct increase with increas-
ing UV intensities for all isothermal temperatures
analyzed. For Acrylate A, the values for the reaction
order n, are located between 1.25 and 1.35 for
7.5mW/cm?, 1.35 and 1.45 for 15 mW/cm?, 1.5 and 1.65
for 30mW/cm?, and 1.5 and 1.6 for 60 mW/cm?. Slightly
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FIGURE 5
as well as temperatures of 30, 90, and 150°C.

lower values between 0.93 and 1.37 are achieved for
Acrylate B. The progression of all curves indicates a lim-
ited growth function with a saturation limit for UV inten-
sities above 30mW/cm?® This is contrary to the
investigations by Jinag et al.'* which point out a linear
increase of reaction order n,4 in the depicted UV-intensity
spectrum of the investigation. For different temperatures,
nearly identical ny values can be partially detected for
Acrylate A and Acrylate B. In the case of the tempera-
ture, no clear correlation with the reaction order n4 can
be derived from the results presented.

Figures 4, 5 show the curve-fitting results with the
general Kamal-Sourour method for Acrylate A and
Acrylate B, respectively, compared with the measured
UV-DSC data. As can be seen, coefficients of determina-
tion R? can be achieved between 0.998 and above 0.999
for Acrylate A as well as 0.992 and above 0.999 for Acry-
late B. A slight increase in R* with increasing UV
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Single measurement analysis of Acrylate B with the Kamal-Sourour method for UV intensities 7.5, 15, 30, and 60 mW/cm?

intensities is visible for both materials, identical to the
Avrami method.

The general Kamal-Sourour equation is dependent
on five parameters (compare 2.5): The individual reaction
rate constants k; and k;, the reaction orders ng, and
Mgen, and the weight factor Kqgen represent the contri-
bution of the autocatalysis reaction. Their dependencies
of the UV intensity and isothermal temperature for Acry-
late A are depicted in Figure 6. Due to their multiplica-
tive connection and interchangeability (compare
Equation (8)), the values of the autocatalytic kinetic
parameters k, and Kqgen are presented in product form:
k3 - Kt gen- As can be seen, the spectrum of the parameter
values of k; is broad with relatively small values com-
pared with the reaction rate constant determined with
the Avrami method. A logarithmic representation of k; is
chosen for better visualization. The k; values spread
within a magnitude of approximately 10> and 10~ for
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FIGURE 6 Dependency of the reaction orders ng., and mg.,, the reaction rate constant k; as well as the product of the reaction rate

constant and the autocatalytic pre-exponential factor k; - K4 gen from the UV intensity at different isothermal temperatures for Acrylate A

and Acrylate B based on the Kamal-Sourour method (compare Equation (8)).

Acrylate A. For Acrylate B, the spread is larger with a
generally smaller magnitude of the values for k; between
107% and 107'°. The k, -Keargen values are higher com-
pared with the k; values for Acrylate A and Acrylate B,
approximately achieving values between 0.32 and
0.66s ' as well as 0.30 and 0.62s™ . This difference in

magnitude can most likely be explained by the inclusion
of the weight factor Kcqgn. For Acrylate A, increase in
UV intensities causes a general decrease of k; and
k- Kcatgen- The progressions of the curves are reminis-
cent of exponential decay functions with a saturation
limit above 30 mW/cm?. For Acrylate B, the UV-intensity
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Clustered measurement analysis based on the Kamal-Sourour method described by Equation (11) of Acrylate A with an

extended Kamal-Sourour method for UV intensities 7.5, 15, 30, and 60 mW/cm? as well as temperatures of 30, 90, and 150°C.

dependent progressions of k; and k; - Kcasgen are strongly
fluctuant with the different trends for every isothermal
temperature. This hinders the determination of distinct
trends based on the UV intensity of this material. For
both materials, the magnitude of k;-Kcggen is signifi-
cantly dependent on the isothermal temperature chosen,
achieving globally higher values with increasing tempera-
tures. For the k; values of Acrylate B, this is valid as well.
For Acrylate A however, the temperature dependency
toward k; is ambiguous, showing either increasing,
decreasing, or fluctuating values for the individual UV
intensities. In this case, the highest similarity in the pro-
gression of k; can be seen for UV intensities of 15 and
60 mW/cm®. Both experience an increase in k; with
increasing temperatures. Compared with the results of k;
and k;-Kcargen, the reaction orders achieve results of
increased precision for Acrylate A and Acrylate B with a

high definiteness for all UV intensities and temperatures.
With increasing UV intensities, both reaction orders
show distinct decays, which can be interpreted as expo-
nential decay functions with visible saturation limits at
Ngen ~ 1.2 and Mg, = 0.6. The maximum values of ng, are
approximately 2.2 for Acrylate A and 2.3 for Acrylate
B. This represents a plausible spectrum for ng,, and indi-
cates a purely homogenous chemical reaction as
described before. The maximum values for my,., are
approximately 0.8 for Acrylate A and 0.9 for Acrylate
B. As stated by Kamal,*® Mgen< 1 is a common occurrence
and represents a plausible value for the autocatalytic
reaction order. In addition, the independence of the reac-
tion order from the isothermal temperature as stated by
Kamal®® becomes apparent for both materials. Therefore,
the chemical plausibility for the magnitude of the reac-
tion orders can be confirmed. For ng, the above-
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FIGURE 8

Clustered measurement analysis based on the Kamal-Sourour method described by Equation (11) of Acrylate B for UV

intensities 7.5, 15, 30, and 60 mW/cm? as well as temperatures of 30, 90, and 150°C.

described progression indicates a change from a near
second-order reaction to a close to first- or pseudo-first-
order reaction with increasing UV intensity. This consti-
tutes the hypothesis, that the reaction mechanism shifts
from a bimolecular reaction with collisions that contrib-
ute the energy to the reactant (second order) toward a
more linear reaction with increased autocatalytic behav-
ior and intermolecular collisions, which is the case for
the majority of first-order reactions.

All in all, by comparing the Avrami method with
the general Kamal-Sourour method, it can be con-
cluded that the informational output from a chemical
standpoint is higher for the Kamal-Sourour method
than for the Avrami method. This is the case for both
materials analyzed. Also, the coefficient of determina-
tion is significantly higher. The improved mathemati-
cal determination is mostly visible at the beginning
and at the end of each reaction. Therefore, the

Kamal-Sourour method is selected for further clus-
tered analysis. Especially the fluctuations in the
values for k; and k; - K4 gen represent an aspect, which
can potentially be decreased through clustered measure-
ment analysis.

4.2 | Analysis of the influence of UV
intensity and temperature with the
Kamal-Sourour method based on clustered
measurements

Based on the results from the single measurement analy-
sis the Kamal-Sourour approach is selected for further
clustered analysis. First, the UV-intensity-based cluster-
ing (compare Table 2) is analyzed. Accordingly, k; and k,
of Equation (8) are substituted with Equation (9), result-
ing in Equation (11):
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Dependency of the reaction orders ng.,,, and mg,, the pre-exponential factors A and K g as well as the exponential factors

D, and D, from the UV intensity for Acrylate A and Acrylate B (clustering based on the Kamal-Sourour method described using

Equation (11))

da
dt

(11)

The equation demonstrates an independence of the reac-
tion orders ng, and mg, from the temperature but a pro-
portionality toward the UV intensity, which is congruent to
the propositions by Kamal et al.** and correlates with the
results from the single measurement analysis. Figures 7, 8

L A.e DT, (1—a)™" +A-Keargen- e D2/T . oMgen (1—a)"= show the results for both materials based on Equation (11)

compared with the originally measured data. For
Acrylate A, the coefficients of determination R* show near
identical values between 0.982 and 0.989. For Acrylate B,
an outstanding R? of 0.998 is achieved for a UV intensity of
15mW/cm?®. The other clusters also achieve values between
0.982 and 0.990, close to the range of Acrylate A.

The resulting kinetic parameters are depicted in Figure 9.
For the reaction orders ng, and mg,, the curve
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FIGURE 10 Clustered measurement analysis based on the Kamal-Sourour method described by Equation (12) of Acrylate A for UV

intensities 7.5, 15, 30, and 60 mW/cm? as well as temperatures of 30, 90, and 150°C.

progressions and the magnitudes are identical to the
results of the single measurement analysis. Both parame-
ters present themselves as exponential decay functions
dependent on the UV intensity with decreasing values
between approximately 2.1 and 1.2 for ng,, as well as 0.8
and 0.5 for myg,,. Curve fits of exponential decay functions
are presented in Figure 9, which achieve R? values
between 0.938 and above 0.999 for both materials
analyzed.

In the case of the pre-exponential factors A and
Kargen as well as the exponential factors D, and D,, the
identification of an unambiguous mathematical progres-
sion is not possible. However, trends can be derived for
all parameters. For increasing UV intensities, A also
increases for both materials, with Acrylate A achieving
higher values compared with Acrylate B. On the con-
trary, Keqgen decreases with increasing UV intensities
reminiscent of an exponential decay function. This poten-
tially indicates a change in the reaction to a less

autocatalytically influenced reaction type with increasing
UV intensities. The exponential factors D; and D, dem-
onstrate contrary curve progressions and different magni-
tudes. D; achieves higher values compared with D, for
both materials analyzed. Increasing UV intensities result
in an increasing progression of D; and a decreasing or
constant progression of D,.

The temperature-based clustering (compare Table 2)
combines Equations (8) and (10) with Equation (12)
below. The curve-fitting results and the progression of
the kinetic parameters for different temperatures are pre-
sented in Figures 10-12, respectively.

d
d_otl =A e_Dl/I : (1 - a)ngen +A 'Kcat,gen 'e_DZ/I - aMeen (1 - a)ngm

(12)

Figures 10, 11 illustrate the progression and accuracy
of the curve-fitting results based on Equation (12).
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Clustered measurement analysis based on the Kamal-Sourour method described by Equation (12) of Acrylate B for UV

intensities 7.5, 15, 30, and 60 mW/cm? as well as temperatures of 30, 90, and 150°C.

Compared with UV-intensity clustering, the fit accuracy
is slightly lower with coefficients of determination R?
between 0.979 and 0.993 for Acrylate A as well as 0.970
and 0.992 for Acrylate B. The fit accuracy decreases for
increasing temperatures, which potentially correlates
with the increasing mass loss for higher temperatures.
This mass loss is most likely correlated to evolving gases
originating from the diacrylate monomers of both mate-
rials in a liquid state and was documented in detail in
Reference [4]. The analysis of the kinetic parameters is
illustrated in Figure 12. Contrary to the clustering based
on Equation (11) and the results from single measure-
ment analysis, the clustering based on Equation (12)
neglects the dependency of the reaction orders ng,, and
Mg, from the UV intensity. Instead, the dependence of
the reaction orders is solely UV-based. However, both
materials indicate an independence of ng.;, and myg,, from
the temperature, with constant values of ng, ~ 1.4 and

Mgen & 0.6 for Acrylate A as well as ng, % 1.7 and myge, &
0.6 for Acrylate B. For ng, of Acrylate B, only a slight
increase is visible for increasing temperatures, which is
neglected for the rest of this investigation. As discussed
before, the independence of the reaction orders from the
temperature is compliant with the descriptions of Kamal
et al.*° and correlates with the results from single mea-
surement analysis. For all other kinetic parameters, a
mathematical description can be performed with linear
curve fits. For both materials, the pre-exponential factor
A shows a linear decline with increasing temperatures,
while K4 gen shows a linear increase with increasing
temperatures. This potentially indicates a change in the
reaction to a more autocatalytically influenced reaction
type with increasing temperatures. Acrylate B shows
higher maximum values for both A and Ky gn with
steeper linear progressions. For both materials, linear fits
are performed based on the A and Ky g, Which a are
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factors D; and D, from different isothermal temperatures for Acrylate A and Acrylate B (clustering based on the Kamal-Sourour method

described in Equation (12)).

illustrated in Figure 12. The fit accuracy for Acrylate A is
comparably higher, with coefficients of determination R?
of 0.997 and 0.972 for A and K ggen, respectively, com-
pared with 0.994 and 0.894 of Acrylate B. For the expo-
nential factor D;, a linear decrease for increasing
temperatures is visible for both materials with nearly
identical slopes. In comparison, D, shows stable values
for increasing temperatures. This potentially indicates
that only one of the reaction paths is dependent on the
temperature and that the reaction rate is lowered by

increasing temperatures, which is compliant to an
increased movement of the polymer-building elements
on a molecular level as stated by the collision theory by
Trautz*® and Lewis.*’

By comparing the kinetic models based on Equa-
tions (11) and (12), it is apparent that Equation (12)
reaches a higher mathematical determination besides
achieving a marginally lower fit accuracy. Also, the chemi-
cal plausibility of this approach is higher for being compli-
ant with the temperature independence of the reaction
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orders from the temperature as well as the accelerating
impact of increasing temperatures on the reaction rate.
Based on the model described through Equation (12), indi-
vidual isothermal predictions regarding not-measured UV
intensities can be performed, which is exemplified in
Figure 1C for Acrylate A at UV intensities of 45 and
90 mW/cm? and a temperature of 90°C. Both predictions
demonstrate a reasonable progression compared with the
measured data. The linear progression of the fitting curves
for different kinetic parameters however represents a
debatable aspect, because it builds a mathematical function
without any stagnation or natural end. In this case, the
method based on Equation (11) presents a more realistic
progression with high reminiscence exponential decay
function for most kinetic parameters analyzed. Further
measurements with a broader spectrum of UV intensities
and the analysis of other materials are necessary to maxi-
mize reproducibility and solidify the results toward further
mathematical dependencies. In retrospective of the target
to use both materials for temperature-intensive AM appli-
cations, the kinetic model based on Equation (12) repre-
sents a viable method to predict the curing behavior for
sufficient mechanical properties and optimize the proces-
sing time toward shortened production cycles and layer
times. It is possible to predictively optimize the UV inten-
sity and the isothermal temperature of the future process
to meet production goals and minimize unwanted effects
like thermal degradation while maintaining the desired
level of curing.

5 | CONCLUSION

This investigation successfully demonstrated the evalu-
ation, selection, and strategic progression of kinetic
modeling procedures for UV-curable Acrylates of next-
generation AM technologies. Based on UV-DSC mea-
surements, different models were analyzed first based
on single measurements and subsequently for clus-
tered measurements. The kinetic models in their origi-
nal state were selected based on the literature and the
state-of-the-art. For single measurement analysis, the
fit accuracy based on the average coefficient of deter-
mination R? showed acceptable results for most of the
kinetic models selected. Best results were achieved using
the Kamal-Sourour method and the Avrami method.
Especially the sigmoidal aspect at the start and before
entering the plateau region of the curing reaction is supe-
riorly captured by the Kamal-Sourour method. Based on
the high coefficients of determination, there is a strong
endorsement for the theory of a combined autocatalytic
and n-th order reaction. In case of the respective reaction
orders, the Kamal-Sourour method demonstrated

proportionality with the UV intensity but independency
from the isothermal temperature during curing. This is
compliant with the propositions by Kamal et al.>* and
supports the hypothesis of decreasing reaction orders for
both materials solely dependent on the UV intensity. In
the case of the Avrami method, an increasing UV inten-
sity respectively causes an increase in the reaction order.
The progression is approximated to a limited growth
function with stagnation at high UV intensities. This is
contrary to the reaction orders of the Kamal-Sourour
method. Here, the reaction orders approximately
decrease exponentially with stagnation at higher UV
intensities. Either progression is plausible since neither
the increase nor the decrease progress infinitely and find
a natural end by reaching a respective stagnation level.
The magnitude of the reaction orders is in a plausible
spectrum for both models. Eventually, the higher coeffi-
cients of determination compared with Avrami as well
as the increased chemical plausibility and informational
output led to the selection of the Kamal-Sourour
method for subsequent modeling of the curing kinetics
based on clustered measurements. Two different cluster-
ing strategies were analyzed: UV-intensity-based and
temperature-based (compare Table 2 as well as Equa-
tions (11) and (12)). Both models comply with the afore-
mentioned assumptions by Kamal et al., which state the
temperature independence of the reaction order. In both
cases, the reaction orders are within plausible magni-
tudes. The clustered measurement analysis based on
Equation (11) demonstrates the exponential decay of the
reaction orders for increasing UV intensities, which is
compliant with the results of the single measurement
analysis. Overall, the model based on Equation (12)
reaches a higher mathematical determination for all
kinetic parameters. Even isothermal predictions are pos-
sible for UV intensities that have not been measured
yet. The calculated progressions showed reasonable
results compared with the measured UV-DSC data. Fur-
ther analysis shows that the kinetic parameters are
either constant or follow a near-linear increase or
decrease for increasing temperatures. In future investi-
gations, further measurements and materials are neces-
sary to maximize reproducibility and to solidify the
results toward these mathematical dependencies. This
represents the last steps toward a holistic approach for
dynamic inclusion of the UV intensity and the tempera-
tures to mathematically describe the curing behavior of
acrylates for next-generation AM technologies. The
kinetic models facilitate the predictive optimization of
the process parameters to utilize a desired degree of cure
within a temperature-intensive AM environment while
limiting thermal decomposition and deterioration of the
part properties.
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