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Abstract

This study investigates the influence of curing on the thermo-viscoelastic
properties and chemical shrinkage of a commercially available photopolymer
resin used in SLA and DLP 3D printing and presents a modelling approach
for predicting material properties. UV rheometer and DMA measurements
were performed to investigate the viscoelastic properties of the photopoly-
mer material as a function of temperature, degree of cure, and frequency.
Time-temperature and time-cure superposition principles were applied to
the experimental results. In addition, the chemical shrinkage behaviour was
studied by the UV rheometer as a function of the degree of cure and temper-
ature, and a model equation was proposed based on these parameters. Our
experimental findings have led to the development of constitutive equations
for the complete material behaviour.
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1. Introduction

A tremendous advancement in additive manufacturing (AM) technologies
over the past few decades has reshaped the way industrial products are cre-
ated, enabling the production of parts with remarkable accuracy that is not
achievable with conventional manufacturing techniques [Il, 2]. The primary
characteristic of additive manufacturing is the layer-by-layer fabrication of
three-dimensional structures as opposed to the traditional production based
on subtractive or formative material processing. This cutting-edge manu-
facturing method enables innovative designs that cannot be obtained with
traditional manufacturing techniques, such as 3D printing of lightweight lat-
tice structures known for their superior mechanical properties for a given
density or weight [3].

Particularly, curing of a liquid monomer resin into a solid polymer through
photopolymerization allows manufacturing of parts with a resolution of layer
thickness varying from 10 to 200 pm that can be achieved today for affordable
prices [4]. According to the methods of layer deposition, pattern formation
principles, and operating systems, photocuring-based 3D printing uses a va-
riety of techniques, such as stereolithography apparatus (SLA) [5], digital
light processing (DLP) [6], polyjet printing (PJP) [7], two-photon lithogra-
phy (TPL) [8], UV-assisted direct ink writing (DIW) [9], continuous liquid
interface production (CLIP) [10] and liquid crystal display (LCD) [11]. Fast
curing at room temperature, low energy consumption and spatial and tempo-
ral control over photopolymerization are all highly desirable in a wide range of
industrial applications, including dental materials [12], consumer goods such
as shoes and custom insoles [13], coatings [14], biomedical devices and tissue
scaffolds [15], metamaterials [16], piezoelectric materials [17] and lithium-ion
batteries for aerospace applications [I§].

The growing demand for photopolymerization-based 3D printing necessi-
tates special consideration in advanced applications requiring precise control
of final material properties, as well as understanding and modelling of the
mechanical properties related to the UV curing reaction. During the curing
reaction, a viscoelastic liquid converts into a viscoelastic solid, resulting in
changes in thermomechanical and caloric material behaviour [19]. The poly-
mer chains become packed and crosslinked as a result of this phase change and
the newly formed chemical bonds bring the chains closer together, resulting in
a reduction in the specific volume known as volume or curing shrinkage. This
chemical shrinkage, coupled with other phenomena such as resin compositon,
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nonuniform light intensity with depth due to the Beer-Lambert absorption
[20] and heterogeneous curing due to nonlinear light intensity, leads to gra-
dients in the mechanical and chemical material properties and ultimately to
residual stresses that affect the shape of the final structure in desirable or
undesirable ways [2I]. The repeatability and reliability of these products
are restricted by the fabrication errors in the parts due to the layer-by-layer
printing as previously mentioned [22] 23].

Within the scope of the polymerization process, the effects of process pa-
rameters, resin composition, and filler particles on the thermal and rheologi-
cal properties were studied by experimental methods [19] 24], 25] 20, 27, 28§].
However, it is both costly and time consuming to perform these tests and
find the appropriate experimental approach to predict the final properties of
the printed part using different process parameters. To avoid this classical
and expensive experimental procedure, simulation tools provide an excellent
alternative for the optimization of the process parameters to fabricate desired
parts. Nevertheless, due to a lack of understanding, insufficient constitutive
models and simulation tools, such problems are often confronted by costly
trial-and-error methods. Since the processed materials are viscoelastic for
such applications, constitutive models that take into account the time and
temperature history, in addition to the printing parameters, are required for
the numerical simulations to predict the material behaviour during and after
the printing process.

This work aims to overcome these difficulties by proposing a comprehen-
sive viscoelastic model with chemical shrinkage incorporating the highlighted
phenomena in temperature-dependent photopolymer curing. The PR48 pho-
topolymer resin under scrutiny in this work has been extensively studied in
previous research to investigate anisotropy in the mechanical properties in
printed parts [29] [30], resolution of the printed objects [29, 31|, bonding of
the layers formed during printing [32], as well as to conduct photorheology
measurements and determine the cure depth [31, 33 34]. However, to the
best of the authors’ knowledge, systematic characterization and modelling of
this resin have not been reported in the literature. The model proposed in
this work is identified on thermal, viscoelastic and shrinkage experiments for
a large parameter range. As a consequence, it is able to predict the influence
of process parameters on the final mechanical properties.

This paper is organized as follows: Section [2] presents the commercial
photopolymer resin used for the material characterization, a reminder of the
curing model performed in the previous study, and the governing equations
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of the linear viscoelasticity characterization. Section [3| focuses on the mea-
surements of the viscoelastic properties during the UV curing process and
viscoelastic material modelling based on time-cure superposition around the
gelation point. Section [4]is devoted to viscoelastic material modelling of dif-
ferent levels of crosslinked solid samples using DMA measurements. Herein,
the time-temperature and time-cure superposition principles were applied
to macroscopically capture the change in viscoelastic properties during the
complete crosslinking reaction. Section [5| provides measurements and mod-
elling of the evolution of the chemical shrinkage of a photopolymer layer as a
function of the degree of cure and the temperature, and Section [f] concludes
with some closing remarks and future prospects.

2. Methods and theoretical foundations

2.1. Material

The photopolymer resin used in this work is the standard clear thermoset
resin PR48 supplied from Colorado Photopolymer Solutions (Boulder, CO,
US). PR48 is designed to work with 385-405 nm light in digital light pro-
cessing (DLP) and stereolithography apparatus (SLA) 3D printers [35]. The
chemical structures of the ingredients of the PR48 resin is given in Figure
[36].

2.2. Modelling of the crosslinking reaction

The degree of cure ¢(t) is a scalar measure of the advancement of the
crosslinking process driven by chemical reactions and physical processes. It
is defined in terms of specific heat flow as:

q(t) = fo#?dg (1)

where A(f) is the specific heat flow converted during the curing time ¢ and
hiot is the total heat of reaction of fully crosslinked material. We have previ-
ously investigated the crosslinking reaction in the photopolymerization pro-
cess using this relationship and modelled the reaction kinetics |37, 38|, 23]
39]. Photo-differential scanning calorimeter (photo-DSC) measurements were
conducted to characterize the curing kinetics of the photopolymer resin under
several isothermal conditions and constant UV light intensities. The model
is briefly described in the following.
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Figure 1: Chemical structures of the ingredients of the PR48 photopolymer material.

A phenomenological equation of (m+n)™ order based on the autocatalytic
kinetic model was used in order to model the evolution of the degree of cure.

G = (k1 + k2q™) (gmax(Z, 0) — )" (2)

In this ordinary differential equation (ODE), ¢uayx indicates the maximum
attainable degree of cure as a function of temperature 6 in °C and UV light
intensity Z in mW /cm?, k; and ko are Arrhenius type coefficients that depend
on the absolute temperature 7" in Kelvin and the light intensity as given in
Equation [3}

b
ki(Z,T) = A;exp (_}fT) (IIf) i=1,2 (3)

where FE; denotes the activation energies, R = 8.314 J/(mol.K) is the uni-
versal gas constant, Z,.; = 1 mW /cm? is a reference value to assure the unit
consistency of pre-exponential factors A;, and b is used to fit the experimen-
tal data more precisely. Readers are referred to the preceding article [37] for
further details on the working principle of the DSC, the experimental proce-
dure, and the parameter identification. Details of the identified parameters

can be found [ppendix A}
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The parameters given in Tables and were used to calculate the
evolution of the degree of cure during the UV rheometer test using Equa-
tions [1], 2] and [3] to analyse the viscoelastic material properties and chemical
shrinkage as a function of the degree of cure and temperature. Furthermore,
the degrees of cure of the solid samples tested in DMA in Section [4] were cal-
culated using the residual specific heat of reaction h, measured by classical
DSC measurements and the total specific heat of reaction h,; obtained by

photo-DSC as follows:
hy.
=1 4
q o (4)

2.83. Linear viscoelasticity characterization
The viscoelastic behaviour of the materials is studied through dynamic
tests in which the stress (or strain) resulting from a sinusoidal strain (or
stress) is measured in torsional mode. When a viscoelastic material is con-
tinuously subjected to a sufficient small sinusoidal shear strain y(t), a steady
state will eventually be attained in which the resulting shear stress in the
sample 7(t) is also sinusoidal, with the same angular frequency w but out of
phase with the imposed strain by a shift angle §. The current temperature
and degree of cure of the polymer, as well as the applied angular frequency
during loading generally have an impact on the measured phase shift §. If the
origin along the time axis is chosen to coincide with the point of maximum
strain, the constitutive equation of the stress and strain functions reads as

[40]:

V() = Yosin(wt) ()
7(t) = 7o sin(wt + 9) (6)

where vy and 7y are the amplitude of the shear strain and shear stress, re-
spectively. It is convenient to transfer the stress and strain functions into the
frequency domain as their complex quantities using the algebraic operations
used in harmonic systems:

7" = 0 exp(iwt) (7)
7" = 19 exp(i(wt + 9)) (8)

Based on these harmonic relations, one can define the complex shear modulus
G* and two different dynamic moduli with their quotient:

*

T T0 .To .
G" = — = —cos(d) +i— sin(d 9
> % (9) % (6) 9)
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G = 22 cos(d) (10)

Yo
" 70 .
G" = —sin(0) (11)
Yo
tan(d) = — 12
an(6) = & (12)

The shear storage modulus G’ describes the mechanical energy stored by the
material during a loading cycle which represents the reversible part of the
dynamic mechanical material behaviour after a load cycle. The loss modulus
G" accounts for the ability to dissipate the mechanical energy through in-
ternal molecular motions. The damping factor tan(d) represents the ratio of
the viscous and the elastic portion of the viscoelastic deformation behaviour.

The following sections provide an overview of the various oscillatory tests
with controlled shear strain that were conducted utilising this complex math-
ematical form to measure and predict the viscoelastic properties and chemical
shrinkage of the photopolymer.

2.4. Methods

2.4.1. UV rheometry

The UV rheometry measurement permits the monitoring of the evolution
of the viscoelastic properties in the gel-sol transition of the photopolymer
resin. Figure [2| shows a schematic representation of the experimental pro-
cedure and the UV curing progress of the liquid resin sandwiched between
the parallel-plate measuring system consisting of a transparent bottom plate
made of quartz glass.

The investigation of the evolution of the viscoelastic properties and the
chemical shrinkage of PR48 resin during the UV curing was carried out
with the hybrid rheometer Discovery HR-3 (TA Instruments, New Castle,
DE, USA) upgraded with the OmniCure® S2000 UV light source (Exceli-
tas, Waltham, MA, USA). A parallel plate measuring system consisting of
a quartz plate and a disposable aluminium top plate with a diameter of 20
mm was used.

The measurement gap was adjusted to 500 pm. The measurement gap of
dgap = 500 pm was determined through preliminary tests performed to de-
termine appropriate experimental test parameters. The PR48 photopolymer
resin cures rapidly even at low UV light intensity and room temperature,
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and hardens into a very stiff substance. Therefore, when a thinner layer of
photopolymer was used between two parallel plates, the cured solid polymer
prevented oscillation through the top plate. As a result, the maximum allow-
able torque specified for the test instrument was reached and the test stopped.
In such a short period of time, it is not feasible to monitor the change in the
viscoelastic properties and decrease in the measurement gap for the chemical
shrinkage of the material during UV curing. This selected thickness corre-
sponds to approximately 5 to 10 times the typical layer thickness provided
by conventional SLA and DLP 3D printers used to print photopolymer parts
[2]. As mentioned in Section [5| later, the agreement between the maximum
shrinkage determined by UV rheometer tests and determined by density mea-
surements in static mode [37] indicates that the transverse shrinkage of the
polymer is negligible at this layer thickness.

The UV light intensity was adjusted to Zy = 10.12 mW /cm? at the top
surface of the quartz plate for all tests. For each selected isothermal test, the
temperature of the upper aluminium plate was set to the desired tempera-
ture before the photopolymer resin was applied onto the quartz plate. For
the measurement gap of 500 pm, a liquid photopolymer sample volume of
approximately 157 ulb was carefully injected with a pipette onto the quartz
glass plate. An isothermal step was applied at the test temperature for 10
minutes for stabilization at each measurement point.

The measurement of the rheological properties were performed in the
auto-strain mode with an initial strain of vy = 0.1%. The auto-strain fea-
ture was programmed to automatically adjust the strain amplitude to mate-
rial changes in the linear viscoelastic region of the least cured solid sample
(¢ = 0.63) in Section . To avoid the breaking of the polymer network, the
strain amplitude increased to the maximum allowable value at the beginning
of the curing and then decreased with progressing crosslinking when gelation
starts. In other words, auto-strain adjustment was used to improve signal
quality throughout a single experiment, as the optimal measurement condi-
tions for a liquid material are not the same as those for a rigid solid. The
adjustment amplitude range was selected from vy = 0.01% to 1% according
to the amplitude sweep tests. The normal force is set to 04+0.1 N to minimize
the effect of the excessive tensile stresses generated by chemical shrinkage.

2.4.2. Dynamic mechanical analysis
Dynamic mechanical analysis (DMA) is a conventional measurement tech-
nique in which the elastic and viscous responses of the polymer materials
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Figure 2: Outline of the UV rheometry experiment. Top left: Experimental setup of the
Discovery HR-3 rheometer with the parallel plates. Top right: Schematic representation
of the experimental setup under the oscillatory conditions and UV irradiation. Bottom
left: Irradiation of constant UV light over time during the crosslinking process. Bottom
right: Schematic representation of the curing process in the liquid photopolymer between
the parallel plates during the UV irradiation.

subjected to a sinusoidal oscillatory force are monitored over temperature,
time, frequency or amplitude sweeps.

In this work, DMA was employed to study the viscoelastic behaviour of
the solid PR48 photopolymer samples in torsion mode. Amplitude, temper-
ature and frequency sweep tests were run on a modular rheometer MCR502
(Anton Paar, Graz, Austria) with an integrated environmental chamber CTD
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600 (by Anton Paar) which was used with air and nitrogen. A solid rectangu-
lar fixture system SRF5 (by Anton Paar) was used for all the experiments in
this section with force-controlled measurements. A normal force of 1 N was
applied in tension mode to prevent the specimens from buckling or excessive
tensile forces due to thermal expansion and contraction when the material is
tested over a wide temperature range. The top of the specimen was subjected
to a controlled shear strain given in Equation [5| while the bottom is fixed as
outlined in Figure [3

Rectangular photopolymer samples were prepared by injecting the liquid
resin between two glass slides separated by Teflon molds in order to cure
in the UV chamber named UVP Crosslinker CL-1000L (Analytik Jena AG,
Jena, Germany). According to the standard ISO 6721-2 [41], specimens
with the dimensions of 50 x 10 x 1 mm? (length x width x thickness) were
manufactured by exposing them to UV light for 3, 8, 30 and 540 min.

Moreover, before DMA testing, the samples were analysed at least 3 times
in a DSC to determine the average degree of cure listed in Table [1| using
Equation [

Table 1: Degree of cure ¢ of the samples for the DMA measurements based on the light
exposure time t.zp.

terp [mins] 3 8 30 540
q [-] 0.63 0.89 0.92 0.96

10
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Figure 3: Outline of the DMA experiments in torsional mode. Left: Specimen mounted
in Anton Paar MCR 502 rheometer where the shear excitation is applied to the top of
the specimen by the upper mobile fixture. Right: Schematic of rectangular sample with
dimensions of 50 x 10 x 1 mm? (I x w x t) used in DMA tests according to ISO 6721-2
standards.

3. Evolution of the viscoelastic properties during the UV curing
reaction

3.1. Time sweep tests

Time sweep tests for 400 s were performed at different constant frequen-
cies (f = 0.1,1, 10,100 Hz) at constant UV intensity and at several isothermal
conditions (¢ = 10, 20, 30, 40, 50, 60 °C). The onset time of UV light exposure
was set to 60 s for all tests.

The direct experimental results of the change in the storage modulus G’
for all measurements are provided in As shown in the schematic
representations in Figure [2] initially, the photopolymer resin is conditioned
with sinusoidal shear excitation given by Equation |5| at constant frequency
f = w/2m, constant strain amplitude vy, and isothermal condition 6 for up
toto =60 s (0 <t < ty). Then, UV light is activated unidirectionally from
the bottom of the quartz plate upwards (¢ = ty). Furthermore, curing starts
at the bottom of the photopolymer layer (¢t = ¢;) and then progresses in
the vertical direction (¢; <t < t3). When the solidifying photopolymer layer
reaches to the aluminium top plate (¢t = t3), the rheometer begins to measure
the changes in the viscoelastic material properties. Since the curing front
takes some time to reach the top plate where the measurement is performed,

11
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a short delay is noticed in the G’ — ¢ plot, between the activation of the UV
light and the onset of the rise of the shear storage modulus. Therefore, it
is necessary to shift all the curves presented in such that the
storage modulus of G’ starts to increase, i.e. the curing starts at ¢t = 0 as
shown in Figure [

The experimental findings of the change in the shear storage modulus G’
for frequency values in four different orders of magnitude and at six different
isothermal conditions are depicted in Figure [l All measurements show a
rapid increase in the presence of UV light irradiation, in addition to different
evolutions of the shear storage moduli due to frequency-dependent material
behaviour. The shear storage modulus of the progressively cured sample
reaches its plateau value more rapidly as the frequency value increases. It
can be seen that the value of the maximum shear storage modulus obtained
is higher than the tests performed at lower frequency. This can be explained
by the faster curing of the sample due to lower viscosity as the frequency
increases. Consequently, achieving a higher degree of cure due to the lower
viscosity also leads to a higher storage modulus at the end of the test. In
the literature, this relationship between low viscosity and high degree of cure
has also been observed for dual-cured resin cement [42]. As the degree of
cure or curing time increases, the difference between the curves belonging to
different frequencies in the semi-logarithmic representation decreases.

The constant temperature applied to the photopolymer in the tests leads
to two opposing mechanisms. In the first case, higher temperature increases
the rate of crosslinking of the photopolymer and allows for a higher degree of
cure at the end of the chemical reaction. As a consequence, the photopoly-
mer sample reaches a higher shear storage modulus at the end of the test.
In the second case, higher temperature causes a lower shear storage modulus
and thus the photopolymer sample becomes softer. These two mechanically
and chemically coupled mechanisms occur concurrently and cannot be dis-
tinguished in UV rheometer experiments. As shown in Figure[4] in the tests
performed at temperatures between 10 °C and 40 °C, the increase in temper-
ature accelerates the curing reaction, resulting in the shear storage modulus
to reach its plateau value earlier. However, the temperature-induced acceler-
ation of curing is not comparable in the experiments performed at tempera-
tures between 40 °C and 60 °C. At the end of the tests carried out at # = 50
°C and 60 °C, it was observed that the samples obtained at the end of the
curing reaction were soft, especially in the tests carried out at f = 0.1 Hz,
and therefore the bottom quartz glass and top aluminium plates could be

12
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easily separated.

3.2. Gelation point

The degree of cure at the gelation point gy is required for the applica-
tion of the time-cure superposition principle in the description of viscoelastic
properties during the entire UV curing reaction. Therefore, it is necessary to
calculate the evolution of the degree of cure given in Equation [J]as a function
of temperature, UV light, and time during the UV rheometer test.

We further consider that the UV light intensity decreases exponentially
with the layer thickness as it passes through the liquid photopolymer medium,
according to the Beer-Lambert law described by the following equation [20]:

T(z) = exp <—i) o (13)
Dy

where Z(z) is the light intensity as a function of distance z, D, denotes
the penetration depth, which was determined to be D, = 223.2 ym in the
previous study in which the UV curing properties of the PR48 photopolymer
resin were examined in detail [37] and Zy = 10.12 mJ/cm? is the UV light
intensity on the quartz glass plate. The average value of UV light intensity
TZ., between parallel plates was used to calculate the effective degree of cure.
Using Equation [I3] the following mean value is computed:

1 dgap
T, - / I(2)d (14)
dgap Jo

gap

The average light intensity was calculated as Z,,, = 4.04 mW /cm?. This value
is close to Z = 5 mW /cm? which is one of the two UV light intensity values in
which the photocalorimetric tests were performed in the previous work [37].
The evolution of the degree of cure during UV rheometer tests was estimated
using Equations [2] and [3] and the corresponding maximum attainable degree
of cure gnax. Figure 5| depicts the evolution of the effective degree of cure for
the UV rheometer measurements.

The gelation point is defined as the transition point of a crosslinking
polymer from a liquid to a solid [43]. There are two commonly used methods
for estimating the gelation point of the photopolymer layer.

According to ASTM standard D4473 [44], the gelation point () is de-
fined as the point at the intersection of the curves of G’ and G” versus time
t (G' = G"). This state shows the borderline of a crosslinking polymer liquid

13
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transforming into a solid [45]. This point can be determined by the oscilla-
tory tests performed in the linear viscoelastic range during the crosslinking
reaction. In the ASTM standard D4773, the frequency to evaluate the curing
behaviour of thermosets is recommended to be set to f < 1.5 Hz. In accor-
dance with this standard, the evolution of the viscoelastic properties (G', G”)
at f =1 Hz and 6 = 20 °C are plotted in Figure[5] It can be seen from the
plot that as the sample passes gelation point, both storage and loss moduli
start to increase until the maximum attainable degree of cure is reached.
From the zoomed window in the same figure, it can be seen that the gelation
point (t,4) of the PR48 was reached at t = 7.93 s after starting the UV irra-
diation. The UV energy dose reached at this point is Ey = 32.04 mJ/cm?.
The degree of cure at the gelation point was calculated as gge = 0.32 using
the model equation of the degree of cure with the test parameters.

The second method utilizes the working curve model developed by Jacobs
[46]. According to this model, the relationship between the applied UV light
exposure dose £ = Z xt and the resulting cured depth C}, of the photopolymer
layer is defined by deriving from the Beer-Lambert law (Equation as

follows: .
Cd = _Dp In (E) (15)

Here, the critical exposure energy FE. represents the amount of UV light
exposure dose required to solidify the photopolymer at the gelation point.
E. = 30.63 mJ/cm?. The experimental procedure and methodology for de-
termination of the critical exposure energy doses were detailed in the previous
article [37]. As a consequence, this yields the time point at ¢, = 7.58 s which
gives almost the same gelation point g4 as the first approach.

3.3. Time-cure superposition

The experimental results of the storage modulus in the time domain were
combined with the model equations for the degree of cure. The evolution of
the degree of cure during the UV rheometer test was calculated using Equa-
tions 2| and [3| for the specified temperature and UV light intensity conditions.
This coupling yields several subcurves of the shear storage modulus in the
frequency domain depending on the degree of cure, as shown in Figure[6] In
this graph, it can be seen that as the temperature increases, two conflicting
phenomena occur, similar to those observed in Figure {4 for the photopolymer
sample. The increase in temperature leads to an acceleration of the crosslink-
ing process of the photopolymer, resulting in a higher degree of cure in the
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same period of time. In this case, the photopolymer is expected to reach
a higher shear storage modulus at the end of the higher temperature mea-
surement. It is important to note, however, that increasing temperature also
cause another phenomenon. As the temperature rises, the kinetic energy of
the polymer increases, leading to an increase in the mobility of the polymer
chains. This increased mobility of polymer chains results in a decrease in
the storage modulus. As a result, in the subcurves presented for t = 0 — 250
s, the curves of storage modulus fall within the same range after a certain
time due to these opposite phenomena. Master curves were created by man-
ually shifting these subcurves in the first 50 seconds of these measurements
to perform time-cure superposition similar to the work of Adolf and Martin
[47] and Eom et al. [4§].

The shift factor exponents to the base 10 s, calculated for the measure-
ments performed at different isothermal conditions are presented in Figure [7]
The shift factors are almost independent of temperature up to ¢ = 0.52 in
spite of a spread of values. Eom et al. [48] identified the gelation point at
this value which is not the case here, as the gelation point was identified
previously at g4 = 0.32. This difference can be explained by the nonlinear
effect on the evolution of the shift factors as the degree of cure approaches its
maximum value ¢max(Z,#). In future studies, this point can be rheologically
investigated in order to perform a general and valid material modelling that
takes into account the effect of temperature and ¢yax(Z, #) during UV curing.

In the next step, experimental results at § = 20 °C were selected as an
ideal case to model the degree of cure- and temperature-dependent viscoelas-
tic properties of the material by combining the DMA and UV rheometer mea-
surements. Since the lowest degree of cure tested in DMA in Section
was ¢ = 0.63 which corresponds to the first 40 seconds of the measurement,
a master curve was built from curves up to this value at ¢,.; = 0.53 and
given in Figure [, This master curve shows that as the degree of cure and
frequency increase, the shear storage modulus also increases.
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Figure 4: Evolution of the shear storage modulus G’ with progressing crosslinking in
the photopolymer layer at different isothermal conditions and frequencies (plotted for
t =0 — 250 s for better visualization).
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4. Evolution of the viscoelastic properties after the UV curing re-
action

4.1. Amplitude sweep tests

In this study, the preset of a strain sweep (also called shear strain am-
plitude sweep) was chosen with a controlled shear strain ~o(t) = o sin(wt)
with a constant angular frequency w = 27 f and a variable strain amplitude
increasing with time o = 7o(¢). Strain amplitude tests ranging from 0.01%
to 10% were carried out for specimens with 4 different degrees of cure at a
constant temperature of # = 20 °C and a frequency of f = 1 Hz. For data
acquisition, five data points per decade were distributed evenly using a log-
arithmic rule. The tolerance range of deviation for G’ and G” was selected
+10% around the plateau value according to ASTM D7175 and DIN 51810-2
[49, 50]. In other words, all the dynamic moduli values less than 90% of the
plateau value were assessed to be outside the linear viscoelastic region.

The experimental results of specimens cured at different levels are dis-
played in Figure[d] The damping factors are provided in[Appendix C.1I] This
plot indicates that the storage and loss moduli are independent of the applied
strain amplitude under cyclic loading at small strains for all specimens. Fur-
thermore, as the degree of cure increases, the plateau values increase for the
storage moduli. This difference in moduli is that higher crosslinked material
tends to be harder and stiffer. The storage and loss moduli values remained
within the tolerance value of £10% provided in the test standards, up to
the strain values of 7y = 1.586% for ¢ = 0.63,0.89,0.92 and v, = 1% for
q = 0.96. A nonlinear effect occurs when strains exceed these limiting val-
ues, and the dynamic material properties become strain dependent. When
cured, the PR48 resin becomes a hard and brittle material and presents a
brittle fracturing at strain values greater than 79 = 1.586%. The plateau
values and limiting strain values of the storage and loss moduli in the linear
viscoelastic region are summarized in Table[2] The optimal amplitude should
be chosen smaller than the limiting value (7,,,, = 1%) in order to carry out
the measurements in the linear regime. A value of 79 = 0.1% was chosen
for the temperature and frequency sweep tests in the following sections to
prevent the formation of micro- and macro-cracks throughout the test since
the material is hard and brittle.
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Figure 9: Storage and loss moduli as a function of strain amplitude at f = 1 Hz and

6 = 20 °C for the samples with ¢ = 0.63,0.89,0.92,0.96.

Table 2: Dynamic material properties and limiting value 7,,,, of linear viscoelastic region
obtained as a result of strain scanning of samples with different degrees of cure gq.

q -] G’ [MPa] G" [MPa] 1, [%]

0.63 679.914 £ 22.238 74.982 £ 1.538 1.586
0.89 896.172 £ 11.356 81.064 £ 2.783 1.586
0.92 1120.283 £ 17.117 91.915 + 2.616 1.586
0.96 1204.327 £ 9.773  66.331 £ 2.353 1.001

4.2. Temperature sweep tests

Temperature sweep tests were conducted in the temperature range from
—110 °C to 160 °C for samples with different curing states. At the start of
the experiment, the test chamber was cooled down to —110 °C by applying a
20-minute isotherm to ensure the temperature stability of the sample. Then,
the experiments were run at a heating ramp of 1 °C/min, with a constant
frequency of f = 1 Hz and a strain amplitude of 75 = 0.1%. The viscoelastic
material properties were measured at a data point step every 0.5 °C.

Figure depicts the evolution of the shear storage modulus and the
damping factor, G’ and tan(d), as a function of temperature for samples at

21



438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

various cured states. The distribution of the storage modulus is increasing
with increasing degree of cure, if § > —40 °C. This plot also demonstrates
that the glass transition occurs at a wide range of temperatures, from about
—40 °C to 140 °C. This temperature range has been chosen as the range of
interest for the frequency sweep tests given in the Section [4.3]

Furthermore, an increase in the shear storage moduli of the samples with
g = 0.63 and 0.89 was observed after 140 °C. This increase is due to thermal
curing of free monomers.

All samples undergo a thermal transition before —90 °C and after 60
°C in the glassy state, denoted as (- and a-transition, respectively. The
B-transition temperatures are around 6g = —92 °C, as listed in Table .
On the one hand, it can be stated that the S-transition temperature 04 is
almost independent of the degree of cure ¢ within the curing range of tested
specimens in the DMA. On the other hand, the glass transition temperature

is strongly dependent on the curing and rises with the degree of cure, see
Table 3

~ 1
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Figure 10: DMA thermograms of the cured polymers. Left: storage loss moduli, right:
damping factors as a function of temperature at f = 1 Hz and v = 0.1% at a heating rate
of 1 °C/min for the samples cured at different levels.

4.83. Frequency sweep tests
Frequency sweep tests were carried out for materials in different curing
states for isothermal conditions ranging from —40 °C to 140 °C at certain
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Table 3: Thermal transition temperatures for the samples cured at different levels (64:
[-relaxation temperature, 6,,: glass transition (a-relaxation) temperature).

Degree of cure, ¢ [-] 05 [°C] 6, [°C]

0.63 —924 68.9
0.89 —-914 73.1
0.92 —-914 83.4
0.96 —-914 92.5

intervals. As the slopes of the dynamic moduli are expected to be more pro-
nounced in this temperature range as presented in Figure [L0]as a consequence
of the temperature sweep tests, a 10 °C temperature step was selected to have
better resolution in the range of the thermal transitions. For each isothermal
frequency sweep test, a 10-minute isothermal step was performed to ensure
temperature stabilization of the sample before performing the dynamic test.
The frequency scanning range was 0.01 to 10 Hz, with five measuring points
each decade equally distributed on a logarithmic scale. The applied strain
amplitude was vy = 0.1% for all samples as specified in Section {4.1|

The corresponding results of the shear storage modulus G measured from
isothermal frequency sweeps are shown in Figure [11] for four samples at dif-
ferent curing condition. The shear loss modulus G” isothermal curves as a
function of frequency for all samples are given in [Appendix C.2] It can be
observed that the highly cured samples at low temperatures show almost the
same value of G’'. It can be concluded that further lowering the temperature
for less cured samples leads to the same plateau value of the storage modulus
in the glassy case where we have frequency independent material properties in
the high frequency region (G’ &~ 2000 MPa). The storage modulus begins to
decrease as the temperature rises. At higher temperatures, the shear storage
modulus decreases faster as the degree of cure decreases. Furthermore, the
equilibrium modulus at the highest test temperature reduces with decreasing
degree of cure (0,.x = 140 °C). In addition, the storage modulus increases
after 120 °C for the sample with ¢ = 0.63 and after 130 °C for the sample
with ¢ = 0.89, indicating thermal curing, as we observed after 140 °C in
the temperature sweep test reported in Section [£.2] This is because samples
are likely to begin thermally curing at lower temperatures, provided they
have had sufficient time to reach the activation energy required for molecular
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mobility during isothermal measurements.

The Cole-Cole diagram enables to determine whether a material has a
thermorheologically simple behaviour in order to construct its master curve
by applying the time-temperature superposition principle (TTSP) on the
frequency sweep test results performed at a certain temperature range [51].
Figure shows Cole-Cole curves for four different samples. Cole-Cole di-
agrams appear continuous and smooth for all experimental data and show
that cured PR48 samples are thermorheologically simple in the temperature
range studied.
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Figure 11: Isothermal frequency sweep curves of the shear storage modulus G’ obtained
from the DMA tests of the samples with different degrees of cure ¢ = 0.63,0.89,0.92,0.96.
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Figure 12: Cole-Cole curves (shear storage modulus G’ vs. shear loss modulus G”) of
the samples at different curing states. The measurement results were obtained through
frequency sweep tests (f = 0.01 — 10 Hz) performed at isothermal conditions between —40
°C and 140 °C.

4.4. Time-temperature superposition

The time-temperature superposition principle (TTSP) was applied to the
experimental measurements of the frequency sweep tests in order to achieve
viscoelastic material characteristics over a broader frequency range. This
application allowed for the construction of the master curve using mere hor-
izontal shifts in the experimental data. For each sample with varying degree
of cure, isothermal curves at 6,.; = 20 °C were used as the reference for the
generation of the master curves.

According to the TTSP, frequency sweep curves at lower temperatures
were shifted to higher frequencies and vice versa. The resultant master curves
of all samples at a reference temperature of 6,.; = 20 °C are presented in
Figure

Figure [13] shows the corresponding exponents to the base 10 of the shift
factors for constructing the master curves at the reference temperature 6,5 =
20 °C applying the TTSP. It should be emphasized that no explicit depen-
dence on the degree of cure up to 90 °C was observed. The reason for the
slight difference after 90 °C may result from the test temperature exceeding
the glass transition temperature 6, of the samples obtained by the tem-
perature sweep tests in Section [{.2] Generally speaking, considering the
Cole-Cole curve in Figure [12| and a temperature range chosen away from the
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onset temperature of thermal curing (6,,s.; = 120 °C according to isothermal
frequency sweep experiments), these shift factors can be described with a
single equation based solely on temperature. This key aspect will enable the
time-temperature superposition principle to be represented independently of
the time-cure superposition principle in Section As a result, the WLF
equation was concurrently adapted for all four independent datasets of shift
factors at each reference temperature as follows:

—Cy (0 — 0,cf)
Co+ (6 — O,cy)

where 0 is the temperature of interest, 0,.¢ is the reference temperature cho-
sen to construct the master curve and C; and Cy are the material constants.

The WLF parameters identified are '} = 81.42 and Cy = 595.8 °C at
Oref = 20 °C. The fitting curve obtained using the WLF equation to the
temperature-dependent shift factors calculated at 6,.; = 20 °C is depicted in
Figure [13]

Figure also shows the master curves that were constructed by shift-
ing isothermal curves given in Figure [11| with the shift factors obtained from
the WLF' equation. These curves obtained by the WLF equation were em-
ployed in the material modelling in the next sections to consider the inde-
pendence from degree of cure.

89(0) =

(16)

4.5. Identification of relazation times and stiffnesses at the reference point

In this work, a degree of cure- and temperature-dependent generalized
Maxwell model is proposed to represent the measurement results given in
Section [4.4] for the time-cure superposition to be performed in the next sec-
tion. A schematic representation of a generalized Maxwell model with n
elements as a part of the rheological network is depicted in Figure |C.21]

Depending on the temperature and the degree of cure, the shear storage
G' and the shear loss modulus G” are defined as:

(wAi(6, 9))*
G (w, Gy, \) +; Tt o .q) (17)
" _ - W)‘i(evq)
D P N 1

where G, is degree of cure-dependent equilibrium stiffness, \; are degree
of cure- and temperature-dependent relaxation times, and G; are constant
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Figure 13: Shift factor exponents to the base 10 of time-temperature superposition at
Orer = 20 °C for samples with different degrees of cure (see Figure [C.20) and fitted curve
of these factors using the WLF equation.

stiffnesses for any temperature and degree of cure. The stiffnesses G; and
viscosities n; for each Maxwell element are related to the relaxation time \;
in such a way that: .
=g (19)
The number of Maxwell elements n is chosen as 30. The details of the
selection method can be found in [Appendix C.4.2]

4.6. Time-cure superposition

To account for changes in viscoelastic properties with temperature and
curing, relaxation times \; are defined as a function of shift factors deter-
mined by time-temperature sy and time-cure superposition s, as follows:

(6, q) = AT 107000 (20)

where A/ indicates the relaxation times determined at the given reference
temperature 0,.; and degree of cure gyey.

The results are presented in Figure [I4 This figure compares the mas-
ter curves derived from the experimental findings with the curves simulated
by identifying \;(0,q) and Go(q). In this comparative graph, on the one
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hand, the prediction of material behaviour at high frequencies, i.e. at low
temperatures, showed a good agreement with the experimental data. On
the other hand, especially for samples with lower degrees of cure, it was ob-
served that the representation of the material behaviour was not sufficient as
one goes towards low frequencies, i.e. at high temperatures. These regions,
where the model estimation is weak, correspond to the curves obtained in the
isothermal frequency sweep tests performed above the glass transition tem-
perature 6, in Section It can be deduced that the proposed model does
not provide a suitable estimation after glass transition temperature 6, and
it is recommended not to use the proposed time-cure superposition method
in this region. Moreover, the identified equilibrium modulus G (¢) listed in
Table [4] also indicate a considerable dependence on the degree of cure gq.
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Figure 14: Experimental and simulated master curves at 6,y = 20 °C. After determining
the parameters using the generalized Maxwell model at the reference point ¢..y = 0.96 and
0rey = 20 °C, the time-cure superposition was applied to the curves for ¢ = 0.63,0.89 and
0.92 by shifting the relaxation times \;(6, ¢) with certain shift factors s,(q) (sg(frer) = 0)
using Equation [20]and calculating the equilibrium moduli G (g) depending on the degree
of cure q.
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Table 4: Degree of cure-dependent shift factors s,(¢) and equilibrium moduli G (¢) iden-
tified according to the reference point 6,.y = 20 °C and g,y = 0.96.

q -] s4(q) [-] Gu [MPa]
0.63 —6.551  120.248
0.89 —2.850  139.657

092 —1.764 182.233
0.96 0 189.754

The equilibrium shear modulus depending on the degree of cure, is rep-
resented by the expression presented in [22], 52]:

Goo - Gool exp (Goo2 (q - Qgel)) + GooS (21>

where Goo1, Gooz and G o3 are fitting parameters and g is the degree of cure
at the gelation point (g, = 0.32). The identified fitting parameters are listed
in Table f] As presented in Figure the comparison of experimental
and simulated results for the equilibrium modulus G (q) reveals a good
representation.

Table 5: Identified parameters of the degree of cure-dependent equilibrium modulus G (q)
given in Equation 2]

Parameter G, [MPa] G.o [[] Gos [MPa] R? |-]
Value 0.067 11.01 116.9 0.871

4.7. Time-cure superposition for the entire curing process

To describe the evolution of viscoelastic material properties of the pho-
topolymer during the entire crosslinking reaction, the shift factors from UV
rheometer measurements can be combined with those from DMA measure-
ments. To achieve this, the shift factors of the UV rheometer tests at # = 20
°C given in Figure [7] were vertically and equally shifted downwards to build
a continuous curve with the shift factors obtained from the DMA measure-
ments (see [Appendix D).

Rehbein et al. [23] effectively employed a mathematical formulation to
describe the shift factors obtained for the time-cure superposition, drawing
inspiration from the earlier work of Eom et al. [48]. In this mathematical
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representation, the shift factor is represented as a function of degree of cure ¢
by a linear equation before the gelation point g4, and then, the dependence
of the shift factor on the degree of cure is described by a fitting function as
follows:

Sq1 (4 — dget) + Sqyr q < Ggel
s q = ~ge max — 543 22
Q( ) Sqyer 532 Qgel q:iax_ngel L q> Gyl ( )

where s, , is the shift factor at the gelation point of the photopolymer and
Sqger» Sqls Sq2, and sg3 are dimensionless model parameters to be identified.
Table [6] lists the identified parameters for the entire curing process de-
fined by Equation 22| Figure [I5] displays the fitting results which indicates
that this model equation reveals satisfactory agreement with the shift factors
experimentally obtained by applying the time-cure superposition.

Table 6: Identified parameters of the time-cure shift functions s,(¢) given in Equation

Parameter s, Sq2 843 Sqger

Value []  4.247 1.315 0.696 —10.17

OF T T T T = | E
* UV rheometry (exp)
54(),q < gger "
2r| m DMA (exp) 1
54(9),q > Qgel o
4l
6t

Shift factor exponent, s, [-]

-10 ’x

-12

0 010203040506 070809 1
Degree of cure, ¢ [-]

Figure 15: Representation of the time-cure shift factors calculated by the combination of
UV rheometer and DMA measurement results and fitting curve obtained by the mathe-
matical representation given in Equation @
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5. Polymerization shrinkage

To estimate the chemical shrinkage caused by UV curing, the measure-
ment gap change dgq, of the photopolymer layer over time was recorded
in UV rheometer tests performed in Section [3.1, The temperature values
(0 = 10,20, 30,40, 50, 60 °C) are sufficiently lower than the onset temperature
of thermal curing of the liquid photopolymer (6,,s.: > 165 °C) determined in
the previous study [37]. Therefore, the effect of thermal curing is not involved
in this study. The measurement results for f = 1 Hz were chosen to prevent
dependence on low or high frequency and were motivated by investigations
of chemical shrinkage measurement using UV rheometry [53], 54].

Considering the initial layer thickness dg,,(0) = 500 pm, the linear chem-
ical shrinkage strain in the vertical direction of the liquid photopolymer sam-
ple is expressed as:

ﬁ(t) _ dgap(t) — dgap(o)
L dgap(0)

where the dg,,(t) denotes the evolution of layer thickness over time.

The temporal evolution of linear chemical shrinkage is presented on the
left in Figure [I6] To establish the relationship between curing and chemical
shrinkage, the change in chemical shrinkage with degree of cure, already
calculated in Section [3.2] using Equations [2| and |3, is given on the right side
in Figure[I6] The following model equation is proposed to assess the curing-
induced chemical shrinkage:

%(q, 6) = a (— exp (%) - 1) (24)

where « is a model parameter and () is a model function that depends on
the temperature 6 at which the experiment is performed.

To determine the parameter o and function 3(#) corresponding to 6 dif-
ferent temperatures, the parameters in Equation were identified by the
nonlinear least square method using the 1sgnonlin function embedded
in Matlab [55]. The prediction results using the identified parameters in
Equation are also depicted in Figure (right). To better address the
experimental results, the following equation is suggested for 5(6):

(23)

5(6) = 6 (gﬁ)ﬁ (25)
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where ) and [; are model parameters to be identified and 6y, = 1 °C is merely
utilized to maintain unit consistency. Table [7] contains a list of the identified
parameters for Equations [24] and [25 (see for the details of the
fitting method for 5(#) function).

The experimental evolution and estimation of the shrinkage value are
shown in Figure [16, The shrinkage progresses depending on the degree of
cure until the maximum shrinkage at each temperature is reached during
the UV rheometer test. It can be seen that the approximation using this
exponential function can estimate the evolution of the chemical shrinkage as
a function of the degree of cure and temperature. Furthermore, the maximum
shrinkage value was observed at the highest experimental temperature, i.e.
0 = 60 °C, and was found as (%)max = —0.057. If the material undergoes
isotropic shrinkage due to UV curing, the chemical shrinkage strain is related
to volumetric shrinkage as follows under the assumption of small strains
[56, B7]:

g(q, 0) = %%
0

L
This equation yields the maximum volumetric shrinkage value to (%)max
17.1%. 1If it is considered that the maximum shrinkage value obtained by
fitting the equation in the previous article [37] is around (%)max = 16%),
it can be concluded that approximately similar results can be obtained for
maximum curing carried out under different conditions with different test
methods. In the previous study, although the sample curing and tests were
performed at room temperature, higher degrees of cure were attained as a
consequence of exposure to more and longer UV light energy. Therefore, it
can be said that it is possible to compare these two results and that these

results are similar.

(¢,0) (26)
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Figure 16: Experimentally measured chemical shrinkage at different isothermal conditions
(6 = 10,20, 30,40,50,60 °C) and constant frequency f = 1 Hz using UV rheometer tests.
Left: Evolution with the curing time ¢. Right: Evolution with the degree of cure ¢ and
prediction results obtained by Equations [24] and

Table 7: Parameters of the linear shrinkage function defined by Equations |24] and

Parameter Q 01 [

Value [[]  25x107* 78x1072 2x107*

6. Conclusion and perspectives

This work offers a new perspective on the development of a comprehensive
thermomechanical model required for the prediction of material properties
during and after the photopolymerization reaction by experimental meth-
ods. We focus on the effect of the degree of cure, temperature and frequency
on the viscoelastic properties and chemical shrinkage of the photopolymer
materials. The change of viscoelastic properties and chemical shrinkage due
to the UV light induced-crosslinking progress, the conventional rheometer
consisting of parallel plates was upgraded with an UV light source and ac-
cessories that allow to control the temperature. Thus, time sweeping tests
were performed in the controlled isothermal environment and at constant
frequencies during the UV irradiation. Unfortunately, improvements are still
needed to enhance the quality of the measurements and better integrate them
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into the material modelling to consider the temperature effect during the UV
curing. The measurements, however, revealed the expected qualitative im-
provement of viscoelastic properties during constant UV irradiation. During
these tests, chemical shrinkage due to isothermal condition and curing has
been calculated and a model equation based on these two parameters has
been proposed. The time-cure superposition was applied to the UV rheome-
ter tests carried out at 20 °C to perform material modelling during curing.
DMA measurements of the samples that had been cured beyond the gela-
tion point were performed in order to assess and simulate the viscoelastic
material properties during the whole curing process. Then, the results from
the UV rheometer and DMA were combined and the material modelling was
completed during the whole curing.

The established modelling framework offers a useful insight to design the
photopolymerization-based 3D printed structures, hence improving produc-
tion efficiency and final material properties to produce desired parts. As the
next stage of this study, the viscoelastic material modelling can be extended
by a more generalized time-cure superposition that takes into account the
effect of the maximum attainable degree of cure at different temperatures
and light intensities during curing, and the effect of glass transition tempera-
ture after curing. The future work will involve incorporating those materials
modelling into a finite element (FE) simulation methodology, that couples
the effects of all pertinent mechanisms, to optimize the 3D printing process.
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sn  Appendix A. Modelling of the crosslinking reaction

602 Tables [A 8 and [A.9|list the maximum attainable degrees of cure gy for
603 all measurements and the identified model parameters, respectively.

Table A.8: Temperature- and UV light intensity-dependent maximum attainable degree
of cure gmax(Z,0) for all measurements [37].

Temperature (°C) Z =5 mW/cm? 7= 10 mW /cm?

10

0.635
0.757
0.829
0.893
0.951
0.988

0.742
0.813
0.872
0.918
0.961
0.996

Table A.9: Identified parameters of the model equation for the degree of cure ¢ [37].

Parameter Value Unit Description
Pre-exponential factor of
A 0.135 1/s the first Arrhenius coeflicient
Pre-exponential factor of
A 0.237 1/s the second Arrhenius coefficient
Activation energy of
£y 2003.184  J /mol the first Arrhenius coeflicient
Activation energy of
1% 2005.08  J/mol the second Arrhenius coefficient
m 1.848 - Exponent of the first reaction
n 2.2 - Exponent of the second reaction
b 0.627 Scaling factor of the
‘ B influence of the light intensity
Riot —404.43 J/g  Total specific heat of reaction

s« Appendix B. UV rheometry measurements

695 In Figure the direct measurement results of the rheometer tests are
eos given, including the conditioning period without any UV light being applied
oz for the first 60 seconds.
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Figure B.17: Evolution of the shear storage modulus G’ as a consequence of progressing
UV curing in the photopolymer layer at different frequencies and isothermal conditions.
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Appendix C. Evolution of the viscoelastic properties after the UV
curing reaction

Appendiz C.1. DMA measurements: Amplitude sweep tests - damping fac-
tor

The damping factors measured by DMA for samples at different curing
states are presented in Figure It was observed that the damping factor
decreases as the degree of cure increases.

0.13 = :
* ¢—063 m g—=092
012} g=08) A ¢=096 *
x
— x
011t « X
=
g o1
.
2 0.09 .
Q
& T
20.08tm =
E
< . o
Z 007
A
0.06 . . a4 A
0.05 L -
1071 100

Strain amplitude, v [%)]

Figure C.18: Damping factors as a function of strain amplitude at f = 1 Hz and 6 = 20
°C for the samples with different degrees of cure ¢ = 0.63,0.89,0.92,0.96.

Appendiz C.2. DMA measurements: Frequency sweep tests - shear loss mod-
uli

The loss moduli results measured by DMA for 4 samples with different
degrees of cure are given in Figure The frequency sweep test at differ-
ent isothermal conditions revealed that the loss moduli at low temperatures
were almost independent of the degree of cure. For all samples, the loss mod-
uli decrease with increasing temperature, and this decrease is greater with
decreasing degree of cure.

Using these measurements with storage moduli results, the time-temperature
superposition was applied and Maxwell elements were identified.
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Figure C.19: Isothermal frequency sweep curves of the shear storage modulus G obtained
from the DMA tests of the samples with different degrees of cure ¢ = 0.63,0.89,0.92,0.96.

Appendiz C.3. Time-temperature superposition

Figure[C.20|shows a comparison of the master curves obtained by shifting
the isothermal curves of samples at different curing states (see Figure
using the T'TSP and using the shift factors computed by fitting the WLF
equation given in Equation

38



720

721

722

723

724

10°

>
M o q=063- 55,

Shear storage modulus, G’ [MPa]

r L q=0.63 - sp .|
i . /@2%6/ o q=0.89- g4 i
AAAAAAAAA 7 p ' y 4 ——q=0.89 - sgy,p
' o q=0.92 - sp..
)| g =092 s9,,, | |
10 : s q=0.96- 59, |
L q=10.96 - sgy.r | 1
L 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 ! |
1071 1077 10° 10° 10"

Frequency, f [Hz]

Figure C.20: Comparison of the master curves obtained by shifting the isothermal curves
given for different samples in Figure by applying TTSP and using the shift factors
calculated by fitting the WLF equation given by Equation

Appendiz C.4. Identification of relaxation times and stiffnesses at the ref-
erence point
Appendiz C.4.1. Schematic representation of a generalized Mazwell model
Figure shows a schematic representation of a generalized Maxwell
model with n elements as a part of the rheological network.
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Figure C.21: Rheological network of the proposed model considering the mechanical and
chemical deformations of the photopolymers. Aeq,(6,q) represents the degree of cure-
and temperature-dependent material parameter for the chemical shrinkage. The left part
in which n Maxwell elements are connected in parallel represents degree of cure- and
temperature-dependent the generalized Maxwell model considering viscoelastic deforma-
tions. A spring assumed independent of degree of cure and temperature spring G; and
a degree of cure- and temperature-dependent dashpot 7;(6, q) are connected in series for

each Maxwell element. An additional spring is connected in parallel to represent the equi-
librium modulus G ().

Appendiz C.4.2. Selection of number of Mazwell elements

Before the identification procedure on the master curve selected as a
reference, the relaxation times must be distributed by selecting a set of n
relaxation times evenly spaced on a logarithmic scale, i.e. A\ 1 = a X ;.
The logarithmic step between each relaxation time, denoted by a, can be
calculated from the maximum and minimum relaxation times as follows [5§]:

_—
pr— . 1
¢ ( )\min > (C )

if the relaxation times are distributed far apart, this model tends to yield
a loss modulus G” (or damping factor tan(d)) that exhibits oscillations. By
choosing an appropriate a value that gives the best graphic result with the
least possible oscillation and minimal error avoiding overestimation, the re-
laxation times are distributed in a range corresponding to the frequencies
of the master curve for the identification of (G; consistent with the measure-
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ments.

The reference point (i.e. the master curve of the DMA test) for the
identification of Maxwell elements was chosen as ¢ = 0.96 and 6,.; = 20 °C.
The following objective function was proposed to determine relaxation times
A, stiffnesses GG; and equilibrium modulus G, in the weighted sum method:

/ ali
r = mm Z eacglaé Gszm z‘ + Wy }Gem‘)é Gszm z‘

(C.2)

’L: (e o)

exrp,t | EXTDP, 7 |

where R is the number of regression points, Ge,,; are the experimental shear
moduli at regression point i, G, ; are the simulated shear moduli at regres-
sion point 4, w; and wy are weight parameters selected as w; = wy = 1 for
all identification procedure. Given that the storage modulus in the measure-
ments is about 10 times greater than the loss modulus, this objective function
has the advantage that high and low values have same weight on minimiza-
tion. Maxwell elements were determined using the nonlinear least square fit of
Matlab’s [55] built-in routine, 1sgnonlin, with the Levenberg-Marquardt
algorithm, which minimizes the residual r on the proposed objective function
given in Equation by constraining the algorithm as G;, G, > 0.

To find the optimum number of Maxwell elements, the residual values
corresponding to the various a values were examined as in Figure [C.22] It
has been noticed that using more than 30 Maxwell elements results in overes-
timation, the residual value r of the objective function to reach plateau (see
Figure , and does not reduce the oscillations in the graphical display.
As a result, it was decided to use 30 Maxwell elements in order to minimize
the oscillating nature of the shear loss modulus. Figure [C.23] compares the
measured and simulated shear storage and loss moduli as a consequence of
the identification of the viscoelastic spectrum at the reference point. The
identified Maxwell parameters are listed in Table [C.10f As can be seen,
parameters that have been identified provides fitting globally closer to the
experimental findings.
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Figure C.23: Simulation of the generalized Maxwell model at the reference point 0.y =
20°C and grey = 0.96.
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s Appendiz C.4.3. Identified Mazwell parameters
765 The identified Maxwell parameters are listed in Table

Table C.10: Identified Maxwell parameters at the reference point 0,.y = 20°C and gy =

0.96: stiffnesses G; and relaxation times AJ*.

Stiffness, G; [MPa] Relaxation time, \/*/ [s]

?

1 62.619 1.21E-11
2 26.247 8.05E-11
3 41.013 5.33E-10
4 41.009 3.53E-09
5 38.959 2.34E-08
6 50.239 1.55E-07
7 44.231 1.03E-06
8 63.694 6.82E-06
9 56.284 4.52E-05
10 75.671 3.00E-04
11 74.287 1.99E-03
12 81.196 1.32E-02
13 86.886 8.72E-02
14 90.128 5.78E-01
15 88.696 3.83E-+00
16 93.597 2.54E+01
17 90.477 1.68E+02
18 98.308 1.11E+03
19 91.596 7.39E+03
20 92.698 4.90E+04
21 91.951 3.25E+05
22 83.760 2.15E+06
23 78.426 1.43E+07
24 70.628 9.45E+-07
25 58.337 6.26E+08
26 46.875 4.15E+09
27 33.911 2.75E+10
28 22.485 1.82E+11
29 14.780 1.21E+12
30 6.754 8.01E+12

w6 Appendiz C.5. Time-cure superposition

7 Appendiz C.5.1. Residual analysis

768 The residual value r increases with decreasing degree of cure, as listed in
760 Table [C.11] compared to the reference result at ¢ = 0.96.
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Table C.11: Residual values r between experimental master curves and simulation results
depending on the degree of cure ¢ calculated by Equation @

Degree of cure, ¢ [-] Residual values, r [-]

0.63 0.2599
0.89 0.1547
0.92 0.1492
0.96 0.0644

Appendiz C.5.2. Degree of cure-dependent equilibrium stiffness

Figure presents the comparison of experimental and simulated re-
sults for the equilibrium modulus G (q). It should be noted that this model
is valid for degrees of cure above the gelation point tested in DMA.

250

m ¢=063

q=10.89

® ¢=0.92

¢ ¢=0.96
—Fit

200

Equilibrium stiffness, G, [MPa|

100 : : :
0.6 0.7 0.8 0.9 1

Degree of cure, ¢ [-]

Figure C.24: Degree of cure-dependent equilibrium stiffness G (¢) and fitted curve using
Equation @

Appendix D. Time-cure superposition for the entire curing pro-
cess

To combine the shift findings from UV rheometer measurements with
those from DMA measurements, the shift factors up to ¢ = 0.63 acquired
as a consequence of the UV rheometer tests at § = 20 °C given in Figure [7]
were vertically and equally shifted downwards by 1078 to build a continuous
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Figure D.25: Equally shifting the shift factor exponents to the base 10 s4(g) by —8.5 to
build continuous g — s, curve for the time-cure superposition in the entire curing process
at 6 = 20 °C.

Appendix E. Polymerization shrinkage - 3(0) function

The natural logarithm of the 5(6) function and temperature values were
taken to establish a relationship between function §(#) and temperature 6, as
shown in Figure[E.26] To better address the experimental results, the follow-
ing equation is suggested as a curve-fitting method for the linear relationship
found in the graph:

56) = 6 (g)ﬁ (1)

where 3 and [ are model parameters to be identified and 6y, = 1 °C is
merely utilized to maintain unit consistency. Table [7] contains a list of the
identified parameters for Equations [24] and
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Figure E.26: Curve fitting by the identification of 81 and 3 parameters for 3(#) function:
To begin with, the natural logarithm of the temperature-dependent results of the 3(6)
function obtained from Equation was taken (displayed by blue circles). Then, Equa-
tion [25| was fitted to represent the identified results.
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