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Summary
Stereolithography (SLA) is an additive manufacturing process allowing to produce threedimensional objects built layer-by-layer. The liquid resin used in this process solidifies
by light-activated polymerization. The main advantage of SLA, compared to for instance
injection molding, is the ability to create complex geometries with high accuracy and
spatial freedom. Despite these advantages, typically the final properties of 3D-printed
objects are affected by the intrinsic heterogeneity along the build direction. When a new
layer is deposited on the previous layer and illuminated with UV-light, previous layers
receive additional illumination causing a gradient in mechanical properties. Moreover,
the presence of unreacted molecules in the network further affects the stability of the final
product. Higher UV-light intensity or resins with a low viscosity lead to an increase in
polymerization rate and, as a result, a higher final conversion. The mechanical properties
and performance of the products depend strongly on the conversion achieved. The
influence of process parameters and chemical structure of the liquid resin on the network
structure proves crucial in controlling the final mechanical properties of the product.
Due to the complexity of the SLA process and to better understand what determines the
heterogeneity, single layers of UV-curable polymers are investigated.
Depending on the curing conditions and the chemical structure of the starting liquid,
the structures and the resulting mechanical properties can vary strongly. The goal of
this project is to develop a methodology that enables to study the intrinsic mechanical
properties of thin films, and next use this to study the structure-properties relations in
photo-curable resins. First, a resin composed of a mixture of a single monomer and
photoinitiator is investigated to study the effect of process conditions on the mechanical
properties. Using micro-compression experiments, intrinsic mechanical properties, which
are representative of single layers having different thickness, are determined. A decrease
in yield stress is observed with increasing surface-to-volume ratio of the samples. The
direct consequence is that the mechanical properties depend on feature size. Additionally,
the reaction kinetics of the photopolymerization process are modelled. The effect of
process conditions on the curing mechanism of the resin and relations to mechanical
ix

x

Summary

properties are studied. The incorporation of a second monomer in the photo-curable resin
acts as a diluent and reduces the resins viscosity and increases the molecular mobility
during the reaction. As a result, a polymer with higher crosslink density and higher final
conversion is obtained. The influence of strain, applied during post-curing treatments,
on the glass-transition temperature is found. This phenomenon is studied by means
of dynamic mechanical thermal analysis (DMTA) on samples prepared under different
process conditions. When a strain is applied during thermal post-curing, alignment of the
chains allows further polymerization of dangling and unconverted chains, leading to an
increase in glass-transition temperature.
In this thesis correlations between, on the one hand chemical structure and process
conditions, and the other hand final mechanical properties of single layers of photocurable systems, are established. This allows to control the structure-properties relations
in UV-curing systems under realistic printing conditions.

Chapter 1
Introduction
1.1

Stereolithography (SLA)

In past decades, several additive manufacturing technologies have been developed by
which products are built layer-by-layer with high precision and repeatability. Stereolithography (SLA) is a rapid prototyping technology in which the starting material is liquid
and the solidification occurs by light-activated polymerization. The materials used are
usually photo-curable resins composed of mixtures of monomers and photoinitiator. The
polymerization mechanism is a rather fast chemical process by which small molecules
react to form a polymer network. This makes the photo-curable resin a widely used
material for 3D-printing applications. The UV light is absorbed by the photoinitiator
molecules which decompose into free radicals. Free radicals then react with monomers
to create polymer chains, and hence irreversible network structures are formed.
At the beginning of the photopolymerization, small linear or branched molecules start
to propagate and react. When the molecular weight increases, the viscosity of the
system increases, thereby limiting the molecular mobility. Therefore, the propagation
of the reacting species becomes diffusion controlled, hampering further reaction [1].
This phenomenon, called vitrification, leads to heterogeneous network structures with
entrapped unconverted molecules. The initial viscosity of the resin and the molecular
structure, i.e. molecular weight of the monomers, strongly influence this vitrification
mechanism. For instance, a less viscous resin or monomers with a more flexible
chain will increase the mobility during the polymerization mechanism. Larger mobility
shifts the diffusion-controlled mechanism towards higher conversion, resulting in highly
crosslinked networks and high stability of the polymer.
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During the printing process, when the resin solidifies from the liquid state, volume
shrinkage occurs. This is due to the fact that physical interaction between molecules,
i.e. van der Waals forces, are replaced by chemical bonds, therefore the distance between
molecules reduces. This results in internal stresses in the polymer network. In the SLA
process the products are built layer-by-layer. When a new layer is cured, unconverted
molecules of the previous layer form covalent bonds with the reacting species of the new
layer, allowing strong adhesion between layers. Moreover, the previously solidified layers
experience a pulsed irradiation due to the UV light penetration. This leads to a further
reaction of unconverted molecules. As the light passes through the layers, the intensity
decreases according to Beer-Lambert’s law. Therefore, the curing mechanism that occurs
in the partially-cured layers, will vary between different layers due to the gradient in
light intensity. Heterogeneity and spatial variation of the material properties along the
printed direction will alter the stability and the shape of the final product. In particular,
the inadequate curing along the product thickness causes a gradient in volume shrinkage,
leading to deformation of the printed product, see Fig. 1.1.

Figure 1.1: Deformation caused by inhomogeneous shrinkage of 3D printed multi layers object.

1.1.1

Scope and outline of the thesis

Optimization of the stereolithography process is often done by trial and error methods,
usually studying the properties of printed multi-layered objects. The goal of this thesis is
to investigate the structure-properties relations in single layers of UV-curable resins. This
simplification allows intrinsic material characterization, without considering complicated
interactions between different layers. The influence of process conditions, and the effect
of chemical structure of the resin on the ultimate mechanical properties are investigated,

3
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as schematically presented in Fig. 1.2. The focus of the research is on the link between
mechanical properties and the network structure formed during the curing process. This
study allows to tune the material composition and processing conditions of photo-curable
systems used in the stereolithography process for desired mechanical properties.

mechanical
properties
solvent effect
Chapter 2

Chapter 2,3,4
diluent monomer
TEGDA
Chapter 3

Chapter 2

SLA

acrylate monomer

chemical
structure

layer thickness

UV-curing time
Chapter 2,3,5,6

processing
conditions

strain
Chapter 4

methacrylate
monomer

light intensity
Chapter 5,6

Chapter 5,6

thermal post-curing

pulsed irraditation

Chapter 2-6

Chapter 6

Figure 1.2: Schematic representation of the outline of the thesis.

In Chapter 2 a methodology to characterize UV-cured thin films of acrylate resin
is presented. Micro-compression tests are carried out to characterize the intrinsic
mechanical properties of maximally-cured micropillars. The conditions needed to generate maximally-cured samples are investigated by studying the evolutions of monomer
conversion, glass-transition temperature and yield stress as a function of UV and thermal
post-curing. The effect of sample size on the mechanical properties is presented. The
UV-cured network structure turned out to be strongly dependent on the feature size due to
processing conditions.
Ideally, the resin formulation should have a relatively low viscosity in order to increase
the polymerization rate. The higher final conversion that can be achieved, would help
to reduce the anisotropic properties along the different layers [2]. Chapter 3 focuses
on the effect of molecular mobility and resin formulation on the monomer conversion
and mechanical properties. The influence of incorporating a diluent monomer and
increasing the molecular weight of the acrylate monomer is investigated. The correlations
between the resin formulations and mechanical response of UV-cured acrylate systems are
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established.
In this study, dynamic mechanical thermal analysis (DMTA) is used to characterize the
mechanical properties, i.e. storage modulus and glass-transition temperature, of the
resins. The combined effect of thermal treatment and applied strain that occurs during
a DMTA can influence the final mechanical properties if the polymer has unreacted
molecules in the UV-cured network. In Chapter 4 the influence of strain, applied
during post-curing treatments, on the glass-transition temperature of UV-cured acrylate
systems is discussed. This phenomenon is studied by means of dynamic mechanical
thermal analysis on samples prepared under different processing conditions. It is
demonstrated that the strain-induced polymerization strongly depends on the UV-cured
network structure.
The use of methacrylate, rather than acrylate monomers, leads to polymers with higher
strength and better biocompatibility [2]. A detailed investigation into the effect of
process conditions on the polymerization reactions of UV-cured methacrylate systems
is discussed in Chapter 5. In-situ IR spectroscopy experiments allow to study the curing
kinetics under different process conditions. A model based on the reaction kinetics
is developed to describe and predict the monomer conversion. Additionally, relations
between process conditions and material properties, such as monomer conversion, glasstransition temperature and yield stress, are presented.
The investigation of pulsed irradiation that the resin experiences during the SLA process,
is discussed in Chapter 6. The effect of pulsed irradiation and dark-polymerization on
the mechanical properties of UV-cured methacrylate resin is investigated. An in-situ UVcuring setup is developed to monitor the kinetics during rheology measurements. The
effect of dark-polymerization on the monomer conversion and on the rheological response
is discussed. The developed model described in Chapter 5, is used to predict the effect
of dark-polymerization on the monomer conversion. The rheological behavior is then
compared to the polymerization.
Finally, the main conclusions and recommendations for future research are summarized
in Chapter 7.

Chapter 2
Thin film mechanical characterization
of UV-curing acrylate systems
Abstract
This chapter presents the mechanical characterization of UV-curing acrylate systems.
Micro-compression experiments are carried out to determine the intrinsic mechanical
properties which are representative of one single UV-cured layer. To determine the
right conditions to generate maximally-cured micropillars, the evolution with irradiation
time of monomer conversion, glass-transition temperature and yield stress has first
been studied. Thereto, micrometer-sized pillars and dog-bone shaped samples have
been prepared via UV-curing. Micro-compression measurements on maximally-cured
micropillars are performed to study possible size effects. The results reveal that with
decreasing pillar size, the yield stress decreases. Tensile measurements are performed on
dog-bone shaped samples which have been processed in the same way as compared to the
compression samples. These tensile tests show higher yield stress values when compared
with compression tests. This size effect can be attributed to the rinsing with acetone
during the sample preparation that leads to a removal of monomer from the crosslinked
network. As a consequence, in the real 3D-printing process, the mechanical properties
will depend on the feature size. In conclusion, a method is presented to determine
the mechanical properties of one single layer of material used in the rapid-prototyping
SLA process. The experimental procedure we adopted requires only a few millilitres of
material and, therefore, is well suited for screening materials under real SLA process
conditions.
Reproduced from: R. Anastasio, E.E.L. Maassen, R. Cardinaels, G.W.M. Peters, L.C.A.van Breemen.
Thin film mechanical characterization of UV-curing acrylate systems. Polymer, 150, 84-94 (2018)
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In recent years, several rapid prototyping technologies, commonly known as 3D printing,
have been developed to revolutionize the way in which products are designed, fabricated,
and processed. These techniques are intended to improve the competitiveness, flexibility,
and accuracy of final products and to reduce the lead time of small components and,
mainly, of complex objects [3]. Stereolithography (SLA) is an additive manufacturing
process in which the products are built from a photocurable liquid starting material. The
3D-printer includes a resin bath which contains the photopolymer, a UV-laser beam and a
support platform that can be moved in the height direction. The UV-laser supplies energy
to induce the photopolymerization process, and consequently the irradiated material is
converted into the solid state. The resin is composed of a mixture of monomers and
photoinitiators. The desired pattern is exposed to the UV light that is absorbed by the
initiator, free radicals are formed and the polymerization of the liquid material takes
place [4]. After the first layer is created, the platform moves by the cured-layer thickness
and new layers of resin are added. The final three-dimensional objects are removed
from the platform, cleaned with a solvent and post-curing treatments are carried out
to enhance the final properties. Due to the presence of internal stresses and different
curing levels in each layer, post-curing treatments lead to a disproportionate shrinkage
of the 3D-printed object [5]. The printing process, although apparently simple, is rather
complicated and challenging to understand: the mechanical and thermal properties of
the final product are strictly correlated to the polymerization kinetics of each layer,
homogeneity of the monomer conversion, layer adhesion and environmental conditions.
For instance, common UV-curable resins are known for their high sensitivity to oxygen
inhibition. Decker et al. [6] have carried out experiments on acrylate and epoxy systems,
and revealed that in the presence of air, the conversion is progressively slowing down
because of the inhibitory effect of the atmospheric oxygen on the radical polymerization
of acrylate monomers.
The most straightforward way to study the mechanical properties, life-time expectations
and deformation phenomena in polymers, is to perform tensile or compression tests under
different loading conditions [7, 8], for which millimeter-sized specimens are usually
required. In the SLA process, products are created layer-by-layer and each layer is
of micrometer dimensions. Hence, to study the mechanical properties of a UV-curable
polymer, a multi-layered sample has to be prepared to achieve the desired final thickness
and, due to the SLA process, the final result can be affected by an unequal curing along
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the sample thickness [9]. Therefore, studying properties of one single layer is the first
step to understand the entire process. In particular, to study the intrinsic response of
the UV-curable resin, uniaxial compression tests are required, in which the material is
deformed homogeneously up to a large plastic deformation (70% strain). Compression
is a viable alternative for determination of linear and non-linear mechanical properties,
that entails several advantages over tensile testing. It provides the intrinsic mechanical
response as necking and delocalization are prevented. In addition, compression tests
can easily be performed on small and thin samples. The nano-indentation technique is
generally employed to probe mechanical properties of small amounts of material and it
is largely used for elastic modulus and hardness determination. Moreover, it is used to
perform compression tests on micromachined pillars made of metallic materials, see for
example [10]. Wang et al. [11] proposed the use of the nano-indenter to perform microcompression experiments on focused ion beam (FIB) milled epoxy micropillars. In the
same way, Guruprasad et al. [12] have conducted micro-compression tests on glassy PS
micropillars fabricated by hot embossing. This process by which the pillars have been
prepared, leads to different cooling rates for different pillars sizes, which was shown to
affect the final mechanical behaviour.

We present a methodology to prepare acrylate micropillars via UV-curing on which microcompression is performed by using a nano-indenter. In order to understand whether the
layer thickness affects the properties of the printed product, cylindrical micropillars with
length to diameter ratio 1:1, and diameters ranging from 40 to 80 µm, are fabricated and
tested under uniaxial compression. Although the micropillars diameter range is small, a
glassy polymer can show size-dependent mechanical behaviour at these length scales due
to the intrinsic material heterogeneity. In fact, Wang and Guruprased et al. [11, 12] have
indicated that glassy polymers exhibit intrinsic size effects on the yield strength during
microcompression experiments. Wang et al. [11] have found a significant increase in yield
and fracture strength with decrease in pillar diameter. This effect has been attributed to the
lack of weak bonds in smaller samples. Guruprasad et al. [12] also reported that smaller
pillars show a higher yield stress, that could be attributed to the higher rate of cooling
and non-uniform temperature distribution that occurs during the preparation of smaller
samples. In the present work, a mixture of 3 wt% photoinitiator in bisphenol-diacrylate
monomer is used to fabricate specimens via stereolithography. To study the influence
of the exposure time and post-curing treatments, one-layer thick miniature samples are
required to avoid an inhomogeneous structure along the sample thickness. Therefore, we
have developed an experimental methodology that allows to study the intrinsic mechanical
properties, both in the elastic and plastic deformation regime, by using micropillars
and dog-bone shaped samples. Furthermore, the analysis of the effect of the different
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processing conditions on the material properties provides a better understanding of the
stereolithography process and it can be used for process optimization.

2.2

Materials and methods

2.2.1

Materials

The monomer used for this study is a bisphenol-A-ethoxylate diacrylate (EO/phenol 2,
from Sigma-Aldrich, number average molecular weight Mn = 512 g/mol). An initiator,
2,2-dimethoxy-2-phenylacetophenone (Irgacure 651, from Ciba Specialty Chemicals,
Mn =256 g/mol), is used to generate the free radicals needed to initiate the photopolymerization reaction of the acrylate monomer, see Fig. 5.1. Next to the acrylate, a common
epoxy based material, SU-8 3025 (MicroChem), is used to investigate the reliability of
micro-compression tests.

Figure 2.1: Chemical structure of EO/phenol 2 monomer and of Irgacure 651 photoinitiator.

2.2.2

Preparation of pillars and tensile bars

A UV-curable formulation is prepared by mixing 3 wt% of initiator in the acrylate
monomer with an ultrasonic homogeniser. In this study, a consistent batch of the initial
formulation has been prepared to avoid variations induced by the material composition.
The steps involved in the preparation of pillars and tensile bars are shown in Fig. 2.3a.
To improve the adhesion of the layer on the substrate, and to avoid defects in the final
sample due to the presence of particles, 4-inch silicon wafers are initially cleaned with
acetone and then dried with nitrogen gas. Spin coating is used to dispense the formulation
on the substrate and to obtain a thin homogeneous layer. To prepare one single wafer,
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approximately 3 ml of mixture is spun on the wafer; an initial spinning speed of 500 rpm
for 10 s is used to homogeneously disperse the liquid formulation over the entire surface.
This is followed by a second step to obtain the desired layer with predefined thickness. It
was verified that the spin coating process can be described as the coating of a Newtonian
liquid on a rotating disk [13]:

√
h=

3η0
,
4ρω 2 t

(2.1)

where h is the film thickness, t the spinning time, ρ the liquid density, ω the spinning
speed, and η0 the solution viscosity. Using this model, the final thickness at each spinning
speed can be predicted. The results are reported in Fig. 2.2. The spinning duration is kept
constant and equal to 30 s and the spin speed has been varied from 500 to 1400 rpm.

layer thickness [µm]

250
experiments
model

200
150
100
50
0
200

400

600
800 1000 1200
spinning speed [rpm]

1400

Figure 2.2: Acrylate layer thickness after spin coating: symbols represent measured data,
whereas continuous line represents the model.

The layer of the reactive UV-formulation is then locally UV-cured. Micropillars and
tensile bars (ASTM D638 type1) are prepared by using a photomask. This mask is a
quartz plate with transparent parts that allows UV light to illuminate the sample with a
well-defined pattern. In order to have a direct comparison between micro-compression
and tensile tests, micropillars and dog-bone shaped samples are produced on one single
wafer. A box has been fabricated to create an inert atmosphere that prevents oxygen
inhibition, see Fig. 2.3b. The box is hermetically closed and the top part is made of quartz
to prevent the reduction of the UV light intensity. Once the wafer is placed in the box, the
photomask is fixed in a frame and then aligned on top of the thin liquid layer. The presence
of oxygen in the photo-curable polymer inhibits the propagation and termination reaction
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UV chamber

(a) Glass Substrate
UV light
diffuser

(b) Spincoating with
photopolymer

(c) Exposure to UV with
a photomask in N2
atmosphere

(d) Washing out liquid polymer
to get micropillars

(a)

sample box
N2

photomask

(b)

Figure 2.3: (a) Steps followed for the preparation of micropillars and tensile bars via
stereolithograpy and (b) schematic representation of UV chamber.

of the polymerization process. Therefore nitrogen is flushed for 20 min to create the inert
atmosphere. To better replace the air present in the gap between wafer and photomask,
magnets are used to lift up the photomask from outside while flushing nitrogen. The box
is then placed in the UV-curing chamber and the material is exposed to the radiation of
the LED light (wavelength 365 nm, Honle Group, LED Cube 100 model, Germany). The
light intensity at the sample position is uniform and equal to 7 mW/cm2 , as measured with
a UV-meter.
Significant work has been done to find the optimal process conditions to obtain micropillars. Exposure time governs the shape of the cured micro-structured samples. In general,
a short exposure time leads to formation of structures smaller than the mask openings
due to insufficient exposure. On the other hand, long irradiation creates structures larger
than the mask due to undesired exposure by scattering and reflection of the light in the
regions which should not be photopolymerized [14]. An exposure time of 1.5 s is found
to be suitable to obtain samples with the desired shape. Next, the wafer is removed
from the box, washed with acetone for 90 s to remove the uncured resin and dried with
nitrogen. UV post-curing treatments are carried out in nitrogen atmosphere, at 7 mW/cm2
for different irradiation times, and then thermal post-curing is performed in the oven at
150○ C for 30 min. At this point, tensile bars are carefully peeled off to get free-standing
specimens. The micropillars are ready to be characterized and tested directly from the
wafer.
In order to visualize the final shape and the surface properties, images of UV-cured
micropillars are taken on a Scanning Electron Microscope (Fei Quanta 600F, ESEM)
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for which a gold coating is required to improve the image quality. A confocal microscope
(Sensofar, Optical Imaging Profiler, Plµ 2300) is used to characterize the geometry of
the micropillars. An objective lens of 50X is used to obtain a 3D-optical profile of each
micropillar that is successively processed to obtain the average height and diameter of
the pillar. In this study, all the samples are first UV-cured for 1.5 s and then post-curing
treatments are performed to study the influence of UV and thermal post-curing on the
final properties.

2.2.3

Samples characterization

In order to understand the network structure of the cured acrylates, the first step is the
characterization of the curing kinetics. The degree of conversion is studied to assess
the photopolymerization process and to understand under which conditions maximallycured samples are obtained. The conversion is measured by Fourier transform infra-red
spectroscopy (Spectrum Two FTIR Spectrometer, PerkinElmer) in the range of 4000400 cm−1 . After the photopolymerization, 4 IR-scans are performed to measure the
consumption of the monomer during the reaction. The typical peaks used for the analysis
of acrylate systems are the C=C twist at wavenumber 810 cm−1 , and the C=C stretch
at 1636 cm−1 . In this study the wavenumber 810 cm−1 is used because the absorption
peak is sharp and distinct [15]. The reduction of unsaturated bonds (C=C) indicates the
quantity of chemical bonds modified during the polymerization. To quantify the amount
of monomer consumed, a comparison with the uncured mixture is made. While the
reduction of the peak at 810 cm−1 indicates the progress of the reaction, the absorption
at 829 cm−1 (C=O peak) does not change, which makes it useful as an internal standard.
Therefore, this peak has been taken as reference to calculate the conversion. The degree
of conversion α(t) is obtained by:

A′′

A′′

[ A′′810 ] − [ A810
′′ ]
829

α(t) =
[

A′′

829

0
A′′
810
A′′
829

t

⋅ 100,

(2.2)

]
0

A′′

where [ A′′810 ] and [ A810
′′ ] represent the ratio of the second derivative of the absorption
829

0

829

t

spectra at 810 and 829 cm−1 , before and after UV exposure for time t. Second derivative
spectra are useful to separate the signal from two or more components with overlapping
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peaks and to remove baseline errors [16]. This method is more robust as compared to
using peak heights.
Dynamic mechanical thermal analysis (DMTA) is performed on the tensile bars using
a TA instruments Q800. DMTA analysis is useful for characterizing polymers, since
information on Tg and mechanical properties is obtained from one single experiment. The
samples are heated at constant rate and, while heating, deformed with the same amplitude
at a frequency of 1 Hz, in a temperature range from -50○ C to 150○ C with a heating rate
of 3○ C⋅min−1 , a strain of 0.1% and a preload of 0.01 N, which is in the linear viscoelastic
range. The storage modulus (E’) and loss factor (tanδ) are recorded as a function of
temperature. Assuming simple affine network motion, the crosslink density (ν) of the UVcurable resin is determined by modulus measurements in the rubbery plateau from [17]:

ν=

E′
,
3RT

(2.3)

where the tensile storage modulus (E’) is obtained in the rubber plateau, T is the
temperature in K corresponding to the storage modulus value, and R is the universal
gas constant.
Sol-content measurements are performed by weighing a cured film sample (w0 ) and then
soaking it in the solvent (acetone) for 1 h. The samples are then dried in a vacuum oven
at 40○ C until their weight is constant (w2 ). The sol-content of the cured films is then
calculated as:

Sol − content(%) =

w0 −w2
w0

⋅ 100.

(2.4)

The sol-content thus represents the residual soluble fraction of the photopolymerized
samples.
Nuclear magnetic resonance (NMR) analysis is performed to understand the effect of the
solvent on the crosslinked network. Solutions of acetone with the uncured formulation,
the film cured for 1.5 s, and post-cured for 150 s, are stirred for 90 s. The soluble
residue is redissolved in deuterated chloroform and successively analysed with a Bruker
Advance-III 400 MHz NMR source equipped with a BBFO probe (Bruker, Germany).
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Chemical shifts are reported in parts per million (ppm) referenced to an internal standard
of residual proteosolvent [D]chloroform (δ=7.26 ppm for 1 H relative to tetramethylsilane
as an internal standard).
The molecular weight of the free small-length chains in the UV-cured polymer network
is determined by means of gel permeation chromatography (GPC) after extraction with
a solvent. Therefore, the cured films are stirred overnight in tetrahydrofuran (THF) at
a concentration of 1 mg/ml. The filtered solution is subsequently introduced in a Waters
column equipped with a photo-diode detector and a refractive index detector (Waters 2996
and 2414). A polystyrene calibration curve is used to convert elution time to average
molecular weight.

2.2.4

Mechanical testing

Two loading geometries are used for the mechanical testing procedures. Tensile tests are
performed to study the effect of UV and thermal post-curing on the mechanical properties
of a single layer. Additionally, to study the intrinsic mechanical response of the material
under homogeneous deformation, micro-compression tests are performed on maximallycured micropillars.

Tensile properties
Tensile tests are carried out on dog-bone shaped tensile bars, approximately 80 µm thick,
using a micro-tensile stage (DDS, Kammrath & Weiss GmbH). A load cell of 20 N is used
for all the tests and the load is recorded for elongation rates between 10−5 to 10−3 1/s.

Micro-compression - Nanoindentation
The intrinsic behaviour is characterized by performing uniaxial compression tests using a
Nano-indenter XP (MTS Nano-Instruments, Oak Ridge, TN). The cylindrical micropillars
deform homogeneously into the plastic regime. During a test, load and displacement
are constantly recorded as a flat-ended cone tip (Df lat = 300 µm) is pressed onto the
sample’s surface with a constant speed. The mechanical response of the micropillars with
diameters of 40, 60, and 80 µm has been characterized. All tests have been performed
under displacement control mode at penetration speeds ranging from 1 to 100 nm/s,
corresponding to strain rates from 10−5 to 10−3 1/s.
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2.3

Results and Discussion

To study the intrinsic behaviour of a maximally-cured layer of acrylate resin, we first
characterize the curing kinetics of the material. UV-cured specimens have been prepared
and UV and thermal post-treatments have been performed to study the evolution of the
monomer conversion and the corresponding mechanical properties. Once the conversion
and the glass-transition temperature do not change with time, a maximally-cured material
is obtained. On these samples, micro-compression tests are performed to study the
intrinsic mechanical properties of the system.

2.3.1

Micropillar generation

To characterize the curing kinetics and the mechanical properties representative for one
single layer of acrylate UV-curable resin, proper sample preparation is crucial. The final
shape of the sample is strongly correlated to the exposure time and the oxygen present
in the environment. Free radicals generated during UV-radiation have a very short lifetime and are quenched extremely rapidly if in contact with oxygen [6]. Verification of
this oxygen effect is done by preparing specimens under two different curing conditions:
in an inert atmosphere and air. The sample prepared in air shows a thin layer of
uncured liquid material on top which leads to a reduction of the light intensity; the
photopolymerization rate slows down and, as a consequence, micropillars with smaller
dimensions are observed, see Fig. 2.4.
200
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Z [µm]
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0
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50

100
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Figure 2.4: Confocal microscopy: effect of oxygen inhibition on the micropillars’ geometry.

In order to obtain the desired final shape, all the specimens, micropillars and dog-bone
shaped samples alike, are prepared by irradiating for 1.5 s at an intensity of 7 mW/cm2 .
Next, the samples are cleaned with acetone to remove the uncured resin and successive
post-curing treatments are performed. It should be noted that the pillar diameter is larger
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than the photomask openings due to the camera obscura effect. Although this effect
influences the diameter, the divergent rays of light are not affecting the pillar shape. The
SEM pictures reveal the desired geometry of the micropillars: a smooth surface and a
perfect cylindrical shape are obtained. The contrast visible on the side surfaces of the
pillar, see Fig. 2.5b, is due to the inhomogeneous gold distribution on the surfaces that
occurs during the gold coating.

(a)

(b)

Figure 2.5: (a) SEM images of the array of micropillars and (b) a single micropillar of 80 µm.

2.3.2

Effect of post-processing treatments

Monomer conversion evolution
The photopolymerization reaction leads to the formation of an insoluble 3D-network
that determines the final mechanical properties of the material. Direct information about
monomer consumption during the free-radical mechanism is obtained from Fourier transform infra-red spectroscopy (FTIR) by measuring the intensity of the signal associated
with the vibrations of the acrylate group, see Fig. 5.2a. FTIR analysis on the initial
liquid mixture, UV-cured and post-cured samples is carried out. In particular, samples
first subjected to irradiation for 1.5 s, are tested after UV post-curing of 50, 100, 150 and
200 s and thermal post-curing (TPC ) for 30 min at 150○ C. The peak of the C=C twist of the
acrylate double bond is observed at 810 cm−1 and its evolution for UV and thermally postcured samples is shown in Figs. 5.2b and 5.2c. The peak intensity decreases significantly
after the first UV-irradiation of 1.5 s and with UV post-curing it decreases further but with
a much smaller amount. The peak at 829 cm−1 does not change during the curing process
and, therefore, is considered as an internal standard. The evolution of the reference peak
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Figure 2.6: FTIR spectra: (a) full spectrum, (b) evolution with time of absorbance of C=C twist
of UV-post cured samples, (c) evolution with time of absorbance of C=C twist of
UV and thermally post-cured samples (150○ C for 30 min) and (d) conversion versus
time.

height as function of irradiation is reported in Fig. A2 in the Appendix A. It can be
concluded that this peak is not affected by the reaction because no systematic trend with
irradiation time is observed. The FTIR spectra of samples previously UV post-cured and
successively thermally post-cured are presented in Fig. 5.2c. It can be concluded that a
longer irradiation time leads to an increase of the double-bond consumption, whereas the
thermal post-curing does not longer affect the curing kinetics, since an identical monomerto-polymer conversion is obtained.
The degree of conversion after UV post-curing, calculated as described in Section 2.2.3,
no longer increases when the resin is irradiated for more than 150 s. Thermal postcuring on samples previously UV post-cured does not increase the monomer-to-polymer
conversion, whereas it affects the conversion of the sample UV-cured for only 1.5 s, where
α(t) increases from 51 to 54.6%. This is attributed to the increased mobility of the free
radicals initially trapped within the vitreous network and their ability to further react with
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free monomers or polymerized chains, as presented by Bagis [18]. This effect results to
be more pronounced in case of samples UV cured for only 1.5 s, where a looser network
is formed. Moreover, to confirm the reactivity of the system at higher temperature, the
initial liquid formulation has been tested by a traditional DSC and the results reveal that
at 150○ C the thermally induced reaction occurs. The degree of conversion, shown in
Fig. 5.2d, reaches a final value of 74% because of the vitrification that causes a limited
mobility of the network [19]. The conversion values after various irradiation times are
reported in Table A1 in the Appendix A.
All the tests are performed on dog-bone samples of 80 µm thick and repeated for
three different locations along the length of the tensile bar. The provided data is the
average of these three measurements and the standard deviation is approximately one
percent. Moreover, tests on the top and bottom part of the samples have been conducted
to precisely characterize the monomer conversion and check if a gradient is present
throughout the layer thickness. No gradient is present within the 80 µm thick layer
(Appendix A, Fig. A1).

DMTA results
Dynamic mechanical analysis is carried out on samples which are UV and thermally
cured. The storage and loss modulus, and the glass-transition temperature are determined.
Generally, thermoset polymers have three distinct regions: the glassy region, characterized by a high storage modulus (E’) and low loss factor (tanδ), a glass-transition region
where E’ decreases by a factor of 10-100 and where the loss modulus (E”) and tanδ reach
a maximum, and a rubbery plateau region with a stable storage modulus. The temperature
at which tanδ reaches its maximum is defined here as the glass-transition temperature, Tg .
As an example, the temperature evolutions of E’ for a sample UV cured for 1.5 s and
UV post-cured for 150 s with and without thermal post-curing are reported in Fig. 2.7a.
All the cured samples exhibit the expected response, but the transition region is shifted
to higher temperatures in case of post-treated samples. Previous work has shown that
there is a correlation between the degree of curing and the glass-transition temperature
(Tg ) [20]. The glass-transition temperature of the sample UV-cured for 1.5 s is found to
be 25○ C, implying that a loose rubbery network is formed after the first UV-exposure. For
UV and thermally post-cured specimens, a shift of the glass-transition regime is observed,
therefore, samples with a higher Tg are formed. The evolution of Tg as a function of the
post-irradiation time of samples previously UV-cured for 1.5 s is presented in Fig. 2.7b.
A slight increase in Tg is observed for longer post UV-irradiations and the results suggest
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Figure 2.7: DMTA analysis: (a) the storage and loss modulus of the acrylate resin UV-cured
for 1.5 s and UV and thermally post-cured, and (b) evolution of glass-transition
temperature, Tg , of UV and thermally (150○ C for 30 min) post-cured specimens.

that with 150 s maximally-cured material is obtained. Thermally post-cured samples
show a further increase of Tg . This phenomenon can be linked to a rearrangement of the
3D-network while exposed to high temperature. The higher mobility during thermal postcuring leads to a rearrangement of the crosslinked network to a final more stable structure
with higher Tg .
The storage modulus in the rubbery plateau is used to calculate the concentration of
network crosslinks. A higher value of E’ indicates a higher crosslink density due
to an increase of monomer conversion. This is reflected in the DMTA experiments
performed, see Fig. 2.7a, where the rubber plateau for the sample only UV-cured for
1.5 s is lower than that of the UV and thermally post-cured samples. Here, the crosslink
density increases from 0.88⋅10−3 to 4.3⋅10−3 mol/cm3 respectively for 1.5 s UV-cured
and maximally-cured samples, which is indicative of a highly crosslinked network [17].
Moreover, in accordance with the monomer conversion, see Fig. 5.2d, thermal post-curing
no longer affects the rubbery plateau.
Mechanical properties: tensile tests
To investigate the effect of UV and thermal post-curing on the mechanical response,
tensile tests are performed on the dog-bone shaped samples UV-cured for 1.5 s,
successively UV post-cured at different irradiation times and then thermally post-cured.
The results for the UV post-cured specimens are shown in Fig. 2.8a. Differences in
mechanical response are mainly observed between samples post-irradiated for 50, 100

19

Results and Discussion

60

60
UV 50s
UV 100s
UV 150s
UV 200s

40

50
stress [MPa]

stress [MPa]

50

30
20

40
30
UV 50s + TPC

20

UV 100s + TPC

10

10

0

0

UV 150s + TPC
UV 200s + TPC

0

0.1

0.2
0.3
strain [-]

0.4

0.5

0

0.1

0.2
0.3
strain [-]

(a)

0.4

0.5

(b)
100
UV
UV + T PC

σy [MPa]

80
60
40
20
0
50

100
150
irradiation time [s]

200

(c)
Figure 2.8: Engineering stress as a function of strain for (a) UV and (b) thermally post-cured
samples measured at 23○ C. (c) Evolution with irradiation time of yield stress, σy ,
measured on UV and thermally (150○ C for 30 min) post-cured samples.

and 150 s. After 150 s, the post UV-curing does not affect the mechanical response
any further. This is in agreement with the conversion and glass-transition temperature
results. By comparing Figs. 2.7b and 2.8c, it can be observed that the Tg follows a
similar trend as the yield stress: Tg increases with increasing irradiation time. For this
reason, in the glassy region the storage modulus already starts decreasing below 23○ C for
samples with lower irradiation time. As a result, a lower initial slope and a decrease of
yield stress are observed, see Fig. 2.8a. Moreover, in agreement with Fig. 2.7b, after
thermal post-curing, the stress versus strain results in Fig. 2.8b are the same for all the
samples. The thermal treatment leads to an increase of the glass-transition temperature,
erases the differences caused by previous UV post-curing, and therefore, an increase in
yield stress is observed, as shown in Fig. 2.8c. The difference results from an increase of
chain interactions due to the possibility for radicals to react with a near neighbor during
thermal post-curing, which can further limit the mobility of the network. As demonstrated
in Fig. 5.2d, this small increase in conversion is not detectable by the FTIR analysis,
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because a small change is within the sensitivity of the technique itself. Moreover, with
thermal post-treatment, the network reaches a thermodynamically more stable structure
and, consequently, an increase of both the glass-transition temperature and the mechanical
response are observed.

2.3.3

Intrinsic mechanical response: micro-compression tests

Micro-compression experiments are performed to characterize the intrinsic mechanical
properties. Micropillars are prepared to determine the local mechanical behaviour of
maximally-cured acrylate resin. Uniaxial compression tests are performed on maximally
UV and thermally post-cured micropillars to investigate the material behaviour under
homogeneous deformation by using a flat-ended tip of 300 µm. This geometry can cause
an inexact alignment of the tip with respect to the sample’s surface. In this study the
misalignment is prevented by using a tilt stage, as reported in the work of Pelletier at
al. [21]. At the start of the uniaxial compression test, the pillars are connected to the
wafer substrate and this could induce undesired shear components in the deformation.
However, SEM pictures of the micropillars obtained after compression show that the
cylindrical shape is maintained, without the presence of buckling and distortions, see
Fig. 2.9. This is caused by detachment of the pillars from the substrate due to limited
adhesion strength. Therefore, the load-displacement data are directly converted to true
stress-true strain curves.

(a)

(b)

Figure 2.9: SEM images of (a) an array of compressed micropillars and (b) a detail of
compressive failure of a maximally-cured pillar.

Initially, micro-compression experiments are performed on micropillars with a diameter
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of 80 µm at different deformation rates to investigate the effect of strain rate. Fig.
2.10 shows true stress-true strain curves of micropillars with identical diameter subjected
to several compression speeds. Five independent microcompression experiments have
been performed for each compression speed and the curves are highly reproducible (see
Appendix A Fig. A3). Fig. 2.10 indicates that the compressive yield stress increases with
increasing compression speed. With increasing strain rate, a higher molecular mobility is
required for yielding and this is achieved at a higher stress level.
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Figure 2.10: The true stress versus true strain response of micropillars for different penetration
rates, measured at 23○ C.

The influence of strain rate and temperature on the yield stress can be described using
Eyring’s flow theory [22]:

σy =

kT
2˙ ∆U
),
(ln +
∗
Vd
˙0 RT

(2.5)

where k is the Boltzmann constant, R the universal gas constant, T the temperature in
[K], ˙ the applied strain rate, Vd∗ the activation volume, ∆U the activation energy and ˙0
the rate constant. The dependency on strain rate is defined by kT /Vd∗ . Introducing the
zero-viscosity η0 [23]:

η0 =

σ0
∆U
exp(
),
˙0
RT

(2.6)

and setting ∆U to zero because all the tests are performed at a single temperature, the
yield kinetics is defined as:
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2V
˙ d∗ η0
kT
σy = ∗ ln(
),
Vd
kT

(2.7)

where

σ0 =

kT
.
Vd∗

(2.8)

The experimental results and the description by Eq. 2.7 are shown in Fig. 2.11a. The UV
post-cured and thermally post-cured samples display an identical strain-rate dependence.
The Eyring model describes the results for different post-curing conditions, with one value
for Vd∗ and an increasing zero viscosity for increasing glass-transition temperature, see
Table 2.1.
Table 2.1: Parameter values

V∗d [nm3 ] η0 [Pa⋅s]
Pillars UVpost−curing 150 s
Pillars UVpost−curing 150 s + TP C
Tensile bars UVpost−curing 150 s + TP C

2.2
2.2
2.2

6 ⋅ 1011
20 ⋅ 1012
75 ⋅ 1018

The same fit is made for tensile tests performed at different strain rates on samples
cured under identical conditions. When the evolution of the yield stress is compared
with that from the compression tests, a large unexpected discrepancy appears, see Fig.
2.11b. Both micropillars and tensile bars are prepared on one single silicon wafer to
avoid variations in the material composition. This discrepancy can depend on the process
conditions by which the samples are prepared: the wafer, after the first UV-irradiation, is
cleaned with acetone to remove the uncured part. This solvent will affect the composition
of the cured polymer and this effect can be more pronounced in case of samples with
a larger surface-to-volume ratio. The explanation for the large difference observed
between tensile and compression behaviour for the acrylate system, is sought in size
differences of the samples. To study the size effect, compression tests are performed
on micropillars with diameter and height of 40, 60, and 80 µm. Micropillars with
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smaller dimensions exhibit a drastic change in yield stress and post-yielding behaviour,
see Fig. 2.12. It is evident that smaller micropillars show a reduction of the yield stress
and a decrease in strain hardening. This can be attributed to a lower crosslink density
of the network [24]. Therefore, the higher stress-strain response observed for tensile
experiments, is hypothesized to be caused by differences in the network formed during
the sample preparation. To further verify that the observed differences between tensile
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Figure 2.11: (a) The yield kinetics of UV and thermally post-cured micropillars and (b) the yield
kinetics of micropillars and tensile bars prepared under the same curing conditions:
UV for 150 s and thermal post-curing.

and compression results are indeed material related and not caused by the difference in
characterization technique, the reliability of the nano-indentation technique is investigated
by tests on a common epoxy based material. The micro-compression experiments are
validated with SU-8 3025 photoresist. The reported values for the modulus of SU-8
vary depending upon the process conditions, such as soft-baking time, exposure time,
post baking and hard baking [25, 26]. The yield kinetics and the evolution of the elastic
modulus with strain rates of the tested SU-8 are shown in Fig. A4 in Appendix A. The
modulus values obtained in micro-compression are in accordance with the 2 GPa given in
the manufacturer datasheet of the SU8-3000 series and thus corroborate the reliability of
the micro-compression technique.

2.3.4

Effect of acetone on the final morphology

Sol-content
After a careful analysis of the sample preparation, it was hypothesized that the washing
step, to remove excess monomer, influences the properties. Tests are performed to study
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Figure 2.12: True stress-true strain response of micropillars of 80, 60, and 40 µm at strain rate
of 10−3 s−1 measured at 23○ C.

the amount of soluble residue in the UV-cured network of samples prepared without using
any solvent. Sol-content fraction is determined after the immersion of the cured samples
in solvent (acetone) for one hour. After the initial UV-curing of 1.5 s, the network contains
a remaining 19% of soluble fraction, while with the next UV and thermal post-curing
treatments, this reduces to respectively 9 and 2%. The tests confirm that UV and thermal
post-curing leads to additional reaction of uncured molecules. To obtain a better idea
about the composition of the soluble part, the solvent plus the residue is analysed to
determine whether the remaining components are monomers or photoinitiator molecules.

NMR spectroscopy
To investigate the composition of the washing solvent, specimens UV-cured for 1.5 s and
UV post-cured for 150 s are immersed in acetone for 90 s and the solutions are then filtered
and examined with NMR-spectroscopy, see Fig. 2.13. The results are compared with that
for the pure monomer. Peaks at 6.1-6.5 ppm prove the existence of acrylate double bonds
in the solution, and they are more pronounced in the solution prepared from films UVcured for 1.5 s rather then the ones UV post-cured for 150 s. Moreover, peaks at 7.5-8
ppm are related to presence of photointitiator molecules in the solution. In particular,
the concentration of the soluble material in the washing solvent results to be 21% for
the 1.5 s UV-cured sample and 7% for the UV post-cured sample. These results suggest
that by rinsing the sample with acetone, not only the uncured liquid resin around the
cured features is washed away, but also monomers and photoinitiator are removed from
the crosslinked network. It is known that the resin with a higher monomer conversion
displays a higher glass-transition temperature and yield stress, see Fig. 2.7b and 2.8a.
Therefore, the reduction in yield stress observed in smaller samples, can be related to the
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Figure 2.13: NMR spectra of solutions with monomer (top), washing solvent from film UVcured 1.5 s (middle) and film UV post-cured for 150 s (bottom).

formation of a loose polymer network that might possibly be due to the higher amount of
monomer rinsed from the polymer network per unit volume.

Gel permeation chromatography
The presence of small-length chains in the final crosslinked polymer can explain the role
of post-treatments and the effect of the solvent on the 3D-network. In order to better
understand how the solvent affects the polymer network, GPC analysis is performed on
the soluble content in cured samples extracted with THF. Two UV and thermally postcured films have been prepared: one with a washing step after the first 1.5 s UV-irradiation
and the other one without using any solvent. Fig. 2.14a displays the GPC curves of the
starting mixture, initiator, and monomer. The calculated average molecular weights are
Mw = 1014 and Mw = 120 g/mol, related to retention times of 18.5 and 21 min respectively.
The two values are attributed to the presence of monomers, oligomers, and initiator in
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the formed network. When considering the thermally post-cured samples, no peak at
21 min is observed, therefore no more free radicals are present in the cured polymer,
see Fig. 2.14c. Apparently, even though the monomer-to-polymer conversion values
are identical for UV and thermally post-cured samples, thermal post-curing increases the
network mobility and leads to a further reaction of radicals. The GPC results in Fig.
2.14b indicate that free monomer and oligomers are still present in the polymer network
and the higher peak intensity of samples prepared without solvent, confirms the effect
observed before. When the specimens are cleaned with acetone, molecules of monomer
and photoinitiator are rinsed from the pre-formed network. As a result, GPC tests show a
lower peak intensity for samples treated with solvent because less monomer is present in
the final network.

18
19
time [min]

20

21

22

17.5

18
18.5
time [min]

(a)

19

(b)

signal detector [mV]

150s + TPC solventfree
150s solventfree
150s+ TPC
acetone
150s acetone

20.6

20.8
time [min]

21

21.2

(c)
Figure 2.14: GPC curves for (a) initial liquid mixture, liquid monomer, photoinitiator and
reference solvent (THF), (b) acrylate monomer and (c) photoinitiator spectra for
THF extraction from UV and thermally post-cured films prepared without solvent,
and film cleaned with acetone after 150 s of UV-exposure.

This effect of the solvent is more pronounced when smaller samples with a larger surfaceto-volume ratio are washed with acetone. A larger amount of uncured monomer and
photoinitiator is removed from the UV-cured network and, as a consequence, when the
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sample is post-cured, there are no more free monomers in the network. This results in a
looser crosslinked network and, as a consequence, in lower values of the yield stresses.
This phenomenon can also explain the decrease in strain hardening that appears when
micro-compression tests are performed on smaller micropillars. In case of samples with a
smaller surface-to-volume ratio, the space in the UV-cured network is filled with uncured
monomers. As soon as the sample is UV post-cured, the UV-radiation activates the
photoinitiators and the monomers start to polymerize. A graphical representation of the
formation of the UV-cured network during the entire process is shown in Fig. 2.15.

Figure 2.15: Schematic representation of the formation of the UV-cured network.

2.4

Conclusions

In this chapter, thermal and mechanical characterization of a single layer of UV-cured
acrylate resin is performed. The results provide insight in the effect of process conditions,
i.e. irradiation time and post-curing treatments, and the effect of solvent on the crosslinked
structure. Bisphenol-A ethoxylate diacrylate monomer is used for the preparation of
micron-sized samples via stereolithography. An inert environment and good control of
exposure time are required for the preparation of micropillars and dog-bone shaped tensile
bars. Monomer conversion, glass-transition temperature and yield-stress evolutions are
evaluated as function of UV irradiation time. Post-curing treatments are needed to
complete the photopolymerization process and to achieve ultimate mechanical properties.
Micro-compression tests are performed to characterize the mechanical response under
uniaxial compression of maximally-cured micropillars. Cylindrical samples with diameters of 40, 60, and 80 µm with aspect ratio 1:1 are tested. The measured yield stress
depends linearly on the logarithm of strain rate, which is typical for polymer glasses.
We also analysed the possible size effect on the yield stress. The mechanical response
illustrates that for smaller micropillars the yield stress decreases. Moreover, tensile
tests are performed on dog-bone shaped samples and the results show that, even if the
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samples are prepared under identical curing conditions, a higher yield stress is observed
when compared with compression results. This discrepancy originates from the process
conditions, i.e. the process by which the micropillars have been prepared, required the
use of acetone to remove the uncured resin.
To study the effect of the solvent on the UV-cured network, sol-content analysis is
performed on samples UV cured for 1.5 s and on those UV and thermally treated. The
test confirms that 19% soluble fraction can still be removed from the network UV cured
for 1.5 s. Furthermore, to determine the composition of the soluble part, NMR analysis
is conducted on the washing solvent. The spectra prove the presence of monomer and
photoinitiator in the solution when the sample is treated with acetone. Therefore the
washing protocol leads to a removal of uncured parts from the crosslinked network and
this effect is more pronounced if smaller samples with a higher surface-to-volume ratio are
treated. As a result, compared with solvent-free samples, a more loose network is formed
during post-curing treatments due to the absence of uncured monomer. GPC analysis is
conducted on maximally-cured material and the results prove the presence of monomers,
oligomers, and photoinitiators in the crosslinked network. The curves of samples treated
with solvent show a lower amount of free molecules. Thermal post-curing, compared with
only UV post-curing, increases the network conversion, as observed in the reduction of the
photoinitiator peak. The considerations discussed in this work can be used to understand
the roles of processing parameters involved in the stereolithography process, and mainly
to probe the final mechanical properties representative of one single layer of UV-cured
acrylate resin by using micro-compression in combination with tensile experiments.
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Chapter 3
Structure–mechanical property
relationships in acrylate networks
Abstract
In this chapter the effect of the molecular mobility and resin formulation of UVcurable acrylate systems on conversion and ultimate mechanical properties is investigated.
Thin single layer films are produced from a series of nine mixtures of bisphenol-A
ethoxylate diacrylate, having different molecular weights (BisDAn=2 and BisDAn=4 and
50/50 mixture), with different amounts of tetraethylene glycol diacrylate (TEGDA) (0,
10, 30 wt%). FTIR analysis, tensile and dynamic mechanical tests are carried out on
UV post-cured resins and the results are correlated to the amount of TEGDA. A higher
content of TEGDA gives rise to an increase in glass-transition temperature and final
conversion. Tests on pure BisDAn=2 and mixtures of BisDAn=2 and BisDAn=4 (BisDAn=2+4 )
show that with increasing TEGDA content, the crosslink density increases. An increase
in molecular weight of the acrylate monomer changes the final mechanical properties of
UV-cured products. A material having a rubber behavior is the result of this change.
Next to UV post-curing, the effect of thermal post-curing is studied. The results show
that thermal treatments affect the mechanical properties mainly if the polymer has a low
crosslink density. Correlations between, on the one hand, resin formulation and process
conditions and, on the other hand, the final mechanical properties of UV-cured systems
are established allowing to optimize the structure-mechanical properties relationship in
acrylate networks.
Reproduced from: R. Anastasio, R. Cardinaels, G.W.M. Peters, L.C.A.van Breemen. Structure–mechanical property relationships in acrylate networks. Accepted manuscript J. Appl. Polym. Sci.,
(2019)
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Structure–mechanical property relationships in acrylate networks

Introduction

Stereolithography is one of the rapid-prototyping technologies which is capable of
fabricating parts with complex geometries and good accuracy comparable to many
conventionally machined components [27]. Here, the starting material is a liquid resin
that rapidly solidifies upon irradiation with UV light. The UV-curable resin used in this
process mainly consists of a mixture of monomers with a photoinitiator that is needed
to generate radicals during the photopolymerization. The mechanical properties of the
3D-printed product depend on the degree of cure of the photosensitive resin and on
the homogeneity along the sample thickness. Ferracane et al. [28] studied the effect
of resin formulations on the degree of conversion and resulting mechanical properties
of methacrylate resins. A significant correlation between degree of conversion and
mechanical properties was found. The presence of unreacted monomers can further affect
the stability of the product. In case of medical applications, such as dental restoratives,
the uncured monomers could leach into the body, causing health issues. Therefore,
an increase of monomer-to-polymer conversion would reduce the amount of leaching
monomer and increase the stability of the polymer [29].
Incorporation of a second monomer in the photo-curable formulation is a method to
increase the maximum conversion. The viscosity of the starting formulation plays a
major role herein. Addition of a diluent monomer tends to reduce the viscosity and
to increase the mobility during photopolymerization [28, 30]. The increased mobility
allows the propagation of the reacting molecules to continue for longer times, before
the reaction becomes diffusion-limited [31]. As a result, the final conversion increases
as well. Feilzer et al. [32] have reported that for higher content of a triethylene glycol
dimethacrylate (TEGDMA) diluent monomer in the methacrylate resin (BisGMA), the
reaction slows down due to the lower reactivity of the diluent monomer. Therefore, the
amount of diluent monomer that can be added is limited. Other studies have investigated
the influence of the monomer molecular weight in methacrylate systems [33–35]. The
reactivity and therefore the final conversion, decreases as the number of ethylene glycol
units present in the monomer decreases, due to reduced flexibility [33]. By combining the
monomer and the diluent, the conversion kinetics can be tuned. The resulting mechanical
properties can be strongly affected by the nature of the monomers forming the liquid
formulation. For instance, Asmussen et al. [36] have observed that the diametral tensile
and flexural strength increase when a diluent (TEGDMA) is added into methacrylate
systems (UEDMA and BisGMA).
The effects of chemical structure and presence of diluents on the mechanical properties of
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acrylate monomers have been less investigated [37]. Multi-functional acrylates are known
to polymerize faster than their corresponding methacrylates [38]. Fenoli et al. [37] have
used tetraethylene glycol diacrylate (TEGDA) monomers as diluent in the starting mixture
of BisDA, obtaining thus a high degree of conversion (88%). However, the mechanical
part of their work only dealt with shrinkage stress and stress relaxation. Even though
it is well-known that a diluent allows to enhance the final conversion, its effect on the
resulting mechanical properties of acrylate systems is not yet known. The influence of the
chemical structure of the monomer on the ultimate mechanical properties of UV-cured
thin layer samples is investigated. Bisphenol-A acrylate monomers having two different
molecular weights, BisDAn=2 (Mn =512 g/mol) and BisDAn=4 (Mn =688 g/mol), are mixed
with a diluent monomer, TEGDA, to study the influence on the photopolymerization and
the final mechanical properties. Next, the effect of higher molecular weight monomer
is studied. The relations between, on the one hand the resin formulation and process
conditions and, on the other hand, the ultimate mechanical properties are investigated to
optimize the structure-properties relationship characteristic for acrylate systems.

3.2
3.2.1

Materials and methods
Materials

The materials used for this study are three commercial acrylate monomers supplied by
Sigma-Aldrich. Two bisphenol-A ethoxylate diacrylate monomers, having two different
number average molecular weights namely Mn =512 g/mol (BisDAn=2 ) and Mn =688 g/mol
(BisDAn=4 ), are used. A third monomer, tetraethylene glycol diacrylate (TEGDA), with
Mn =302.32 g/mol, is added as diluent. Nine formulations, two with pure monomers and
seven mixtures of BisDAn=2 , BisDAn=4 and TEGDA are prepared. Their compositions are
shown in Table 3.1. The photoinitiator, 2,2-dimethoxy-2-phenylacetone (Irgacure 651), is
added to each formulation in an amount of 3 wt%. The chemical structures are shown in
Fig. 3.1.

3.2.2

Sample preparation

The UV-curable formulations are prepared by mixing the monomers BisDAn=2 , BisDAn=4
and TEGDA in a sonicator bath for 60 min. Thin layers of the starting liquid formulations
are obtained by using a spin coater. A low spinning speed of 250 rpm for 10 s is used
to initially homogenize the formulation on the silicon substrate. The layer thickness is
kept constant at 80 µm and therefore, in the second step the spinning speed is regulated
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Figure 3.1: Chemical structure of (a) BisDAn and (b) TEGDA monomers, and of (c) Irgacure
651 photoinitiator.

Table 3.1: Composition of the experimental formulations.

formulations

BisDAn=2
BisDAn=4
BisDAn=2+4
BisDAn=2 : TEGDA 90:10
BisDAn=4 : TEGDA 90:10
BisDAn=2+4 : TEGDA 90:10
BisDAn=2 : TEGDA 70:30
BisDAn=4 : TEGDA 70:30
BisDAn=2+4 : TEGDA 70:30

compositions of monomers [wt%]
BisDAn=2

BisDAn=4

TEGDA

100
0
50
90
0
45
70
0
35

0
100
50
0
90
45
0
70
35

0
0
0
10
10
10
30
30
30

according to the viscosity of the different formulations [13]. The predictions of the final
thickness at each spinning speed are reported in Fig. B1 in the Appendix B, and the
values of the spinning speeds used to obtain 80 µm thick layers are reported in Table
B2. The viscosities of the pure monomers, BisDAn=2 , BisDAn=4 and TEGDA, and the
mixtures, are measured using a parallel-plate geometry on a Physica MCR501 (Anton
Paar) rheometer at 22○ C, in a range of shear rates from 1 to 100 s−1 . After spin coating,
the 80 µm thick layer of the starting formulation is UV-cured in an inert atmosphere and,
by using a photomask, dog-bone shaped samples are obtained, as described in Chapter 2.
All the formulations are first UV-cured for 1.5 s at an intensity of 7 mW/cm2 with a LED
light (LED Cube 100 Hönle UV Technologies) to obtain the desired shape. The wafer is
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then washed with a solvent (actetone) for 90 s to remove the uncured resin. The tensile
bars are successively UV and thermally post-cured to obtain maximally cured samples. To
perform UV post-curing, the samples are irradiated at the same light intensity for different
times. Next, thermal post-curing is performed in the oven at 150○ C for 30 min on samples
previously UV post-cured. The specimens (tensile bars) are carefully peeled off from the
wafer and free-standing samples are thus obtained.

3.2.3

FTIR spectroscopy measurements

The degree of double-bond conversion of the formulations during UV-curing is measured
by performing Fourier transform infra-red spectroscopy analysis in reflection mode
(Spectrum Two FTIR Spectrometer, PerkinElmer) in the range of 4000-400 cm−1 .
Absorbance spectra are collected after each irradiation time. The double-bond conversion
is determined by [15]:

A′′

A′′

810
[ A810
′′ ] − [ A′′ ]
829

α(t) =

829

0

t

⋅ 100,

(3.1)

A′′
[ A810
′′ ]
829
0

A′′

A′′

where [ A′′810 ] and [ A810
′′ ] represent the ratio of the second derivative of the acrylate
829

0

829

t

double-bond twist at 810 cm−1 and the internal reference at 829 cm−1 , before and after
UV exposure for time t. All the measurements are repeated at least two times and the
average values are shown. Error bars representing the standard deviation are smaller than
the symbols and therefore omitted.

3.2.4

Mechanical properties

Dynamic mechanical thermal analysis (DMTA) is employed on maximally-cured samples
to study the effect of the chemical structure on the glass-transition temperature and the
crosslink density. The equipment used is a TA instruments Q800 DMA. The tests are
performed on dog-bone shaped samples of about 80 µm thickness and 2.5 mm width.
The samples are tested at a frequency of 1 Hz, in a temperature range from -50○ C to
150○ C with a heating rate of 3○ C/s, a strain of 0.1% and a pre-load of 0.01 N, which
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results in linear viscoelastic behaviour. The glass-transition temperature is defined as the
maximum in tanδ and the crosslink density, ν, is calculated according to [17]:

ν=

E′
,
3RT

(3.2)

where E’ is the storage modulus in the rubbery plateau, R the universal gas constant, and
T the temperature.
Tensile tests are performed on maximally-cured samples to study the effect of the
chemical structure on the tensile behaviour. Room temperature uniaxial tensile tests
are performed on a micro-tensile stage (TST350 Linkam Scientific) equipped with a
20 N load-cell. A Zwick/Roell testing machine equipped with a 1 kN load-cell and an
environmental chamber to control the temperature, is used to perform tensile tests at 0○ C
and -10○ C. The tensile tests, that are performed at a strain rate of 10−3 s−1 , are repeated
at least two times and the average result is shown. Error bars representing the standard
deviation are smaller than the symbols and therefore omitted.

3.3
3.3.1

Results and discussion
Effect of material composition

Viscosity of acrylate formulations
In order to understand the effect of the material composition on the ultimate properties,
the first step is the viscosity measurement of the initial photo-curable formulation. The
viscosity affects the molecular mobility and, therefore, the diffusion of the reactive species
during the photopolymerization process. As a consequence, the degree of conversion
is influenced by the viscosity of the formulation. The viscosity is a function of the
intermolecular interactions between monomers [39]. The presence of the aromatic rings
in the BisDA monomers leads to an increase of the viscosity due to the π-π interactions,
limiting the maximum conversion achievable [40]. The absence of aromatic rings in the
TEGDA monomer reduces the intermolecular interactions. Therefore, the addition of
TEGDA monomers decreases the viscosity of photo-curable formulations [28].
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In Fig. 3.2 the viscosity of the photo-curable formulations is shown as a function of
wt% TEGDA. The viscosity-concentration dependence follows approximately the logadditivity rule [41]. All the formulations exhibit Newtonian behaviour as shown by the
constant value of viscosity as a function of shear rate (see Fig. B2 in the Appendix
B). Formulations consisting of mixtures of BisDAn=2 and BisDAn=4 (BisDAn=2+4 ) show
the highest viscosity, probably due to the higher intermolecular interactions [39]. The
BisDAn=4 formulations show the lowest viscosity, despite their higher molecular weight.
This is related to the lower amount of π-π interactions and the larger flexibility due to
the higher molecular weight of the monomer [33, 40]. As expected, the viscosity is
strongly affected by the chemical composition and the presence of TEGDA monomers
in the photo-curable formulation.

BisD A n=2

viscosity [Pa ∙ s]

10 0

BisD A n=4
BisD A n=2+4

10 -1

0

20
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Figure 3.2: Viscosity of the experimental formulations with different TEGDA concentrations.

Conversion evolution
The monomer-to-polymer conversion of the nine formulations as function of irradiation
time is obtained through FTIR spectroscopy on dog-bone shaped specimens. All the
samples are first UV-cured for 1.5 s and successively UV post-cured for 3, 5, 10, 50,
100, 150 and 200 s. The acrylate C=C twist peak at 810 cm−1 is monitored. The
spectra for the maximally UV post-cured formulations based on pure BisDAn=2 , BisDAn=4
and BisDAn=2+4 monomers are shown in Fig. 3.3a. The peak at 810 cm−1 shows a
shoulder in maximally UV-cured samples, that is related to the amount of C=C double
bonds left. The height of the acrylate peak increases as the average molecular weight
of the monomers decreases. A plausible explanation is that, although the UV-curing
conditions are the same, the total amount of remaining C=C double bonds is higher in case
of lower molecular weight monomer, BisDAn=2 , due to the higher initial concentration

36

Structure–mechanical property relationships in acrylate networks

of reactive groups. Moreover, this effect can be caused by the higher viscosity that
limits the mobility of the network, leading to a maximum conversion value of 74%
with BisDAn=2 formulations. As the polymer vitrifies, the propagation of the reacting
species slows down and polymerization ceases [30]. Fig. 3.3b presents the evolution
of the conversion for formulations of pure BisDAn=2 and mixtures of BisDAn=2 and
TEGDA. The obtained conversion values are 74% for formulations of BisDAn=2 , 77%
for BisDAn=2 :TEGDA 90:10, and 85% for BisDAn=2 :TEGDA 70:30. The presence of
TEGDA leads to a reduction of the initial viscosity, thereby increasing the segmental
movements of the radicals during the initial stage of the photopolymerization [42]. This
increase in mobility promotes the diffusion of the reacting species giving rise to monomerto-polymer conversion. As a result, relatively less unreacted monomer is present in the
final product. In case of formulations based on BisDAn=4 monomers, there is almost
no effect on the final conversion if TEGDA is added. In these systems, the viscosity
does not play a role because a maximum conversion of 95% is already reached without
adding TEGDA to the pure BisDAn=4 monomer, as shown in Fig. 3.3c. Formulations
with BisDAn=2+4 monomers present an intermediate behaviour, see Fig. 3.3d. The overall
final conversion is higher compared to that of the BisDAn=2 formulations. The addition of
TEGDA leads to a slight increase in monomer conversion. The pure BisDAn=2+4 mixture is
characterized by a maximum conversion of 84%, followed by BisDAn=2+4 :TEGDA 90:10
and BisDAn=2+4 :TEGDA 70:30 being, respectively, 84% and 89%.

DMTA results
The results of the thermal-mechanical characterization of maximally cured samples (UV
200 s), performed by DMTA, are shown in Figs. 3.4 and 3.5. The storage modulus
and tanδ measured on maximally UV-cured samples of the pure BisDAn=2 monomer and
mixtures of BisDAn=2 and TEGDA are given in Fig. 2.7a. The storage modulus of the
different formulations shows similar behaviour in the low temperature range. However,
at temperatures above 50 ○ C the rubber plateau increases as the amount of TEGDA
increases. As shown in Fig. 3.3b, the TEGDA content leads to an increase of the final
conversion due to the higher mobility of the monomers, therefore a more crosslinked
network is obtained, as depicted by the higher rubber plateau. The peak of tanδ is
considered as the glass-transition temperature, Tg . The fact that only one clear transition
peak is observed, confirms that the different monomers are miscible on a molecular level.
Moreover, the heterogeneity of the network, determined by the breadth of tanδ [43], seems
not to be affected by the different formulations. The curves show a slight increase of Tg
with increasing TEGDA content (Fig. 3.4a). The same behaviour is observed for UV
maximally-cured samples composed of mixtures of BisDAn=2+4 and TEGDA monomers,
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Figure 3.3: (a) Effect of the molecular weight of the monomer on the residual C=C double bonds
(810 cm−1 ) of UV post-cured (200s) samples . Monomer conversion as function of
the irradiation time for (b) BisDAn=2 , (c) BisDAn=4 and (d) BisDAn=2+4 formulations
with different amounts of TEGDA.

see Fig. 3.4b. Here the samples are characterised by lower values of Tg due to the presence
of the high molecular weight monomer.

Tests performed on specimens with pure BisDAn=4 and mixtures of BisDAn=4 and TEGDA
are not reproducible at temperatures above 30○ C. The samples show failure during the
test in the rubber region, probably due to the presence of small defects on the specimen
that propagate fast in case of a weaker material, see Fig. 3.5a. The evolution of tanδ
as a function of temperature shows the increase of Tg with TEGDA content, see Fig.
3.5b. By increasing the molecular weight of the BisDA monomer, a huge drop in Tg is
observed. A higher molecular weight leads to a more loose structure that results in higher
mobility [44]. An overview of the crosslink densities, ν, and glass-transition values, Tg ,
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Figure 3.4: DMTA results of UV post-cured samples (200s): the storage modulus and tanδ as
function of temperature for formulations consisting of (a) BisDAn=2 and (b) mixtures
of BisDAn=2+4 .

for formulations of BisDAn=2 , BisDAn=2 and BisDAn=2+4 mixed with TEGDA are reported
in Table 3.2.
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Figure 3.5: (a) Storage modulus as function of temperature of pure BisDAn=4 . The dog-bone
shaped specimen is shown in the inset. (b) tanδ of mixtures of BisDAn=4 and
TEGDA.

Tensile behaviour
The influence of the chemical structure of the photo-curable formulation on the mechanical properties is investigated. Tensile tests are performed at room temperature on
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Table 3.2: Crosslink density, ν, and glass-transition temperature,Tg for the UV (200 s) postcured formulations.

0wt%

10wt%

30wt%

ν [mol/m3 ] Tg [○ C] ν [mol/m3 ] Tg [○ C] ν [mol/m3 ]

BisDA n=2
BisDA n=4
BisDA n=2+4

3869
3547

47
14
29

4944
4192

50
15
35

5804
5589

Tg [○ C]

51
18
37

maximally UV-cured (200 s) dog-bone specimens at a single strain rate of 10−3 s−1 . Fig.
3.6a shows the effect of adding TEGDA in BisDAn=2 based systems. The yield stress
is not affected by the TEGDA content, but a different post-yield behaviour is observed.
When increasing the TEGDA amount, the strain hardening clearly rises, which indicates
that the material has a higher network density, as also seen in the DMTA results (Fig.
3.4) [24]. The tensile behaviour of BisDAn=2+4 samples is reported in Fig. 3.6b in
which a similar trend is observed. The low Tg ’s of those samples result in a rubbery
response of the material if tested at room temperature. Therefore, the tensile behaviour
of these formulations is tested below Tg to verify that the rubber behaviour observed
in the mechanical response is only a result of the relative difference between the testing
temperature and the glass-transition temperature. The testing temperatures chosen are 0○ C
and -10○ C respectively for BisDAn=2+4 and BisDAn=4 formulations where the samples are
in the glassy state, see Figs. 3.4 and 3.5. When performing tensile tests at -10○ C (Tg - T ≅
25○ C) on samples based on BisDAn=4 monomer it is found that the mechanical response,
including the yield stress, increases upon increasing the TEGDA content, as shown in Fig.
3.7a. It is evident that even a small amount of TEGDA monomer in the system, strongly
affects the mechanical properties. This means that the presence of monomers with low
molecular weight in a loose network influences the chain interactions, and, therefore, the
stress at which the material starts to flow. The mechanical response of the BisDAn=2+4
samples tested at 0○ C (Tg - T ≅ 25○ C) is shown in Fig. 3.7b. Here, an intermediate
behaviour is observed: the overall mechanical response increases if 10 wt% TEGDA is
added into the system, while further addition leads to a change in the post-yield behaviour,
as observed for BisDAn=2 based samples. Adding a small amount of monomers with low
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molecular weight in BisDAn=2+4 systems, reduces the network mobility and leads to an
increase in Tg and yield stress (see Table 3.2 and Fig. 3.7 ), whereas a higher amount
affects the network structure leading to an increase in crosslinking density.
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Figure 3.6: Stress-strain response for (a) UV post-cured BisDAn=2 samples and (b) UV postcured BisDAn=2+4 samples measured at 23○ C.
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Figure 3.7: Stress-strain response for (a) UV post-cured BisDAn=4 samples and (b) UV postcured BisDAn=2+4 samples measured at -10○ C and 0○ C respectively.
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3.3.2

Effect of thermal post-curing

Conversion evolution
The presence of uncured monomers in the UV-cured networks suggests that further
polymerization of trapped reactive species is possible by giving mobility to the system
[45]. All the samples are first UV post-cured and successively thermally cured for 30
min at 150○ C. The effect of the thermal treatment on the conversion as a function of UV
irradiation time is reported in Fig. B3 in the Appendix B. The final conversion values are
given in Table 3.3 for all the studied formulations. Even if the thermal treatment could
let the trapped reactive species react with their unreacted neighbours, the results, when
compared to the corresponding UV post-cured samples, reveal that the final conversion
is not affected by the thermal post-cure, as shown in Fig. B3 in the Appendix B. The
difference between the given data in Table 3.3 and the final conversion values of UV postcured samples (Fig.3.3) is below 2%, which is within the experimental error, and therefore
not indicated in the table.
Table 3.3: Conversion values for the UV (200s) and thermally (150○ C for 30min) post-cured
formulations. The difference compared to samples only UV post-cured is within the
experimental error (2%).

Conversion [%]

BisDA n=2
BisDA n=4
BisDA n=2+4

0wt%

10wt%

30wt%

74 ± 0.1
93 ± 0.4
86 ± 0.1

78 ± 0.6
93 ± 0.1
84 ± 0.3

84 ± 0.8
95 ± 0.1
88 ± 0.1

DMTA results
In Chapter 2 we showed that thermal post-curing leads to an increase in glass-transition
temperature and, consequently, improved mechanical properties. This effect is mainly
due to a thermodynamically more stable arrangement of the UV-cured network due to
the increment in mobility given by the thermal treatment. Moreover, this increase in Tg
might be partially attributed to the evaporation of small molecules during the thermal
treatment. The molecules act as plasticizer, lowering the glass-transition temperature.
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During the sample preparation, the specimens are washed with solvent (acetone) to
remove the uncured resin, therefore molecules of acetone might still be present in the
network structure. These molecules evaporate when the sample is thermally treated,
leading to an apparent increase in glass-transition temperature. The overall increase in
Tg is most probably a combination of both solvent evaporation and network arrangement
mechanisms. Moreover, analysis on samples dried in the oven (45○ C for 30 min) prior to
DMTA tests, confirms that the evaporation of volatiles does not affect the final network
structure. The storage modulus in both glassy and rubber state remains the same when
DMTA tests on dried samples are compared with the corresponding UV post-cured
samples.
Table 3.4: Glass transition values for the UV (200s) and thermally (150○ C for 30min) post-cured
formulations. Values in brackets represent the difference compared to samples only
UV post-cured.

Tg [○ C]

BisDA n=2
BisDA n=4
BisDA n=2+4

0wt%

10wt%

30wt%

73 (+26)
17 (+3)
35 (+6)

67 (+17)
19 (+4)
37 (+2)

53 (+2)
24 (+6)
38 (+1)

In order to study the chemical formulation dependence and the effect of thermal postcuring on the glass-transition temperature, samples UV and thermally post-cured (30 min
at 150○ C) are examined with DMTA. The Tg values are reported in Table 3.4. Samples
prepared with BisDAn=2 monomers show, as expected, an increase in glass-transition
temperature when subjected to thermal post-curing but this rise in Tg is less visible if the
TEGDA monomer is added to the initial formulation. It has been shown that the presence
of TEGDA in the BisDAn=2 networks leads to an increase in crosslink density (Table 3.2),
thereby limiting the mobility of the network and resulting in a more stable structure. This
result suggests that thermal post-curing does not strongly affect UV-cured samples having
a high crosslink density. On the other hand, tests performed on the samples prepared with
mixtures of BisDAn=4 , BisDAn=2+4 and TEGDA monomers show a slight increase in Tg
as the TEGDA content increases. This behaviour is linked to the looser structure of the
network of these samples that allows the thermal treatment to affect the final mechanical
properties, even at high conversion values.
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Tensile behaviour
Finally, the effect of thermal post-curing on the mechanical properties is examined. When
comparing, for example, the stress-strain curve of maximally UV-cured BisDAn=2 samples
and the one UV and thermally post-cured, a twofold increase in yield stress is observed,
see Fig. 3.8a. This effect is strongly correlated to the increase of the glass-transition
temperature. A strong influence on the large strain response is also observed. Thermally
treated samples are more brittle when compared with the corresponding UV post-cured
samples, therefore the failure occurs at lower strain, see Fig 3.8a. Fig. 3.8b shows the
effect of the thermal post-cure on BisDAn=2 with TEGDA, tested at room temperature.
For all the samples, the yield stress increases after thermal treatment, but the effect is less
strong on samples with higher TEGDA content. These results are in agreement with the
evolution of Tg (Table 3.4). UV and thermally post-cured samples with pure BisDAn=4
and mixtures of BisDAn=2+4 and TEGDA, show a rubber behaviour if tested at ambient
temperature, due to the low values of the glass-transition temperature. For that purpose,
the stress-strain behaviour of thermally post-cured samples is studied by performing
tensile tests well below Tg , where the samples are in the glassy region. Tensile tests
performed at -10○ C on mixtures consisting of BisDAn=4 and TEGDA are reported in Fig.
3.8c. Thermal treatment results in an increase of the mechanical response, independent of
the TEGDA content. From Fig. 3.8d it follows that the effect of the thermal post-curing
on mixtures of BisDAn=2+4 with TEGDA is strongly affected by the TEGDA content.
Samples with higher TEGDA content show a similar behaviour as observed in mixtures
of BisDAn=2 and TEGDA. The cured network is more dense and therefore, the effect of
the thermal post-cure is less.
A schematic representation of the envisioned crosslinked networks is shown in Fig. 3.9.
The network is strongly affected by the chemical structure. By increasing the molecular
weight of the monomer, a looser network is formed. Addition of TEGDA monomers
leads to the formation of a more dense structure and this effect is more pronounced in
case of BisDAn=2 formulations. Thereby, the higher crosslink density limits the mobility
of the network during thermal post-curing, resulting in a more stable structure. An
overview of the mechanical properties of the nine formulations is reported in Fig. 3.10.
DMTA and tensile tests on maximally UV post-cured samples allow us to study the effect
of the chemical structure of the photo-curable formulation on the ultimate mechanical
properties. Figs. 3.10a and 3.10c show the evolutions of glass-transition temperature
and yield stress as function of the TEGDA content for UV post-cured samples. An
increase in Tg with TEGDA content is reported for all sets of samples. The increase
is less pronounced in case of BisDAn=2 samples, where an increase of 4○ C is obtained
when 30 wt% of TEGDA is added in the systems. On the other hand, BisDAn=2+4
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Figure 3.8: (a) Effect of thermal post-curing (150○ C for 30 min) on the stress-strain response
of UV post-cured BisDAn=2 samples. Stress as a function of strain for UV and
thermally post-cured (b) BisDAn=2 , (c) BisDAn=4 and (d) BisDAn=2+4 formulations
with different amounts of TEGDA, measured at 23○ C, -10○ C and 0○ C respectively.

formulations show an increase of 8○ C, see Table 3.2. The TEGDA content has a strong
effect on the yield stress of BisDAn=4 samples. Adding a higher amount of low molecular
weight TEGDA monomers in a loose BisDAn=4 network results in structures with a shorter
distance between the crosslinksas, as shown in Fig. 3.9. This effect influences the chain
interactions, and therefore, the sample needs a higher stress to flow. The effect of thermal
post-curing is summarized in Figs. 3.10b and 3.10d. A decrease in both glass-transition
and yield stress with increasing TEGDA is observed for pure BisDAn=2 samples. The
TEGDA content in the system increases the crosslink density, reducing the mobility of
the network and, therefore, the thermal post-treatment is less effective, see Fig. 3.9.

The yield stress evolutions observed in Figs. 3.10c and 3.10d are the results of tensile
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Figure 3.9: Schematic representation of the crosslinked network structures as a function of the
molecular weight of the monomer, BisDAn , and the TEGDA amount.

tests performed at a testing temperature that keeps the Tg - T ≅ 25○ C. BisDAn=2 and
BisDAn=2+4 formulations show an overlap of the yield stress dependence on the TEGDA
amount for both UV and UV and thermally post-cured samples. This behaviour indicates
that the distance to Tg determines the mechanical response. On the other hand, BisDAn=4
formulations are characterized by a lower mechanical response even if the tensile tests are
performed at the same Tg - T. This confirms that a different polymer network structure is
formed with BisDAn=4 formulations.

This study shows that the ultimate mechanical properties are strongly affected by the
chemical structure of the photo-curable formulations. An increase in molecular weight
of the acrylate monomer can change the properties of the UV-cured product. A
material having a rubbery behaviour is the result of this change. Moreover, when the
BisDA monomer is used with TEGDA, there is an improvement in monomer-to-polymer
conversion and in the resulting ultimate mechanical properties. The effect of thermal
post-curing is strongly dependent on the chemical composition.
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Figure 3.10: Glass-transition temperature (obtained by DMTA) as function of TEGDA amount
for (a) UV post-cured and (b) UV and thermally post-cured samples. Yield stress
evolution (measured at T = Tg - Ttest ≅ 25 ○ C) with TEGDA amount of (c) UV
post-cured and (d) UV and thermally post-cured samples.

3.4

Conclusions

The effect of resin composition of UV-curable acrylate systems on the ultimate mechanical properties is investigated. To improve the molecular mobility during the photopolymerization process, tetraethylene glycol diacrylate (TEGDA) is added as a diluent in
the systems. A systematic set of nine liquid starting formulations based on bisphenol-Aethoxylate diacrylate, having two different molecular weights (BisDAn=2 and BisDAn=4 ),
mixed with TEGDA monomers is characterized. Thin dog-bone shaped samples are
prepared via stereolithography on which the evolution of monomer conversion with
irradiation time has been studied. The monomer-to-polymer conversion depends on the
viscosity of the formulation. With a decrease in viscosity, an increase in conversion is
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observed, which depends on the type of BisDA or the amount of added TEGDA. The
more mobile the monomers, the less tendency for vitrification. As a result the final
conversion is higher. By performing tensile tests and dynamic mechanical tests on UV
post-cured samples, the yield stress and glass-transition temperature are correlated to the
amount of TEGDA. Formulations based on BisDAn=2 show that by increasing the TEGDA
amount, a slight increase in glass-transition temperature is observed, while the yield stress
remains unaffected. In those systems, addition of TEGDA leads to an increase of the
crosslink density, which is confirmed by the increase in strain hardening as observed
in the stress-strain response. BisDAn=4 and BisDAn=2+4 formulations, show a rubber
behaviour if tested at ambient temperature, due to the low glass-transition temperature.
For that purpose, we performed tensile tests well below Tg , where the samples are in
the glassy state. For the higher molecular weight monomer, BisDAn=4 , an increase in
both yield stress and glass-transition temperature is observed with increasing amount of
TEGDA. Formulations based on mixtures of BisDAn=2 with BisDAn=4 and TEGDA show
an intermediate behaviour. Next to UV-curing, the effect of thermal post-curing is studied.
This effect is more pronounced in resins with lower crosslink density. The composites
with BisDAn=2 which are thermally post-cured, show a decrease in yield stress and glasstransition temperature with increasing TEGDA amount. On the other hand, for less dense
networks, the thermal post-curing increases Tg and consequently the yield stress with
an increasing amount of TEGDA. The correlations between molecular mobility in the
resin formulations and mechanical response of the cured resins, allow to tune the material
composition of photo-curable systems used in the stereolithography process for desired
mechanical properties.
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Chapter 4
Strain induced post-curing of
thermosets: a DMTA study
Abstract
The network structure and mechanical properties of photocurable polymers are strongly
dependent on processing conditions. In this chapter we report that highly crosslinked
acrylate systems undergo unexpected additional curing during a dynamic mechanical
thermal analysis when multiple cycles are performed. This results in an increase in glasstransition temperature (Tg ). A detailed study of the conditions under which the shift in Tg
takes place unequivocally shows that a small strain (0.1%) applied at a temperature above
Tg is responsible for the increase in mechanical properties. This effect of strain induced
post-curing is confirmed for samples thermally treated while applying an oscillatory
shear strain. A comparable shift in Tg is observed. Three different acrylate systems are
characterized and the results show that the strain induced post-curing is strictly correlated
to the UV-cured network structure. In polymer networks with a high density, the applied
strain increases the chain mobility and the probability of further reactions between
unconverted or dangling chains. On the other hand, this effect is absent in more loose
networks where the distance between dangling chains is higher. The correlations between
network structure and final mechanical properties are established to further understand
the origin of strain induced post-curing.

Reproduced from: E.E.L. Maassen and R. Anastasio, S. Poto, R. Cardinaels, R.P. Sijbesma, L.C.A.
van Breemen and J.P.A. Heuts. Strain induced post-curing of thermosets: a DMTA study. Submitted to
Polymer, (2019)
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Introduction

Thermosets are highly crosslinked polymers [46], in which the permanent crosslinks form
a molecule with infinite molecular weight [47]. This gives thermosets advantageous
properties such as toughness, high dimensional stability and good solvent and heat
resistance [46]. Although the name “thermo” indicates that the curing reaction is
initiated by temperature, another common curing method for thermosets is with UV
light irradiation. This process is known as photopolymerization [47, 48]. The use of
photopolymerization has several advantages over thermal initiation: the reactions occur
very fast at room temperature and are generally performed without the use of solvents
[49]. Another advantage is that the light-induced reaction gives spatiotemporal control
of the polymerization reaction [50]. Photopolymers are mainly used in applications
such as coatings [51], inks [52], and adhesives [53]. In the past decades, these
polymers are also used in additive manufacturing techniques (commonly known as 3D
printing) for many structural engineering applications. This leads to high demands on
the mechanical properties [54, 55]. Stereolithography is one of the most accurate and
versatile additive manufacturing techniques currently available, and it is entirely based
on photopolymerization [56]. During the printing process, the liquid resin is locally
cured into a solid polymer by irradiation with UV light. The products are usually built
layer-by-layer, therefore when the first layer is printed, a building platform moves in the
vertical plane, and the next layers are printed. Because of light penetration into previously
cured layers, a gradient in conversion occurs in the vertical plane. In order to produce
products with uniform properties, thermal post-curing treatments are often applied [4,57].
This post-curing step can further increase the conversion of photopolymers. Moreover,
when curing a thermoset below the glass-transition temperature (Tg ), vitrification will
occur [58]. Upon vitrification, the partially cured resin is in the glassy state, therefore the
mobility of the polymer chains is reduced. Hence, the radicals still present in the system
are unable to propagate as they are trapped in the glass [43]. When the temperature
is increased above Tg , the chains regain their molecular mobility and polymerization
can proceed, leading to an increase in conversion and crosslink density [59]. Generally
an increase in monomer conversion leads to higher Tg values [60]. Therefore, thermal
treatments on products produced via photopolymerization can strongly affect the final
mechanical properties.

In the course of our study on dynamic covalent bonds in photocured thermosets, the
thermo-mechanical properties of acrylate systems were determined with standard DMTA
measurements [61]. Samples, subjected to multiple heating cycles under small oscillatory
strain, show a shift in Tg , see Fig. 4.1. The goal of this study is to thoroughly investigate
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the origin of this effect. Different systems, each with a different network structure, are
used. A systematic study of the effect of volatile compounds, thermal treatment and small
oscillatory strain on the final Tg is carried out. The relations between network structure
and final properties are established to better understand the origin of the shift in Tg .
1
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Figure 4.1: Three-cycle DMTA result: tanδ as a function of temperature for a UV-cured acrylate
system tested using a frequency of 1 Hz and a strain of 0.1%.

4.2
4.2.1

Materials and methods
Materials

The monomer used for this study is bisphenol-A-ethoxylate diacrylate (EO/phenol)
with two different chain lengths of polyethylene glycol [62]. The shorter chain length
(EO/phenol2, Mn = 512 g/mol) has on average two repeating units of polyethylene glycol
on each side, while the larger molecule has four on each side (EO/phenol4, Mn = 688
g/mol). The photoinitiator used is 2,2-dimethoxy-2-phenylacetonphenone (Irgacure 651).
All chemicals are purchased from Sigma Aldrich and used without further purification.

4.2.2

Sample preparation

The UV-curable resin is prepared by mixing 3 wt% of photoinitiator with the desired
diacrylate monomer. The mixture is sonicated to homogeneously dissolve the initiator
in the viscous monomer. Approximately 3 g of resin is cast on a 4-inch silicon wafer,
and spin coating is used to spread the formulation on the substrate to obtain a 80 µm
thick homogeneous layer (see Chapter 2). The setup used for the sample preparation is
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explained in Chapter 2. Three different samples are prepared, as summarized in Table 1.
Samples referred to as sample n2 and sample n2,s are prepared by using the monomer with
shorter chain length, while the sample n4 is prepared with the higher molecular weight
monomer. The preparation of sample n2,s involves the use of a photomask to obtain dogbone shaped tensile bars, where a solvent (acetone) is used to remove the uncured resin,
as described in Chapter 2. The samples are UV-cured at an intensity of 8 mW/cm2 with a
LED light (wavelenght 365 nm, Hönle Group, Germany). Tensile bars of samples n2 and
n4 are obtained by cutting the UV-cured film with a puncher.
Table 4.1: Conditions for the sample preparation methods.

Sample n2
monomer
spinning speed
UV-curing
washing step
UV post-curing

4.2.3

Sample n2,s

EO/phenol2
EO/phenol2
500 rpm
500 rpm
200 s
1.5 s with photomask
acetone for 90 s
198.5 s without photomask

Sample n4
EO/phenol4
416 rpm
200 s
-

Sample characterization

A Dynamic Mechanical Thermal Analyzer (DMA Q800, TA instruments) with film
tension setup is used to study the thermo-mechanical properties. The samples are tested
using a frequency of 1 Hz and a strain of 0.1%, which is well within the linear viscoelastic
regime. The temperature is equilibrated at -50°C for 10 min, after which it is increased
to 150○ C with a heating rate of 3○ C/min . After reaching the maximum temperature, the
sample is cooled down at the same rate to -50°C and subsequently heated again for the
second cycle. The test in which two of these cycles are performed, is here referred to as
a two-cycle DMTA test. The Tg is defined as the maximum of tanδ. Dynamic thermal
treatments are performed using a DMA Q850 (TA instruments). UV-cured samples are
kept at a constant temperature of 150○ C for 30 min during which an oscillatory strain is
applied (0.1% strain with a frequency of 1 Hz).
The monomer conversion is determined via Fourier-Transform Infrared spectroscopy
(Spectrum One spectrometer, Perkin Elmer) in reflection mode. Spectra are collected
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in 4 scans in the 4000 - 450 cm−1 wavenumber range at room temperature. The sharp and
distinct peak of the CH=CH2 twist of the acrylate at 810 cm−1 is used to determine the
conversion [45], which quantifies the amount of reacted monomers.
Thermal stability studies are performed via thermogravimetric analysis (TGA Q500, TA
instruments). Approximately 10 mg of polymer is heated under nitrogen conditions (flow
60 mL/min) from 26 to 600○ C with a heating rate of 10○ C/min.
Polarized Optical Microscopy (Leica DM2700M microscope with two polarizers, equipped
with a Leica DFC320C camera) is used to study the possible anisotropy of the samples.
Samples are placed at an angle of 45○ between crossed polarizers.
A plate-plate rheometer (MCR 501, Anton Paar), equipped with a custom-made UVcuring setup, is used to study the effect of strain induced post-curing. The bottom plate
is made of quartz, allowing the resin to be irradiated with UV light (bluepoint LED eco,
wavelength of 365 nm, Hönle Group), while the top geometry is a disposable plate with
a diameter of 25 mm. A Peltier temperature-controlled hood (H-PTD 200) is used to
thermally post-cure the sample while performing a rheological test. The resin is placed
on the quartz plate and the gap set between the plates is 0.2 mm. The resin is then flushed
with nitrogen for 10 min and UV-cured for 1.5 s with a light intensity of 8 mW/cm2 .
UV post-curing is carried out for 200 s at the same intensity. The UV-cured sample
is heated by using the temperature-controlled hood and an oscillatory test is performed
while the temperature in the chamber is kept constant at 150○ C. The sample is deformed
at a frequency of 1 Hz with a shear strain of 0.2%, which is in the linear viscoelastic
regime. The samples are carefully removed from the quartz plate and the effect of the
shear induced post-curing on the glass-transition temperature is evaluated by means of
differential scanning calorimetry, DSC (Mettler Toledo DSC823e). Approximately 7 mg
of sample is placed in a pan and heated in the temperature range from -50 to 150○ C with
a heating rate of 10○ C/min for two cycles. The glass-transition temperature is determined
from the second heating curve and it is defined as the temperature at half the height of the
step (midpoint temperature) [63].

4.3

Results and discussion

In order to study the evolution of the glass-transition temperature during thermomechanical tests, two-cycle DMTA tests are performed on samples n2 and n2,s which
are maximally UV-cured (200 s). The evolution of tanδ as a function of temperature is
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shown in Fig. 4.2, in which also the absolute shifts in Tg are presented. For both systems,
a clear shift in Tg is observed, however, the absolute shift is much larger for n2,s sample.
In order to study if this is affected by the testing parameters, the effect of strain amplitude,
frequency and pre-load force is investigated. The results show that these parameters do
not affect the absolute shift in Tg (see Appendix C Figs. C1, C2, and C3). In the DMTA
experiment the sample is subjected to a thermal treatment while applying a strain. To
investigate how this influences the material properties both effects are separately studied.
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Figure 4.2: Two-cycle DMTA results: tanδ as a function of temperature for both UV-cured
systems (sample n2 and sample n2,s). Solid line (-) represents the first-cycle while
dashdotted line (-⋅) represents the second-cycle DMTA.

4.3.1

Effect of solvent

In Chapter 2, we showed that when a solvent is used during the sample preparation,
removal of some polymerizable moieties occurs [45]. Washing away these polymerizable
parts leads to a network with a lower density. In this study, sample n2 only differs from
sample n2,s in the sample preparation; in particular during the preparation of samples
n2,s a solvent is used to remove the uncured resin. To better understand the different
behavior observed in Fig. 4.2, a first study on the effect of solvent on the mechanical
properties and thermal stability is performed. In Fig. 4.3a the TGA data of both samples
are shown. A drop in weight is observed for sample n2,s starting at 44○ C, followed by
a second weight loss at T > 300○ C. The second weight loss is also observed for sample
n2, which corresponds to the degradation of the polymer [64]. The weight loss of about 4
wt% for sample n2,s at lower temperatures is probably due to residual solvent present in
the system. A more detailed calculation of the weight loss is shown in Appendix C, Fig.
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C4.
To determine the contribution of volatiles to the Tg , sample n2,s is first dried for 30 min at
45○ C in the oven, and successively a one-cycle DMTA test is performed. The evolutions
of tanδ as a function of temperature for the UV-cured sample n2,s before and after the
drying step are shown in Fig. 4.3b. The initial Tg increases from 47○ C to 64○ C. This
proves that volatiles still present in the system act as a plasticizer, and artificially decrease
the Tg in the first cycle, giving rise to a larger overall Tg -shift in a two-cycle DMTA tests
as compared to samples prepared without solvent treatment.
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Figure 4.3: (a) TGA curves of both sample n2 and a solvent-treated sample (sample n2,s). (b)
First-cycle DMTA result of sample n2,s UV-cured for 200 s (-) and UV and thermally
treated (45○ C for 30 min) (- -).

4.3.2

Thermal effect

During a DMTA measurement, the samples are subjected to heat treatments. By heating
samples above their Tg , trapped radicals become active and therefore, further curing is
thus obtained [59]. If thermal curing occurs, this will increase the Tg [65]. A thermal
treatment on samples of type n2,s removes all volatiles still present in the system and
increases the Tg by 17○ C, as shown in Fig. 4.3b. To investigate the contribution of a
thermal treatment to the shift in Tg , samples are thermally post-cured prior to DMTA
measurements. In a two-cycle DMTA experiment, the sample is heated twice up to 150○ C
with a heating rate of 3○ C/min, and therefore it is kept at a temperature above 100○ C for
32 min. In order to reproduce this thermal treatment, samples are post-cured in the oven
for 30 min at temperature of 100, 150 and 200○ C. The results show that the temperature
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at which the thermal treatment is performed does not influence the final glass-transition
temperature. (More information about different post-curing temperatures is reported in
the Appendix C, Fig. C5.) In Fig. 4.4, tanδ curves of a two-cycle DMTA experiment
for both UV cured samples and thermally treated samples are shown, and the absolute
values of Tg are presented in Table 4.2. Both samples show the same Tg after the firstcycle DMTA, but a larger ∆Tg is observed for sample n2,s. This is due to the fact that
the solvent molecules still present in the network act as plasticizer, leading to an apparent
lower glass-transition temperature. However, for both sample preparation methods a shift
in the Tg is observed when the samples are thermally post-cured. This can be explained by
the fact that for both systems the conversion increases. For sample n2 the conversion, as
obtained from FTIR measurements, increases from 74% to 80% upon thermally treating
the samples, while for sample n2,s an increase from 84% to 87% is observed. Moreover,
thermal treatment leads to a more thermodynamically stable state as mentioned in Chapter
2. Therefore, the larger ∆Tg observed for n2,s samples is a combination of both effects
above mentioned.
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Figure 4.4: Two-cycle DMTA experiments of UV-cured samples (solid line), and UV and
thermally treated (30 min at 150○ C, dashed line) specimens: (a) sample n2 and (b)
sample n2,s.

The increase in conversion for sample n2,s is smaller due to the difference in network
structure. Upon washing the UV-cured samples, some monomers and/or oligomers are
removed from the sample together with the uncured resin [45]. The resulting polymer
network has a lower density and a lower amount of dangling chains compared to sample
n2. For both samples there is still a change in the mechanical properties observed even
when the are UV and thermally cured before the tests. This indicates that in the DMTA
measurement there must be another effect, besides temperature, contributing to the Tg
shift.
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Table 4.2: Tg values for a two-cycle DMTA experiments of n2 and n2,s samples after UV-curing
and after UV and thermal post-curing (30 min at 150○ C).

Tg 1st cycle [○ C] Tg 2nd cycle ∆Tg
sample n2
sample n2 + thermal
sample n2,s
sample n2,s + thermal

4.3.3

47
53
47
74

64
64
79
79

17
11
32
5

Dynamic thermal treatment

Besides a thermal treatment, during a DMTA test, an oscillatory strain is also applied.
The residual shift in mechanical properties which is not explained by the thermal effect,
must be attributed to some strain effect. By pre-straining samples for 30 min at 150○ C
with an oscillatory strain of 0.1% prior to DMTA measurements, the effect of strain is
investigated. After the dynamic thermal treatment, the samples are measured in the same
two-cycle DMTA test to study the change in properties. If the strain is applied above
the Tg of the material, no change in properties is observed when measuring consecutive
cycles in the DMTA (Fig. 4.5). By pre-straining the sample, the first-cycle is skipped
and immediately the final state is reached. This confirms our hypothesis that the strain is
the second contributor to the observed increase in Tg . By applying a strain above Tg , the
effect of thermal post-curing is enhanced.
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Figure 4.5: Two-cycle DMTA experiments after applying a strain of 0.1% for 30 min at 150○ C
for both sample n2 (black curves) and sample n2,s (blue curves)
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4.3.4

Orientation of polymer chains

We hypothesize that the oscillatory strain above Tg creates additional mobility of the
polymer chains, allowing the radical polymerization to proceed. By applying this strain,
the higher mobility of the polymer network can lead to an orientation of the chains
in the direction of the applied force. This effect is investigated with polarized optical
microscopy, POM. Images recorded on UV-cured and UV and thermally cured samples
n2 do not show any birefringence (Fig. 4.6 (a) and (b)). The same specimen does show
birefringence after it is measured in the DMTA, see Fig. 4.6 (c). This indicates that the
small strain applied during the DMTA experiment is sufficient to create an anisotropy in
the polymer network.
(a)

(b)

(c)

UV-cured

UV + thermally cured

after DMTA

Figure 4.6: POM images: (a) after UV-curing (b) after UV and thermal curing (30 min at 150○ C)
and (c) after a DMTA measurement.

In order to study if the observed anisotropy is a reversible phenomenon, additional POM
images are collected on samples thermally treated (30 min at 150○ C) after a DMTA test.
This thermal treatment increases the chain mobility and relaxes the orientation previously
observed, see Fig. 4.7a III. The same sample is then measured in the DMTA again and
the anisotropy is reformed (Fig. 4.7a IV). The effect of the anisotropy on the mechanical
properties is studied by performing DMTA experiments after the thermal removal of the
alignment. The results are shown in Fig. 4.7b. A perfect overlap with the second cycle
curve is observed. Therefore it can be concluded that the alignment introduced during the
DMTA measurements does not contribute to the increase in Tg .

4.3.5

Effect of chemical structure

In order to study how the network structure affects the observed strain induced postcuring, a second acrylate system is studied. In this system, acrylate monomers with a
higher molecular weight are UV-cured for 200 s in order to obtain a maximally-cured
polymer (see Chapter 3). The resulting polymer network has a lower crosslinking density,
therefore the distance between two connected chains is larger. In Fig. 4.8a, a two-cycle
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Figure 4.7: (a) POM images at 4 different moments, before DMTA, after 1st cycle DMTA, after
alignment removal at 150○ C and after 2nd cycle. (b) Two-cycle DMTA experiment
on sample n2 and a second-cycle test of a sample which has been thermally treated
to remove the alignment between cycles.

DMTA experiment of a UV-cured sample is shown. A small shift of the tanδ peak of
approximately 3○ C is observed. To separate the thermal and the mechanical effect, twocycle DMTA experiments are successively performed on thermally post-cured samples.
The evolution of tanδ is reported in Fig. 4.8b. The thermal treatment affects the first cycle
of the DMTA and leads to an overlapping of the two curves. Hence, the strain applied
does not influence the properties of the network. Only the thermal treatment is sufficient
to erase the shift in Tg . This effect can be explained by the fact that in case of polymer
networks with a lower crosslink density, the probability of two dangling and unreacted
chains to combine, when a strain is applied, is lower due to a bigger distance between
crosslinks.

Polarized optical microscopy (POM) images are taken on the UV-cured sample after a
two-cycle DMTA test. The polymer does not show any birefringence, indicating there
is no alignment present in the system, see Appendix C Fig. C6. This observation again
confirms that in this system, the effect of applied strain is negligible. The hypothetical
explanation on the difference in Tg shift seen between sample n2 and sample n2,s can
now be explained better. In polymer networks with higher density, even a small applied
strain aligns the polymer chains and increases the probability of a further reaction between
dangling chains. On the other hand, in looser polymer networks, i.e. samples that were
solvent-treated or prepared from monomer with a higher molecular weight, the effect of
induced post-curing is less pronounced as the distance between dangling chains is higher.
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Figure 4.8: Two-cycle DMTA experiments of samples n4: (a) UV-cured, and (b) UV and
thermally post-cured for 30 min at 150○ C.

4.3.6

Shear induced post-curing

To verify the effect of strain induced post-curing on the glass-transition temperature in
another deformation mode, samples are in-situ UV-cured in the rheometer. After UVcuring, an oscillatory shear strain at elevated temperature is applied to obtain further
curing. The Tg of the UV-cured sample and rheological strained sample are measured
by means of DSC. The thermograms of the second heating curves are shown in Fig. 4.9.
Here the samples are thermally cured during the DSC heating steps, therefore the shift in
Tg can be only attributed to the stain effect. The Tg for the UV-cured sample is 45○ C, while
after the stain treatment at elevated temperatures, a Tg of 52○ C is measured. This Tg shift
of 7○ C is due to strain-induced post-curing, and is comparable to the strain contribution
observed for samples n2, as reported in Table 4.2. The difference in the shift is due to
the different experimental techniques used to evaluate Tg . Moreover, this result confirms
that also shear strain, together with temperature, leads to a further polymerization and an
increase in Tg . These results confirm that the effects seen previously in DMTA are not an
artifact of this measuring technique but could be reproduced using any form of strain.
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Figure 4.9: DSC curves for samples cured in the rheometer with and without an applied strain.

4.4

Conclusions

The effect of strain induced post-curing is studied on a set of acrylate systems. A shift in
Tg is observed when highly crosslinked samples are measured multiple times in a DMTA
experiment. For the systems investigated, this effect appears to be dependent on the
network structure. Generally, during a DMTA test, samples are subjected to a thermal
treatment while an oscillatory strain is applied. A systematic study on the effect of both
strain and temperature has been presented. For no solvent-treated samples (sample n2)
an increase in conversion is obtained due to the thermal treatment, which leads to an
increase in Tg . For samples produced via a lithographic process (sample n2,s) the thermal
treatment mainly leads to an evaporation of volatiles. The removal of these volatiles from
the polymer network increases the Tg , lowering the absolute Tg shift. For both systems,
the effect of thermal treatment does not fully explain the overall shift in Tg observed in the
two-cycle DMTA results. To study the effect of strain on the glass-transition temperature,
a dynamic thermal treatment is performed prior to DMTA analysis. The results show
no change in Tg when two consecutive cycles are performed. When a strain is applied
at temperatures above Tg , chain mobility is promoted allowing further polymerization of
dangling unreacted chain ends. The effect of the applied strain on the network structure
is studied by using a polarized microscope. The result show an alignment in the strain
direction after a DMTA test. When relaxing this alignment with a thermal treatment and
performing a DMTA test on the same sample, the mechanical properties remain unaltered.
Therefore the alignment does not contribute to the increased Tg . Moreover, in polymer
networks having lower crosslinking density (sample n4), the combined effect of thermal
treatment and applied strain during DMTA experiments, leads to a smaller shift in Tg .
When the crosslink density is smaller, the effect of strain is also reduced due to the larger
distance between crosslinks. In those systems, a small strain is not sufficient to facilitate
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further curing.
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Chapter 5
Characterization of UV-cured
methacrylate networks: from
photopolymerization to ultimate
mechanical properties
Abstract
In this chapter the effect of different process conditions on the material properties of
a single UV-cured layer of methacrylate resin, typically used in the stereolithography
(SLA) process, is assessed. Fourier-transform infra-red analysis is performed to study
the effect of light intensity and initiator concentration on the monomer conversion. A
model is developed based on the reaction kinetics of photopolymerization that describes
and predicts the experimental data. The effect of curing time and light intensity on the
glass-transition temperature is studied. A unique relation exists between conversion and
glass-transition temperature, independent of the light intensity and curing time. Tensile
tests on UV-cured resin show an increase in yield stress with increasing curing time
and a linear relation between glass-transition temperature and yield stress. However, a
lower light intensity leads to a different network structure characterized by lower yield
stress and glass-transition temperature. The correlations between process conditions
and the mechanical properties of UV-cured methacrylate system are established to better
understand the role of processing parameters involved in the SLA process.
Reproduced from: R. Anastasio, W. Peerbooms, R. Cardinaels, G.W.M. Peters, L.C.A.van Breemen.
Characterization of UV-cured methacrylate networks: from photopolymerization to ultimate mechanical
properties. Submitted to Macromolecules, (2019)
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Introduction

In recent years the interest in additive manufacturing (AM) has increased enormously.
The possibility to produce complex geometries without the need for post-processing,
gives tremendous design freedom. This freedom makes AM suitable for numerous
applications. One of the most important AM methods is stereolithography, which was
already developed during the 1970s [4]. Stereolithography (SLA) is a 3D printing
method that uses ultraviolet (UV) light to solidify specific parts of a layer of photocurable
polymers. The SLA technique results in products with a high spatial resolution and low
porosity. Despite these advantages, high shrinkage and poor mechanical properties of
the printed products, limit the use of SLA for load-bearing applications. Optimization of
product quality is often done based on trial and error, due to the lack of understanding
of the effect of process conditions on the mechanical properties. Research has been
done to study the material properties of products produced using SLA and efforts have
been made to improve the quality [5, 59, 66–69]. These studies mainly focused on the
curing characteristics, the effect of uncured monomer trapped in the network, and the
shrinkage of cured products. Additionally, the photopolymerization process has been
modelled to improve the understanding of the reaction kinetics [70–72]. Nevertheless,
improvements can be made by developing better understanding of the polymerization
process, and studying the effect of process conditions on the curing mechanism of the
resin and its relation to mechanical properties. Capturing these relations in a model creates
the possibility to incorporate the influence of processing to obtain ultimate mechanical
properties, without the need for trial and error type of experiments.
In the printing process several parameters influence polymerization reactions and resulting mechanical properties, such as light intensity, irradiation time and initiator
concentration. Lovell et al. [73] have studied the effect of light intensity on the rate of
photopolymerazion, reporting an increase in polymerization rate, and therefore ultimate
conversion, with increasing intensity. Moreover, Nomoto et al. [74] have shown that when
the total dose is kept constant, the curing depth and evolution of monomer conversion are
the same. Miyazaki at al. [75] have found equivalent fracture toughness, flexural strength,
and modulus values for light-cured materials when equivalent doses were applied. Others
have reported a linear relationship between monomer conversion and glass-transition
temperature for dimethacrylate systems [59, 60].
In this chapter, polymerization kinetics and mechanical properties of a methacrylate resin
UV-cured under different process conditions are studied. Single layers of methacrylate
resin are characterized to study how process conditions of resins used in the SLA process
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affect the mechanical properties, without complicated interactions between different
layers. The effect of light intensity, curing time and initiator concentration on the
monomer conversion is studied. A model based on the reaction kinetics is developed
to describe the monomer conversion. The effect of curing time and light intensity on the
glass-transition temperature and mechanical properties are presented as well as relations
between conversion and ultimate properties.

5.2

Modeling of material properties

The models used in this study describe the material properties of the methacrylate
resin including monomer conversion, i.e. kinetics of photopolymerization, as well as a
model linking the monomer conversion to the glass-transition temperature, and a model
capturing the yield kinetics.

5.2.1

Modeling monomer conversion

Modeling the monomer conversion is done by using the kinetics of the photopolymerization reaction [70–72, 76–80].

Reaction scheme of photopolymerization
The photopolymerization follows the reaction scheme shown in Eqs. (5.1) to (5.5) [79,81].
The first step is the decomposition of an initiator molecule (In), creating two free-radicals
(R●). The rate constant of this decomposition is defined as kd .

kd

In Ð→ 2R●

(5.1)

The initiation of a polymer chain (P ●) happens when a free-radical reacts with a monomer
(M ). This polymer chain propagates by reacting with monomer molecules. The rate of
these two reactions is assumed equal and is represented by kp , i.e. the propagation rate
constant.

kp

R ● +M Ð→ P ●

(5.2)
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kp

P ● +M Ð→ P ●

(5.3)

Termination of the polymer chains occurs through either the reaction of a polymer
chain with a free-radical, combination, or disproportionation. For simplicity of the
developed model, combination and disproportionation are modeled in one equation. This
is allowed because the kinetics of crosslinked systems are not affected significantly by the
termination mechanism, in contrast to linear systems for which the molecular weight is
affected [76]. The rate of these termination processes is assumed equal and is represented
by kt , i.e. the termination rate constant.

kt

→ Pdead
P ● +P ● Ð

kt

P ● +R● Ð
→ Pdead

(5.4)

(5.5)

The evolution of species concentrations over time is derived from the reaction scheme,
obtaining the set of differential equations shown in Eqs. (5.6) to (5.10). In this set of
equations [In], [R●], [M ], [P ●], and [Pdead ] are the concentrations of initiator, freeradicals, monomer, growing polymer chains, and dead polymer chains, respectively.

d[In]
= −kd [In]
dt

(5.6)

d[R●]
= 2f kd [In] − kp [M ][R●] − kt [P ●][R●]
dt

(5.7)

d[M ]
= −kp [M ][R●] − kp [M ][P ●]
dt

(5.8)

d[P ●]
= kp [M ][R●] − kt [P ●][R●] − 2kt [P ●]2
dt

(5.9)
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d[Pdead ]
= kt [P ●]2 + kt [P ●][R●]
dt

(5.10)

In which f is the initiator efficiency that describes the amount of radicals initiating a
polymer chain. This set of ordinary differential equations is solved if the initial conditions,
the reaction rate constants, and the initiator efficiency are known.

Determination of reaction rate constants
In order to solve this set of differential equations, the reaction rates kd , kp , and kt have
to be determined. The initiator decomposition rate is determined using a modified BeerLambert law [79] for penetration of light into a medium:

kd = 2.3φI0 exp(−2.3[In]z) (

λ
),
NA hc

(5.11)

with φ the quantum yield of the initiator,  the molar absorptivity of the initiator, I0 the
incident light intensity, z the depth into the material, λ the wavelength of the light, NA
Avogadro’s constant, h Planck’s constant, and c the speed of light.
The propagation and termination rate constants are determined experimentally using FTIR
measurements. A setup is developed to enable in-situ UV-cured the resin on which FTIR
measurements are carried out. Using this setup, the conversion is measured immediately
after illumination of the resin, giving the possibility to obtain information about the
reaction kinetics of the photopolymerization. From these in-situ experiments, the ratio
kp0 /kt00.5 is determined [82]:

kp0
Rp
=
,
0.5
kt0
(φIA )0.5 [M ]

(5.12)

with Rp the initial rate of polymerization, and IA the photon absorption rate. The rate of
polymerization is defined as [82]:

Rp =

dx
[M ]0 ,
dt

(5.13)
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in which x is the monomer conversion determined by FTIR, and [M ]0 is the monomer
concentration in the unreacted resin. The photon absorption rate is determined from the
process conditions and the material properties of the photoinitiator, using [83]:

IA = I0 ⋅

λ
1
⋅ ⋅ (1 − exp−2.3[In]z ) .
NA hc z

(5.14)

Implementing non-constant reaction rates
The reaction rate constants kp and kt are a function of conversion due to the fact that
diffusion can become the limiting factor. At the start of the reaction, the medium consists
of monomer and a small amount of initiator. During the reaction, this composition
changes as monomer is converted to polymer, which increases the viscosity of the
medium, limiting the diffusion of the components to a point where the diffusion becomes
the limiting step in the reaction. Additionally, in crosslinking polymers the network
limits the diffusion of small molecules through the medium even more and prohibits the
diffusion of large polymer chains that are connected to the network.
Anseth and Bowman [84] describe a model which includes the diffusion effects on the
reaction rates with a limited amount of adjustable parameters. This model describes the
reaction rates in good agreement with experimental results [85]. The model includes
reaction diffusion, transition from reaction-controlled to diffusion-controlled reaction,
and volume relaxation. The model expresses the reaction rate constants in terms of the
resistances to reaction:

1 1
1
= + ,
k kr km

(5.15)

with kr the true reaction rate and km the mass transfer limited reaction rate.
Using this approach, the propagation rate is described by [84]:

kp = kp0

1
,
1
1 + exp[B( v1f − vf,cp
)]

(5.16)

in which kp0 is the initial propagation rate constant, B an adjustable parameter, vf
the fractional free volume of the system, and vf,cp the critical free volume at which
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propagation becomes diffusion controlled. The fractional free volume of the system is
described by [84]:

vf = vf,eq +

v − v∞
,
v∞

(5.17)

with v the specific volume, v∞ the equilibrium specific volume, and vf,eq the equilibrium
free volume. The volume relaxation, described in the second term of Eq. (5.17),
is neglected in the implementation of the reaction rates in the model developed; a
consequence of this simplification is that Eq. (5.17) reduces to vf = vf,eq . The equilibrium
free volume is defined as [84]:

vf,eq = 0.025 + αm (T − Tg,m )(1 − φp ) + αp (T − Tg,p )φp .

(5.18)

Here α is the thermal expansion coefficient, Tg the glass-transition temperature, and
φp the volume fraction of polymer. The subscripts m and p refer to the monomer
and polymer, respectively. It is assumed that the fractional free volume at the glasstransition temperature is 0.025, the free volume of the monomer and polymer are ideally
additive, and the free volume varies linearly with temperature above the glass-transition
temperature. The volume fraction of the polymer is directly related to the conversion [84]:

φp =

x(1 − v )
,
1 − xv

(5.19)

with x the monomer conversion and v the volume contraction factor, which is defined
by [86]:

v = x (1 −

ρm
),
ρp

(5.20)

with ρm and ρp the density of the monomer and polymer, respectively.
The termination rate includes the reaction diffusion limitation, which leads to the
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termination rate constant described as [84]:

⎡
⎤−1
⎢ ⎛
⎥
⎞
1
⎢
⎥
⎟
⎥ ,
kt = kt0 ⎢1 + ⎜
⎢ ⎝ R( kp ) + exp[−A( 1 − 1 )] ⎠⎥
⎢
⎥
kp0
vf
vf,ct
⎣
⎦

(5.21)

in which kt0 is the initial termination rate constant, R a proportionality constant, A an
adjustable parameter, and vf,ct the critical free volume at which termination becomes
diffusion controlled. The resistance to translational diffusion is neglected because in a
crosslinking system translational diffusion of the polymer chains is negligible from the
start of the reaction [87].
In order to solve the set of equations, the initiator efficiency f in Eq. 5.7 has to be
determined. The efficiency decreases as function of conversion due to the “cage effect”,
resulting in more recombination of free-radicals [87]. The recombination reaction is
shown in Eq. (5.22). The free-radical pair reacts to form a non-reactive molecule, at
the termination rate for recombination, ktr .

ktr

R ● +R● Ð→ 2Rdead

(5.22)

The recombination process involves the diffusion of small radical molecules in the
reaction mixture. Rather than separately modelling this recombination process, it is taken
into account via a reduction of the initiator efficiency. Therefore, the effect of conversion
on the initiator efficiency is described similar to the propagation rate. Adapting Eq. (5.16)
for the initiator efficiency in Eq. (5.7) leads to:

f=

1
,
1
1 + exp[C( v1f − vf,cf
)]

(5.23)

in which the initiator efficiency at the beginning of the reaction is assumed to be one,
C is an adjustable parameter, and vf,cf is the critical free volume at which the initiator
efficiency becomes diffusion controlled. The adjustable parameters A, B, and C represent
the rate at which the reaction rates and the initiator efficiency decrease with increasing
conversion, which are used as fitting parameters by Anseth and Bowman [84]. In the
present work, these adjustable parameters are taken equal to one (A = B = C = 1) in the
implementation of the model to study the predictive capabilities with respect to changing
process conditions.
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The glass-transition temperature Tg , is linked to the monomer conversion x, using a
model developed by Hale et al. [88]. The most important advantage of this approach
is the use of only one adjustable parameter. This model was adapted from a model
developed by Pascault and Williams [65] and is based on DiBennedetto’s equation
[89, 90]. DiBennedetto’s equation is derived using the principle of corresponding states
with an uncrosslinked polymer as a reference state and relates the shift in Tg to the extent
of reaction for crosslinking polymers using [89]:

x
( Fx )
Tg − Tg0
m − Fm x
,
=
Tg0
1 − (1 − FFmx ) x

(5.24)

in which Tg0 is the glass-transition temperature of the uncured resin, x /m is the ratio
of lattice energies, and Fx /Fm is the ratio of segmental mobilities. The subscripts x and
m denote the crosslinked and uncrosslinked polymers, respectively. In the case of full
conversion (x = 1), Eq. (5.24) gives:

(x /m ) Tg∞
=
,
(Fx /Fm ) Tg0

(5.25)

in which Tg∞ is the glass-transition temperature of the polymer at complete conversion.
Introducing this in Eq. (5.24) and stating that Fx /Fm = λ leads to the model developed by
Pascault and Wiliams [65]:

Tg − Tg0
λx
=
.
Tg∞ − Tg0 1 − (1 − λ)x

(5.26)

Based on Couchman’s approach [91], using entropic considerations, the ratio λ can be
considered as [65]:

λ=

∆Cp∞
,
∆Cp0

(5.27)

in which ∆Cp∞ and ∆Cp0 are the isobaric heat capacities of the polymer at complete
conversion and of the uncured resin, respectively. For systems that do not reach a
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monomer conversion of 100% (x = 1), this model was adapted by Hale et al. [88], which
describes the link between monomer conversion and Tg using:

Tg − Tg0
λ′ x′
=
,
TgM − Tg0 1 − (1 − λ′ )x′

(5.28)

in which TgM is now the glass-transition temperature of the polymer at the maximum
monomer conversion of the resin studied. The correction for incomplete conversion in x
and λ is done using:

x′ =

∆CpM
x
, and λ′ =
,
xM
∆Cp0

(5.29)

respectively, where the subscript M denotes maximum conversion of the resin, and
subscript 0 denotes the uncured resin. The conversion as a function of glass-transition
temperature is determined using λ′ as a fitting parameter.

5.2.3

Yield kinetics

To describe the rate and temperature dependence of the yield stress calculated from
tensile measurements, the Eyring’s activation flow theory is used [22]. The yield stress as
function of temperature and strain rate is described by:
σy (,
˙ T) =

kT
˙
∆U
sinh−1 ( exp (
)),
∗
V
˙0
RT

(5.30)

where V∗ is the activation volume, ˙0 the rate factor, ∆U the activation energy, R the
universal gas constant, k the Boltzmann’s constant and T the absolute temperature.

5.3
5.3.1

Materials and methods
Materials

In this work a methacrylate monomer, bisphenol-A-ethoxylated dimethacrylate (SR540,
Mn =572 g/mol), supplied by Sartomer, Arkema Group, and a photoinitiator, 2,2dimethoxy-2-phenylacetophenone (Irgacure 651, Mn =256 g/mol) are used. The chemical
structures are shown in Fig. 5.1. The photoinitator is added in powder form in an amount
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of 0.3 and 3 wt% and dissolved into the monomer by sonication to create the UV-curing
resin.

H3C CH3
O

H2 C

O

O
2

O

O

CH2

2

O
O
O
O

Figure 5.1: Chemical structure of SR540 monomer and of Irgacure 651 photoinitiator.

5.3.2

Sample preparation

The UV-curing resin is applied on a silicon wafer and a spin coater is used to obtain a
homogeneous layer with a defined thickness. A spinning speed of 357 rpm for 30 s is used
to obtain a layer thickness of approximately 100 µm. The resin is then UV-cured in an
inert atmosphere to avoid oxygen inhibition as described in our previous study [45]. A first
irradiation of 1.5 s is done to obtain the desired dog-bone shaped samples. The samples
are cured under UV light intensities ranging from 2 to 59 mW/cm2 . Next, the uncured
resin is washed for four minutes in ethanol and dried with nitrogen. UV post-curing at
the same intensities is subsequently performed in an inert atmosphere for different curing
times. Thermal post-curing is eventually done in an oven at 150○ C for 30 min.

5.3.3

Material characterization

The monomer conversion is determined using Fourier transform intra-red spectroscopy
analysis (Spectrum Two FTIR Spectrometer, PerkinElmer), equipped with an ATR
module. FTIR measurements are performed in the range of wavenumbers from 4000 to
400 cm−1 while intermittently curing the resin in-situ. A box has been fabricated to create
the inert atmosphere needed during the photopolymerization reaction [45]. A portable
LED UV-lamp is connected to a controller (bluepoint LED eco, Hönle UV Technologies)
and fixed on top of the box. A 100 µm thick layer of liquid resin is placed on the ATR
crystal and the box, equipped with an inlet tube and outflow hole, is positioned on the
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spectrometer and flushed with nitrogen for three minutes. The resin is then intermittently
illuminated for the desired total time and absorbance spectra are collected after each pulse
of light. In particular, a pulse duration of 0.1 s is used to accurately follow the evolution
in time of monomer consumption. The conversion, α(t), is determined using the second
derivative method by [92]:

A′′

A′′

[ A1637
] − [ A′′1637 ]
′′
1608

α(t) =

1608

0

t

⋅ 100,

(5.31)

A′′
[ A1637
]
′′
1608
0

A′′

A′′

where [ A1637
] and [ A1637
] represent the ratio of the second derivative of the methac′′
′′
1608

0

1608

t

rylate double-bond at 1637 cm−1 and the internal reference at 1608 cm−1 [93], before and
after UV exposure for time t.
The densities of the liquid resin and UV-cured sample are measured at room temperature
by using a pycnometer (AccuPyc 1330, Micromeritics), from which the volume contraction factor, v , is determined using Eq. (5.20).
Dynamic mechanical thermal analysis (DMTA) is employed to study the effect of process
conditions on the glass-transition temperature, Tg . Dog-bone shaped samples are tested
using a TA instruments Q800 DMA, at a frequency of 1 Hz, in a temperature range
from -50 to 150○ C with a heating rate of 3○ C/min. A strain amplitude of 0.1% and preload of 0.01 N are applied. The storage and loss modulus are recorded as a function of
temperature, and the Tg is defined as the maximum in tan(δ).
Tensile tests are performed to study the effect of curing time and UV light intensity on the
mechanical properties of the UV-cured methacrylate resin. Room temperature uniaxial
tensile tests are performed on a micro-tensile stage (TST350 Linkam Scientific) equipped
with a 200 N load cell. The dimensions of the tensile specimens, corresponding to the
photomask design, are based on ASTM standard D638 type I. Tensile measurements at
different temperatures, ranging from -10 to 80○ C, are performed using a Zwick/Roell
testing machine, equipped with a 1 kN load cell and a temperature controlled chamber.
The tests are performed at strain rates in the range from 5.5⋅10−5 to 1.9⋅10−3 s−1 and
repeated at least two times.
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5.4

Results and discussion

5.4.1

Monomer conversion

The first step to characterize the UV-curing of the methacrylate resin is to investigate
the effect of curing time on the monomer conversion. Additionally, the polymerization
kinetics are described with the model presented in Section 5.2.1. The predictive capability
of the model is further tested by studying the effect of UV light intensity and initiator
concentration on the conversion.
Effect of curing time
The monomer conversion is determined by using FTIR measurements in which the
absorbance as function of wavenumber is recorded. In Fig. 5.2a the evolution of the C=C
double-bond peak at 1637 cm−1 as function of the wavenumber is reported for a selection
of UV-curing times. It is clear that the amount of double bonds decreases with increasing
curing time. The monomer conversion is determined using the second derivative method
(Fig. 5.2b), as described in Section 5.3.3.
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Figure 5.2: Evolution of the C=C stretch peak at 1637 cm−1 during UV-curing of the
methacrylate resin: absorbance (a) and second derivative of the absorbance (b) as
function of wavenumber.

The monomer conversion as function of curing time and the model fit is shown in Fig.
5.3. The data refer to the curing that occurs at the bottom of a 100 µm thick layer. As
the exposure time increases, the conversion of the bouble bonds increases to a final value
of 73%. The ratio kp0 /kt00.5 is calculated from the steepest slope of the initial rate of
polymerization (Eq. 6.1) and the model is then fitted to the experimental data. Table 5.1
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summarizes the parameters used in the model. Each fitting parameter represents a physical
phenomenon during the photopolymerization. For instance, the critical conversion for
termination, xcrt is assumed to be equal to zero, because in crosslinked systems the
termination rate is diffusion controlled from the beginning of the polymerization reaction.
Moreover, as expected, since the radical molecules are smaller in size as compared to the
growing polymer chains, the critical conversion for initiator efficiency turns out to be
higher than the one for propagation. The variation of kp0 /kt00.5 , kp , kt and efficiency f
with degree of conversion is shown in the Appendix D, Figs. D1 and D2. The conversion
values at which the parameters start decreasing is influenced by the critical conversion
values. The curves in Fig. D2 are in good agreement with theory and experimental results
in literature [84, 87].

conversion [%]

80

60

40

20

0

10 -2

10 0

10 2
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Figure 5.3: Monomer conversion as function of curing time of a resin with 3 wt% of
photoinitiator irradiated at a light intensity of 8 mW/cm2 . Markers represent the
experimental results and solid line the model fit.

Effect of process conditions
The rate of polymerization reactions is typically affected by different process conditions.
The effect of initiator concentration and UV light intensity is studied and predicted
with the developed model. To validate the monomer conversion predictions, FTIR
measurements are carried out. The effect of initiator concentration is shown in Fig. 5.4a.
The conversion is measured for formulations with 0.3 and 3 wt%, keeping all the other
parameters constant. It is clear that a decrease in concentration of initiator leads to a
decrease in polymerization rate. The model is fitted for the 3 wt% composition and
the prediction for the formulation with 0.3 wt% initiator is made by changing only the
initial concentration. The experimental results are in quantitative agreement with the
prediction. The monomer conversion at long curing times is slightly over-predicted.
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Table 5.1: Model parameters for polymerization kinetics.

Parameter

Value

Unit

Reference

0.5
kp0 /kt0
v
A
B
C
R
αm
αp
Tgm
Tgp
T
λ
φ

kt0
xcrp
xcrt
xcrf

2.9921
0.0523
1
1
1
0.02
5e-4
75e-6
-42
108
25
365e-9
0.6
15
1e5
0.19
0
0.58

[m1.5 mol−0.5 s−0.5 ]
[-]
[-]
[-]
[-]
[-]
○
[ C−1 ]
[○ C−1 ]
[○ C]
[○ C]
[○ C]
[m]
[-]
[m2 mol−1 ]
[m3 mol−1 s−1 ]
[-]
[-]
[-]

determined experimentally
determined experimentally
fixed a priori
fixed a priori
fixed a priori
Anseth, Wang, and Bowman [85]
Anseth and Bowman [84]
Anseth and Bowman [84]
Stansbury [94]
determined experimentally
process condition
process condition
Boddapati [79]
Boddapati [79]
adjustable parameter
adjustable parameter
fixed a priori
adjustable parameter

This small deviation from the experimental data may indicate that the vitrification
behaviour changes with initiator concentration. The different vitrification mechanism
would change the critical conversion at which propagation and initiator efficiency (xcrp
and xcrf , respectively) become diffusion controlled. For instance, a lower concentration of
initiator in the network could lower both xcrp and xcrf , thereby decreasing the propagation
rate and leading to a lower final conversion value. The effect of changing xcrp and xcrf on
the prediction of monomer conversion is shown in the Appendix D, Fig. D3.
The effect of light intensity is shown in Fig. 5.4b. The conversion is measured for
light intensities of 2, 8, 17 and 59 mW/cm2 . A composition with 3 wt% of initiator
is used and all the other process conditions are kept constant. As expected, increasing
the light intensity increases the monomer conversion. Similar to the effect of initiator
concentration, the light intensity clearly affects the polymerization rate at short curing
times, as also observed in literature [59]. Moreover, the final conversion slightly increases
with increasing light intensity. The conversion increases from a final value of 67% to
77% for intensities of 2 and 59 mW/cm2 , respectively. The model is fitted to the light
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Figure 5.4: Effect of process conditions on polymerization kinetics: (a) model fit for
formulations with 3 wt% of initiator and prediction for 0.3 wt% of initiator; (b)
polymerization kinetics for several UV light intensities. Model fit is shown for
intensity of 8 mW/cm2 , and model predictions are shown for intensities of 2, 17
and 59 mW/cm2 for the resin irradiated at a light intensity of 8 mW/cm2 . Markers
represent measurements and lines model descriptions.

intensity of 8 mW/cm2 and the conversion is predicted for the other intensities. The
trend of increasing monomer conversion for higher intensities is also captured by the
model predictions. However, the experimental data deviates from the predictions around
a curing time of 0.1 s. This inaccuracy may be caused by the presence of molecular
oxygen in the liquid resin, which leads to a delay in the polymerization. Moreover, the
model starts levelling off slightly earlier than the experimental results for the highest
intensity. A possible reason for this small discrepancy is that the critical conversions
at which the propagation rate constant and initiator efficiency start decreasing, can be
higher for higher intensity. This phenomenon might be caused by the creation of excess
free volume during the faster reaction, which makes it easier for the molecules to diffuse
in the network [95]. Moreover, higher intensity causes an increase of temperature in the
reacting environment [31,96]. Therefore, the higher experimental conversion values could
be explained by the higher local temperature, which has not been taken into account in the
model. Previous research [31] shows that increasing the local temperature increases the
mobility of the reacting species, leading to an increase in the maximum polymerization
rate, and therefore higher final conversions. In case of lower intensity, increasing the
exposure time does not increase the conversion any further. In these systems, the lower
mobility diffusion is more being the limiting factor, which leads to incomplete conversion.
Therefore, in each system the monomer conversion is probably caused by a combination
of both photo and thermal effects.
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5.4.2

Glass-transition temperature

Effect of process conditions
The DMTA curves for the methacrylate resin UV post-cured at various times and
intensities are shown in Fig. 5.5. All the samples are first UV-cured for 1.5 s and
successively UV post-cured, as explained in Section 5.3.2. Fig. 5.5a shows tan(δ) as
function of temperature for a selection of UV post-cured samples cured at an intensity
of 8 mW/cm2 . The maximum of the peak shifts to higher temperatures, and therefore a
higher glass-transition temperature is reached with increasing irradiation time. The results
show that there is an increase in Tg with post-curing times and after 200 s a maximum is
reached. A similar behaviour has been seen for acrylate systems [45]. Fig. 5.5b shows
the DMTA results for samples UV post-cured for 20 s under light intensities of 2, 5 and 8
mW/cm2 . It is clear that an increase of intensity leads to an increase in Tg .
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Figure 5.5: (a) tan(δ) as function of temperature for a resin (with 3 wt% of initiator) cured at a
light intensity of 8 mW/cm2 for a selection of UV post-curing times, and (b) effect
of light intensity on samples UV post-cured for 20 s.

Fig. 5.6a presents the results of the glass-transition temperature as function of UV postcuring time (6.5, 10, 20 and 200 s) of the three systems studied. Clearly the overall
trend does not change with changes in light intensity. However, in accordance with
the monomer conversion, when the resin is cured at lower intensity, the final properties
are affected, therefore a decrease in Tg is observed. A similar behaviour has been
reported by Unterbrink et al. [97]. They studied the effect of light intensity on the
mechanical properties, and they observed a reduction of strength and modulus with
decreasing intensity, for the same exposure time. Previous studies have also shown
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that the mechanical properties do not change if the material is irradiated with the same
dose (intensity multiplied by curing time) [75]. Interestingly, the behaviour seems to be
different in our systems. For instance, to obtain a polymer with a Tg of approximately
65○ C, the sample has to be cured for 6.5 s at a light intensity of 8 mW/cm2 or for 20 s
at 5 mW/cm2 , corresponding to a total energy level of 52 and 100 mJ/cm2 respectively
(see Fig. 5.6a). Therefore, in order to obtain the same ultimate properties, a higher
energy level is required if the resin is irradiated at lower light intensity. A reason for this
behaviour might be that the increase in intensity rises the maximum temperature reached
during polymerization, which provides more molecular mobility, higher conversion and
therefore a higher glass-transition temperature [73, 96].
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Figure 5.6: Effect of UV light intensity: glass-transition temperature as function of irradiation
time for samples cured under different light intensities (a), and monomer conversion
as function of glass-transition temperature for samples UV post-cured for 6.5, 10, 20
and 200 s. Markers are the experimental results and the line is the prediction based
on the Hale model (b).

Fig. 5.6a shows that the glass-transition temperature as a function of UV post-curing
times has a strong similarity to the monomer conversion, which also shows an increase to
a maximum at long curing times. The similarity in trends indicates that there is a strong
connection between conversion and Tg . Fig. 5.6b shows the conversion as function of the
glass-transition temperature, including a fit of the model described in Section 5.2.2. The
figure shows an increase in conversion with increasing Tg , which is captured very well
by the model developed by Hale et al. [88] and seems independent of the light intensity.
The model parameters used for the fit are stated in Table 5.2. A similar observation has
been shown in the work of Lovell et al. [60] for a common dimethacrylate dental resin
formulation (75/25 wt% bis-GMA/TEGDMA), in which a unique fit describes the glasstransition temperature as function of conversion for samples cured under different light
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intensities and light sources.

Table 5.2: Model parameters (Eq. 5.28) for glass-transition temperature.

5.4.3

Parameter

Value

Unit

Reference

Tg0
TgM
xM
′
λ

-42
108
82
0.59

[○ C]
[○ C]
[%]
[-]

Stansbury [94]
Determined experimentally
Determined experimentally
Adjustable parameter

Mechanical properties

Effect of curing time
The effect of UV post-curing time on the tensile behaviour of the methacrylate resin
is shown in Fig. 5.7. All the samples are UV-cured for 1.5 s and successively postcured for different times as described in Section 5.3.2. Fig. 5.7a shows the stress-strain
response of a selection of cured samples tested at room temperature at a constant strain
rate of 1.9⋅10−3 s−1 . As expected, the overall stress level increases as the UV post-curing
time increases. The mechanical response follows a similar trend as the glass-transition
temperature (Fig. 5.5a): the yield stress strongly increases with curing time. At 200 s
of UV post-curing time, the yield stress reaches a maximum value of approximately 70
MPa. Fig. 5.7b presents the evolution of yield stress as a function of glass-transition
temperature. Within a specific Tg range, the data show a linear relation between yield
stress and Tg , similar to that observed in literature for epoxy and methacrylate resins
[98, 99]. However, samples having a glass-transition temperature around 80○ C, present
a jump in the yield stress which can be explained by the fact that the samples, having
different network structures due to the difference in curing time, are tested at the same
temperature.
Fig. 5.7a shows that samples UV post-cured for less than 20 s have a mechanical response
in which no visible yield stress is present. This behaviour is due to the fact that for low
curing times, the samples are characterized by low glass-transition temperatures, which
are close to the tensile testing temperature. On the other hand, samples cured for longer
times have a Tg far above the testing temperature, therefore the mechanical response is
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Figure 5.7: (a) Stress-strain response for UV post-cured samples measured at a strain rate of
1.9⋅10−3 s−1 at 23○ C. (b) Yield stress as function of glass-transition temperature.
Storage modulus as a function of temperature for samples UV post-cured for 20 and
200 s is shown in the inset. All the samples, having 3 wt% of initiator, are cured at
a light intensity of 8 mW/cm2 .

not affected. This can be observed in the inset of Fig. 5.7b, in which the evolution of the
storage modulus as function of temperature is shown for samples UV post-cured for 20
and 200s. It is clear that at room temperature, the sample cured for 20 s is in the glasstransition region starting from 60○ C below Tg , therefore the tensile response of the same
sample tested at room temperature shows a rubber-like behaviour. On the other hand, the
sample UV post-cured for 200 s is still in the glassy region at the testing temperature.
This observation explains the jump in mechanical response observed for the samples UV
post-cured for longer than 20 s (Fig. 5.7a) and the two different linear relations presented
in Fig. 5.7b.

Effect of light intensity
To study the effect of light intensity on the ultimate mechanical properties, tensile tests are
carried out on samples maximally UV-cured for 200 s at different intensities. This ensures
that all samples are in the glassy region at room temperature. The tests are performed at
room temperature with constant strain rates ranging from 5.5⋅10−5 to 1.1⋅10−3 s−1 . Stress
as a function of strain for these experiments is plotted in Figs. 5.8a, 5.8b, and 5.8c. After
the initial linear elastic region, with increasing strain, the system becomes more mobile
causing a deviation from the linear behavior. At the yield point, the mobility is so high
that the plastic deformation rate equals the applied strain rate [100]. At different strain
rates this balance is achieved at higher stresses, as observed in the strain-rate dependence
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of the mechanical response, see Figs. 5.8a, 5.8b, and 5.8c. After yielding, depending
on the crosslinked network, strain softening is observed. The amount of softening varies
depending on the process conditions applied during the sample preparation. It can be
observed that the strain softening is less for samples cured at lower light intensity, see
Fig. 5.8a. Therefore, in these systems, the segmental chain mobility is higher, leading to
a lower resistance against deformation.
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Figure 5.8: Effect of intensity on the mechanical properties for formulations with 3 wt% of
initiator: stress-strain response for samples UV post-cured for 200 s at light intensity
of (a) 2 mW/cm2 , (b) 5 mW/cm2 and (c) 8 mW/cm2 . The samples are measured at
room temperature, for constant strain rates ranging from 5.5⋅10−5 to 1.1⋅10−3 s−1 .
(d) Yield stress versus applied strain rate for samples cured under different light
intensities; markers are the experimental results and lines the fitting based on Eyring
equation (Eq. 5.30).

The yield stress as a function of the applied strain rate for the three studied systems is
plotted in Fig. 5.8d, in which the lines are the results of the Eyring equation. In order to
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Table 5.3: Eyring parameters.

I [mW/cm2 ]

V∗ [nm3 ]

˙0 [s−1 ]

∆U [kJ/mol]

2
5
8

13
13
13

10⋅1076
30⋅1073
60⋅1072

482
482
482

describe the experimental results, the set of parameters shown in Table 5.3 is employed.
The activation energy, ∆U, and activation volume, V∗ , are the same for the three systems.
The rate factor ˙0 decreases with increasing light intensity, and therefore with increasing
glass-transition temperature. Samples cured at lower light intensity display a lower
yield stress, which is in accordance with the monomer conversion and glass-transition
temperature evolutions reported in Figs. 5.4b and 5.6a, respectively. An attempt has
been made to predict the deformation kinetics for samples cured under different light
intensities using the approach proposed by Parodi et al. [101]. This approach is based on
the hypothesis that the distance to Tg determines the mechanical response of polyamides.
The decrease in glass-transition temperature for samples cured at lower intensity, can be
seen as an apparent increase in the testing temperature. Therefore, the temperature T in
the Eyring equation (Eq. 5.30) can be modified as:
T̃ = T + (Tg,8mW /cm2 − Tg,Ix )

(5.32)

where T̃ is the apparent temperature, Tg,8mW /cm2 and Tg,Ix are the glass-transition
temperatures of the sample cured at 8 mW/cm2 and at lower intensity Ix , respectively.
Hence, the mechanical response of samples UV-cured under different intensities would
be the same if tensile tests are performed at a temperature such to keep the distance to
Tg constant. The deformation kinetics for samples cured for 200 s at 2 and 8mW/cm2
are shown in Fig. 5.9a. For these specimens, tensile tests are performed at 10 and 40○ C,
respectively, to keep the distance to Tg (∆Tg = Tg - T = 66○ C) constant. The lines are
the results of the Eyring prediction (Eq. 5.30), using the model parameters shown in
Table 5.3 at testing temperatures of 10 and 40○ C. The results shown in Fig. 5.9a seem to
disagree with the hypothesis previously made. It is clear that the lower intensity samples
show a higher yield stress compared to samples cured at 8 mW/cm2 when tested at a fixed
temperature difference from Tg . Therefore, the influence of testing temperature is studied
and the results are shown in Fig. 5.9b. Tensile tests are performed at constant strain
rate, 5.5⋅10−5 s−1 and at different temperatures ranging from -20 to 80○ C. At very high
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temperatures, the temperature dependence of the yield stress flattens; this is due to the
close proximity to Tg . When the yield stress is plotted versus Tg - T (Fig. 5.9b) the data
show a clearly different temperature dependence of the two systems studied. In particular,
for a defined distance to Tg , the samples cured at lower intensity always present a higher
mechanical response.
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Figure 5.9: (a) Strain rate dependence for samples maximally UV-cured at light intensities of 2
and 8 mW/cm2 . Tensile tests are performed at 10 and 40○ C respectively to keep the
distance from Tg (Tg - T = ∆Tg = 66○ C) constant, illustrating a clear temperature
dependence of the yield stress. Markers are experimental results and lines are model
predictions. (b) Yield stress as function of ∆Tg with testing temperature ranging
from -20 to 80○ C, tested at a constant strain rate of 5.5⋅10−4 s−1 .

The yield stress data follow an engineering rule:
σy = a(Tg − T ) − 35,

(5.33)

where a [MPa/K] is the slope and equal to 1.4 and 1.1 for samples UV-cured at the
intensity of 2 and 8 mW/cm2 , respectively. These slopes are similar to that found in
literature for thermoset polymers [102, 103]. Moreover, similar to our findings, Cook
et al. [102] have shown that uncrosslinked polymers have a higher yield stress than
the corresponding crosslinked material, suggesting the systems have different molecular
mobilities. Therefore, due to a different network structure, not a unique correlation
between Tg and mechanical properties can be found for the studied systems.
To study how the light intensity affects the cured network, a thermal post-curing treatment
is performed on samples previously UV post-cured for 200 s. In our previous work [45]
we have shown that thermal post-curing leads to an increase in mechanical response due
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to the continued reaction of trapped radicals next to a thermodynamically more stable
structure. The effect of thermal post-curing is shown in Fig. 5.10. Samples cured at 8
mW/cm2 are not affected by the thermal treatment, while those cured at lower intensity,
2 mW/cm2 , show an increase in yield stress. This effect can be explained by the presence
of dangling and uncured chains in the network of samples cured at low intensity. These
can further react when the network mobility is increased during thermal post-curing. This
is in accordance with the lower Tg measured for these systems, see Fig. 5.6a. On the
other hand, samples cured at high intensity, have a more dense network in which further
polymerization can not occur. Faster polymerization at higher intensity produces shorter
and more crosslinked polymers due to premature initiation in more points and faster
termination of reactions [75]. These results confirms the observations discussed in the
Chapter 3, in which, for acryate systems, the effect of thermal post-curing strictly depends
on the network density.
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Figure 5.10: Effect of thermal post-curing (150○ C for 30 min) on the mechanical response of
samples UV-cured for 200 s under different UV light intensities. Tensile tests are
performed at room temperature and at a constant strain rate of 5.5⋅10−4 s−1

5.5

Conclusions

In this chapter, the effect of process conditions on the photopolymerization and mechanical properties of a UV-cured methacrylate resin is investigated. First, the effect of curing
time, light intensity and initiator concentration on the monomer conversion is presented.
The monomer conversion shows an increase with increasing curing time, reaching a
plateau value after 200 s of irradiation. The influence on the polymerization kinetics of
light intensity and initiator concentration is the same: an increase in polymerization rate
is observed with increasing intensity and initiator concentration. A model is developed
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based on the reaction kinetics of photopolymerization that describes the experimental
data. The effect of intensity and initiator concentration is predicted within reasonable
accuracy. To investigate the influence of process conditions on the mechanical properties,
dynamic mechanical analysis and tensile tests are performed. A similar trend as for the
monomer conversion is found: the glass-transition temperature increases with increasing
curing time and UV light intensity. A unique correlation exists between the glasstransition temperature and the conversion, irrespective of the light intensities and curing
time. The yield stress increases with curing time until maximum conversion is reached.
The UV light intensity causes structural changes that affect the yield stress. Lower
intensity causes the presence of unconverted and dangling chains in the UV-cured
networks, that lower both the glass-transition temperature and yield stress. Therefore,
the mechanical response is not determined by the distance to Tg , as common in other
systems [101]. By performing tensile tests at different temperatures, the resin UVcured at various intensities displays different evolutions of yield stress as a function
of temperature. Thermal post-curing treatments are performed on maximally cured
samples. The results show an increase in yield stress only in samples UV-cured at lower
intensity. This characteristic confirms the presence of dangling chains in the network
that can further react when the network mobility is increased during thermal post-curing
treatments. Therefore, the light intensity at which the resin is cured strongly affects the
network structure, consequently affecting the ultimate mechanical properties. This work
provides a complete characterization of UV-cured methacrylate systems. It reveals no
easy direct correlation between reaction kinetics and mechanical properties due to the
lack of structural information.
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Chapter 6
Effect of process conditions on
photopolymerization of methacrylate
systems
Abstract
In this chapter, the effect of pulsed irradiation and dark polymerization on the rheological
behaviour and monomer conversion of a UV-cured methacrylate system is studied.
Using a rheometer equipped with a custom-made bottom plate for UV-illumination,
the rheological behaviour is investigated while curing in-situ. The effect of light
intensity, curing time and amount of photoinitiator on the rheological response is studied.
Experimental results of continuous irradiation show an increase in storage modulus
and a decrease in gel point with increasing UV light intensity. The same effect is
observed for an increase in curing time and amount of initiator. Next, the effect of
pulsed irradiation on the rheological response is investigated, and the results show that
a higher storage modulus is achieved as compared with continuous irradiation. Using
the polymerization kinetics model (Chapter 5), the effect of pulsed irradiation on the
monomer conversion is predicted. Polymerization continues in the dark, therefore
irradiating the resin with pulses always yields higher conversion and longer polymer
chains than the corresponding continuous irradiation. An increase of the time between
two pulses enables the propagation of the growing chains, thereby avoiding premature
termination.
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Introduction

Additive manufacturing (AM), often referred to as 3D-printing technologies, allows to
create complex geometries with high resolution [2]. Stereolithography (SLA) is one
3D-printing technology in which UV-curable resins, generally composed of a mixture
of different monomers, are used. The material is initially in the liquid form and it is
successively solidified by light activated polymerization. The time and the intensity at
which the resin is cured strongly affect the final properties of the polymer [104]. During
the printing process, first a single layer of resin is locally cured; thereafter, multiple layers
are cured in agreement with the predefined design of the product. Each layer is generally
irradiated for several seconds and this curing time is not sufficient to maximally cure
the resin. Moreover, while curing successive layers, the previous layer experiences a
second irradiation due to the penetration of the UV light. This pulsed irradiation can have
different effects. For instance, due to the uncomplete curing during the first irradiation,
unconverted molecules are still present in the network. Therefore, with a second pulse
of light new radicals are formed and further photopolymerization occurs. Unreacted
monomer will also react with the newly deposited layer, enhancing the layer-to-layer
adhesion. Moreover, some photo-curable polymers further polymerize even when the
light is switched off. This process is known as dark polymerization [96]. The time
between two successive pulses will influence the dark polymerization and therefore,
the final properties of the polymer. For instance, Vaessen et al. have showed that by
cycling a UV-lamp on and off it is possible to achieve a lower residual stress in acrylate
systems [105].
Understanding how the network structure changes during UV-curing, as well as the effect
of pulsed irradiation on the polymerization kinetics, is of primary importance to optimize
the printing process. For instance, if the energy given to a single layer is not high enough
to reach the gel point, the layer will remain in the liquid state. On the other hand, if the
energy in the first pulse is too high, a maximally cured layer might be obtained, leading
to a poor interaction between layers.
To study the photopolymerization process and the change in network structure, rheometers equipped with a UV light setup are often used [106, 107]. In this chapter, a rheometer
equipped with a custom-made UV-curing setup is used to characterize the rheological
response of a methacrylate system. The effect of processing parameters, such as light
intensity, exposure time and amount of photoinitiator, on the gel point and mechanical
properties is investigated. Moreover, to mimic the multiple irradiations that the resin
receives during the printing process, the effect of pulsed irradiation on the rheological
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response and on the monomer conversion is studied.

6.2
6.2.1

Materials and methods
Materials

A photo-curable resin, composed of a mixture of bisphenol-A-ethoxylate dimethacrylate
(SR540, Mn =572 g/mol) supplied by Sartomer, Arkema Group, and 2,2-dimethoxy-2phenylacetophenone (Ingarcure 651, Mn =256 g/mol, Sigma Aldrich) initiator is used. The
desired amount of photoinitiator (0.1, 0.2 or 0.3 wt%) is added into the liquid monomer
and mixed with a sonicator, after which air bubbles are removed using a desiccator.

6.2.2

Rheological measurements

To study the effect of processing conditions, such as light intensity, curing time and
amount of photoinitiator on the rheological behaviour, a rheometer (MCR501, Anton
Paar) equipped with a custom-made UV-curing setup is used, see Fig. 6.1. The
methacrylate liquid resin is loaded on the bottom plate, which is made of quartz to allow
the resin to be irradiated by the UV light. The light source used is a LED light (blupoint
LED eco, wavelenght of 365 nm, Hönle, Germany) which is aligned so that the light-spot
diameter is large enough to cover the bottom plate. The measurements are performed
with a parallel-plate geometry with a plate of 8 mm diameter and 0.3 mm gap, at room
temperature. The resin is illuminated from the bottom at different intensities and for
different curing times. To prevent oxygen inhibition [108], a custom-made box is used
to flush nitrogen for 10 min at a flowrate of 50 LN /h prior to rheological measurements.
Oscillatory strain tests are performed at a frequency of 1 Hz, and at a strain of 15%. These
conditions are chosen in a way that the resin, in both liquid and solid state, is in the linear
viscoelastic region and inertia effects are not present. The test is first performed for 20 s
on the liquid resin. Thereafter, the UV light is turned on and the rheological properties of
the resin are monitored while in-situ UV-curing takes place. To mimic the SLA printing
process in which each layer is irradiated for multiple times, single layers of UV-curable
resin are irradiated by pulses in the rheometer. The effect of pulsed irradiation on the
final properties of the polymer is thus investigated. The resin is cured at an intensity of
8 mW/cm2 and a step-mode function is used to perform irradiation sequences. All the
measurements are repeated at least three times and the average results are shown.

92

Effect of process conditions on photopolymerization of methacrylate systems

Figure 6.1: UV-curing rheometry setup.

6.2.3

Monomer conversion

Fourier Transform Infra-red (FTIR) analysis is used to determine the conversion of the
in-situ cured methacrylate resin. A Spectrum Two FTIR Spectrometer (Perkin Elmer) is
used to follow the evolution of the C=C double bond peak at 1637 cm−1 . The monomer
conversion is calculated as explained in Chapter 5.
®

Next, finite element simulations are performed using the commercial package COMSOL
Multiphysics where the model describing the polymerization kinetics (see Chapter 5) is
implemented to investigate the effect of pulsed irradiation on the monomer conversion.
0.5
The propagation over the termination ratio, kp0 /kt0
, is defined as:
Rp
kp0
,
=
0.5
kt0
(φIA )0.5 [M ]

(6.1)

in which the polymerization rate, Rp is described as:

Rp =

dx
[M ]0 ,
dt

(6.2)

where x is the monomer conversion determined by in-situ FTIR, and [M ]0 is the monomer
0.5
concentration in the liquid mixture. The ratio kp0 /kt0
is used as input for the developed
model to find the fitting parameters, i.e. initial termination rate kt0 , critical conversion
for propagation xcrp and critical conversion for initiator efficiency xcrf . Other input
parameters, such as the glass-transition temperature of the monomer Tg,m , proportionality
constant R, thermal expansion coefficient of the monomer and polymer αm and αp ,
volume concentration v , molar absorptivity of the initiator  and the quantum yield of
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the initiator φ, are taken from literature, see also Chapter 5 [79, 84, 85, 94]. The specific
values are reported in Table 6.1.
Table 6.1: Input parameters.

Tg,m [○ C]

Tg,p [○ C]

R

αm [1/○ C]

αp [1/○ C]

v

 [m2 ⋅mol2 ]

φ

-42

65

0.02

5⋅10−4

75⋅10−6

0.0523

15

0.6

6.3

Results and discussion

The effect of processing conditions, such as light intensity, curing time and amount of
photoinitiator, on the UV-curing kinetics is discussed. Rheological measurements are
performed to follow the evolution of storage and loss moduli as well as to study the effect
of dark polymerization. Thereafter, in order to mimic the multiple irradiation which the
layers undergo during the real printing process, the effect of pulsed irradiation on the
moduli is investigated. Next, the effect of pulsed irradiation and dark polymerization on
the monomer conversion obtained by modelling the polymerization kinetics is presented.

6.3.1

Effects of processing conditions on the rheological response

During the photopolymerization, the starting resin is converted from a liquid though the
gel point to a solid state. Fig. 6.2a shows the evolution of the storage (G’) and loss
(G”) modulus. Errorbars indicate a 95% confidence interval. First, the liquid resin is
measured, then the UV light is turned on and the photopolymerization takes place. In the
first seconds, the resin is still in the liquid state, therefore the storage modulus is lower
than the loss modulus. While the reaction proceeds, the storage modulus becomes higher
than the loss modulus, indicating that the solidification of the resin occurs. The cross-over
point of the moduli is defined as gel point [106]. Irradiating the resin for 2 s and at a light
intensity of 8 mW/cm2 , the material needs 2.5 s before it becomes a gel (see Fig. 6.2a).
Fig. 6.2b shows the rheological response of the resin irradiated for different curing times.
The results show that an increase in irradiation time leads to an increase in moduli and a
decrease in gel point. This effect is due to the higher amount of free radicals produced
with longer irradiation times which leads to faster photopolymerization. Moreover, the
rheological response is characterized by an induction period, during which the moduli do
not change in time, followed by a sharp increase. This period depends on the UV-dose
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given and can be caused by oxygen inhibition due to the potential presence of oxygen
molecules in the resin [109].
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Figure 6.2: Rheological response of a resin with 0.3 wt% of photoinitiator: (a) evolution with
time of G’ (▲) and G” (○) of the resin exposed for 2 s at the intensity of 8 mW/cm2 .
The marker ⋆ represents the gel point. (b) evolution with time of G’ (▲) and G” (○)
of the resin exposed for 0.5, 1 and 2 s at the intensity of 8 mW/cm2 .

The effect of light intensity and exposure time on the evolution of the storage modulus
is presented in Fig. 6.3. In Fig. 6.3a the resin is exposed for 2 s at different light
intensities, while in Fig. 6.3b the storage modulus is shown for the resin irradiated at
an intensity of 8 mW/cm2 for different times. The rheological tests are performed for
100 s after the curing time to study the curing when the light is turned off. After the
irradiation, an increase in storage modulus with time is still observed. This phenomenon
is referred to as dark polymerization. The radicals still present in the network have time
to diffuse and further react with unconverted monomers. This effect is more pronounced
with increasing intensity and irradiation time due to the higher concentration of radicals
produced. The same effect is observed when the amount of photoinitiator is varied. When
lowering the concentration of photoinitiator, less amount of radicals is produced, leading
to a slower polymerization kinetics and, therefore, a higher gel point (See Appendix E for
the rheological results).
Fig. 6.4 captures the effect of the three different processing conditions explained above
on the gel point and final storage modulus. The data are shown as a function of the energy
given to the system, namely the UV light dose, multiplied by the wt% of photoinitiator.
The UV light dose is defined as the intensity multiplied by the irradiation time. Fig.
6.4a shows that the gel point decreases with increasing dose and amount of initiator.
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Figure 6.3: Evolution with time of storage modulus G’: (a) resin cured for 2 s at different light
intensities, and (b) resin cured at the intensity of 8 mW/cm2 for 0.5, 1 and 2 s.

An overlap of the curves is observed if the wt% of initiator is used as a scaling factor.
On the other hand, a higher amount of initiator and higher energy leads to an increase
in the storage modulus. A similar trend in storage modulus as a function of UV light
dose is reported by Hofstetter et al. [110] for one specific concentration of initiator. The
storage modulus converges towards a plateau due to the limitation in mobility at higher
conversion [82].
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Figure 6.4: Gel point (a) and storage modulus (b) as a function of UV light dose. The amount
of initiator [In] is used as a scaling factor.
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6.3.2

Effect of pulsed irradiation

During the printing process, cured layers undergo multiple irradiation pulses in which
the frequency can depend on the printing machine as well as on the dimension of the
object. The effect of pulsed irradiation on the rheological behavior and on the monomer
conversion of the methacrylate resin is investigated here. A single layer is irradiated in
a pulsed manner by varying the UV pulse and dark time. Dark time is here defined as
the interval between two subsequent irradiations. Fig. 6.5 presents the effect of pulsed
irradiation on the storage modulus evolution. The resin is UV-cured for a total time of 2
s and a pulse duration of 1 or 0.5 s is used. Fig 6.5a shows the rheological response of
the resin irradiated with two pulses of 1 s, and a dark time of 5 and 20 s. The UV-curing
kinetics of the resin cured with four pulses of 0.5 s each is presented in Fig. 6.5b. After
the first pulse, G’ keeps increasing due to dark polymerization. Furthermore, this effect
reduces due to the lower mobility of the system at higher conversion. The final storage
modulus is higher when the resin is irradiated by pulses compared to the continuous
curing. This effect is due to the dark polymerization which increases the final conversion.
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Figure 6.5: Evolution of storage modulus (G’) with time for pulses of (a) 1 s and (b) 0.5 s with
dark times of 5 and 20 s. The resin formulation (composed of 0.3 wt% of initiator)
is cured at an intensity of 8 mW/cm2 for a total time of 2 s.

To correlate the viscoelastic properties with the degree of curing, the effect of pulsed
irradiation on the monomer conversion is also investigated. The polymerization model
®
described in Chapter 5 is implemented in COMSOL and a single element with a square
geometry is used. The study of how pulsed irradiation affects the monomer conversion, as
well as the reacting species concentrations is performed. From the experimental data of
0.5
monomer conversion, obtained by continuous irradiating the resin for 200 s, the kp0 /kt0
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ratio is calculated and used as input in the continuous model to find the fitting parameters
kt0 , xcrp and xcrf . The values of the fitting parameters implemented in the Finite Element
simulations are reported in Table 6.2.
Table 6.2: Model parameters for polymerization kinetics.

kt0 [m3 /mol⋅s]

xcrp [-]

xcrf [-]

kp0 /k0.5
t0 [-]

1⋅106

0.1

0.4

4.3

The results of the simulations are reported in Fig. 6.6, in which it is shown that the final
conversion obtained with pulsed irradiation is higher compared to continuous irradiation.
This effect is due to the dark polymerization and is in agreement with the rheological
behaviour. As long as the radicals are present and the mobility of the network is high
enough, polymerization reactions continue in the dark [79]. Therefore, in case of pulses
of 0.5 s, the higher mobility of the network due to the lower conversion, leads to an
increase in conversion of 2% if compared to the corresponding continuously irradiated
sample. This is confirmed by the evolution of monomer concentration [M] as a function
of time, see Fig. 6.7. The final monomer concentration is lower using pulsed irradiation
as compared to continuous irradiation, and this effect is more evident if the resin is cured
with a shorter pulse duration, see Fig. 6.7b. This effect of dark polymerization is difficult
to measure with standard FTIR analysis because any small increase in conversion will be
within the experimental error, therefore, simulations are not compared to experimental
results. Moreover, it appears that the rate at which the conversion increases in the dark
is slower when compared to the increase in storage modulus (see Figs. 6.5 and 6.6).
This effect can be explained by the fact that in rheology we measure the properties
of the bulk, while the simulations show the evolution of concentrations of a single
element. At the beginning of the curing mechanism, the incident light progressively
penetrates and this allows the polymerization front to move into the sample. The effect
of frontal polymerization can be seen in Fig. 6.8 which shows the simulations results of
a layer cured with a pulse of 0.5 s. Irradiating the sample from the top, the monomer
concentration will progressively decrease along the layer thickness to then achieve an
uniform value after the light is switched off.
During the photopolymerization, the termination mechanism occurs when a growing
chain reacts either with a radical or with a second growing chain. Fig. 6.9 shows the
evolution of the dead polymer concentration, Pd , as a function of time for the resin
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Figure 6.6: Monomer conversion as a function of time for pulses of (a) 1 s and (b) 0.5 s with
dark times of 5 and 20 s. The resin (with 0.3 wt% of photoinitiator) is cured at a
light intensity of 8 mW/cm2 for a total exposure time of 2 s.
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Figure 6.7: Evolution with time of monomer concentration, M, of the resin irradiated at the light
intensity of 8 mW/cm2 using pulses of (a) 1 s and (b) 0.5 s, with dark time of 5 and
20 s.

continuously irradiated for 2 s and using pulses of 1 and 0.5 s. The final concentration
of dead polymer chains is lower using pulsed irradiation as compared to continuous
irradiation. This effect is higher for the pulse duration of 0.5 s, see Fig. 6.9b. By curing
the resin with pulsed light, more monomer molecules react due to the dark polymerization,
and the concentration of the dead polymer chains reduces. Therefore, pulsed irradiation
yields longer polymer chains in the network compared to continuous irradiation, and it is
strongly dependent on the pulse duration and dark time. During the dark time after short
irradiation pulses, the diffusion of the growing chains is facilitated by the higher mobility
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Figure 6.8: Monomer concentrations at different times during the simulation of a layer irradiated
with a pulse of 0.5 s at an intensity of 8 mW/cm2 .
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Figure 6.9: Evolution with time of dead polymer, Pd , of the resin irradiated at the light intensity
of 8 mW/cm2 using pulses of (a) 1 s and (b) 0.5 s, with dark time of 5 and 20 s.

UV-curing the resin with pulsed irradiation leads to a different network structure even if
the total curing time is kept constant. A polymer with higher storage modulus, conversion
and longer polymer chains is the result. A similar observation was discussed by Decker
et al. [111]. They reported that a short time between two pulses decreases the amount and
the molecular weight of the polymer formed. Fig. 6.10a shows the final storage modulus
values as a function of dark time obtained from rheological measurements. The storage
modulus slightly increases when a pulsed irradiation is used, and for this system, the
optimal dark time is 5 s. On the other hand, in Fig. 6.10b the evolution of conversion as
a function of dark time is presented. Here, the final conversion increases with dark time
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up to 30 s, after which a plateau is reached. Moreover, a more pronounced difference in
conversion is found for pulses of 0.5 s. The storage modulus seems to decreases after
5 s of dark time, while the conversion still increases. This effect can be explained by
different reasons. During rheological measurements 15% of strain is applied, which can
enhance the curing mechanism (see Chapter 4). The polymerization rate increases due to
the applied strain, leading to a shift of the optimal dark time to shorter times. Moreover,
the model used to describe the photopolymerization kinetics does not include the oxygen
inhibition. The inevitable presence of oxygen molecules in the methacrylate formulation,
will affect the dark polymerization mechanism. Oxygen inhibition will have more effect
using a longer dark time due to the easier diffusion of oxygen which will inhibit the living
radicals.
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Figure 6.10: (a) Storage modulus (experimental data) and (b) conversion (COMSOL
simulations) as a function of dark time. The resin is irradiated for a total time
of 2 s at a light intensity of 8 mW/cm2 .

6.4

Conclusions

In this chapter the effect of processing conditions on the rheological behaviour of a
methacrylate system is investigated. A rheometer equipped with custom-made UVcuring setup is used to study the effects of light intensity, curing time and amount of
photoinitiator on the storage and loss modulus, as well as on the gel point of a single
layer of resin. The results show that an increase in intensity, curing time or amount of
photoinitiator leads to an increase in the polymerization rate and final storage modulus.
The gel point decreases with increasing UV light dose, independent on the amount of
photoinitiator. Moreover, an increase in storage modulus is observed while performing
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rheology tests even after the light is switched off. This is due to the dark polymerization
effect: free radicals present in the network start to diffuse and further polymerize, this
effect is proportional to the concentration of radicals in the system. Next, the effect of
pulsed irradiation on the rheological behaviour is investigated. The samples are cured
for a total time of 2 s and pulses of 0.5 and 1 s are performed. The results show an
increase in the final storage modulus if the resin is pulsed as compared to the continuous
curing. Using the developed model which describes the polymerization kinetics (Chapter
5), the effect of pulsed irradiation and dark polymerization on the monomer conversions
is predicted. Increasing the time between two successive pulses is found to reduce the
concentration of dead polymer chains. Therefore a longer dark time reduces the amount
of prematurely terminated chains, leading to a polymer network with higher molecular
weight chains. Successively, a comparison between results of rheological tests and
simulations is made. A mismatch in the optimal dark time for storage modulus and
conversion is found. This effect can be attributed to the enhancement in polymerization
rate due to the applied strain during a rheological test which shifts the optimum towards
lower dark times (see Chapter 4). Furthermore, the model does not include termination
and propagation via oxygen inhibition. Oxygen inhibition will have more effect using
a longer dark time due to the diffusion and reaction of oxygen molecules with existing
radicals.
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Chapter 7
Conclusions and Recommendations
7.1

Conclusions

In this dissertation the relations between network structure and mechanical properties
of photo-curable polymers are investigated. Single layers of a UV-curable polymer,
often used in the stereolithography technology, are characterized to fully understand
the effects of processing conditions and chemical structure on the ultimate mechanical
properties. This simplified approach allows to better understand the causes of the
intrinsic material heterogeneity often present in 3D printed products. A methodology
to prepare miniaturized samples is presented first. The effect of processing conditions,
i.e. layer thickness, UV-curing time and post-curing treatments, and the effect molecular
mobility and resin formulation of UV-cured acrylate systems on the mechanical properties
are experimentally investigated. Next, a model, based on the reaction kinetics of
photopolymerization, is developed to describe and predict the UV-curing kinetics of
methacrylate systems. Successively, in order to study the evolution of polymerization
during the printing process, the model is used to predict the effect of pulsed irradiation
and dark polymerization on the monomer conversion. This research gives the ingredients
necessary to design resin formulations with defined properties which are tailor made
to specific applications by selecting suitable combinations of monomers and processing
conditions for the actual printing process.
The main conclusions of this work are:
Thin film mechanical characterization of UV-curing acrylate systems (Chapter 2)
• Bisphenol-A-ethoxylate diacrylate (BisDAn=2 ) monomer is used for the preparation
of micron-sized samples via stereolithography. An inert environment and a good
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control of exposure time are required for preparation of micropillars and dogboneshaped specimens.
• Thermal post-curing leads to an increase of the glass-transition temperature, as well
as to an increase of yield stress, and erases the differences caused by the UV-curing
time.
• The size effect of UV-cured micropillars is investigated by means of uniaxial
compression tests. Cylindrical samples with diameters of 40, 60 and 80 µm and
aspect ratio 1:1 are tested. The results show an increase in yield stress with
increasing sample size. This effect originates from the use of solvent during the
sample preparation, which leads to a removal of small molecules from the network.
• GPC analysis shows the presence of unconverted monomer and oligomers in the
crosslinked network. The samples treated with solvent show a lower amount of
these free molecules.

Structure-mechanical property relationships in acrylate networks (Chapter 3)
• Tetraethylene glycol diacrylate (TEGDA), added as a diluent in the system,
improves the molecular mobility during the photopolymerization. An increase of
10% of the final monomer conversion is obtained if 30 wt% of TEGDA is added to
the formulation. Addition of TEGDA leads to an increase of the crosslink density,
which is confirmed by the increase in strain hardening observed in the stress-strain
response.
• The use of monomers with higher molecular weight, BisDAn=4 versus BisDAn=2 ,
leads to UV-cured samples with a low glass-transition temperature (Tg ). Those
samples show a rubber-like response if tested at room temperature.
• The effect of thermal post-curing is more pronounced in resins with lower crosslink
density. The higher content of TEGDA leads to an increase of the crosslink density,
thereby diminishing the mobility of the network during a thermal treatment.

Strain induced post-curing of thermosets: a DMTA study (Chapter 4)
• A shift in Tg is observed when crosslinked samples are measured multiple times in
a DMTA experiment. This effect depends on the network structure. In polymer
networks having a lower crosslinking density, the combined effect of thermal
treatment and applied strain during DMTA experiments is less pronounced as the
distance between dangling chains, which are able to react, is higher.
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• For samples produced via a lithographic process involving rinsing with solvent,
which are characterized by a less dense network, the thermal treatment mainly leads
to an evaporation of volatiles. The removal of these volatiles from the polymer
network increases the Tg . Moreover, it is shown that the applied oscillatory strain
also affects the post-curing mechanism. When a strain is applied at temperatures
above Tg , chain mobility is promoted allowing further polymerization of dangling
chains.
• For samples not treated with solvent, the thermal treatment leads to an increase in
conversion due to further polymerization of unconverted molecules which causes an
increase in Tg . Moreover, the applied strain aligns the polymer chains and increases
the probability of two dangling chains to react. Here the effect of strain is more
pronounced because of the higher concentration of free molecules.

Characterization of UV-cured methacrylate networks (Chapter 5)
• A model is developed based on the reaction kinetics of photopolymerization which
accurately describes the dependence of monomer conversion on curing time. It
is shown that the model can predict the effect of light intensity and initiator
concentration on the monomer conversion.
• The glass-transition temperature increases with increasing curing time and UV light
intensity. Hale’s model [88] is used to describe the correlation between monomer
conversion and glass-transition temperature, which is valid for various curing times
and light intensities.
• The yield stress increases with curing time until the maximum conversion is
reached. It is found that the light intensity at which the resin is cured strongly
influences the network structure, consequently affecting the ultimate mechanical
properties. Lower intensity causes the presence of unconverted and dangling chains
in the network, that lowers both the glass-transition temperature and yield stress.

Effect of process conditions on polymerization of methacrylate systems (Chapter 6)
• A rheometer equipped with a custom-made bottom plate for UV-irradiation is used
to study the effect of light intensity, curing time and amount of photoinitiator on the
storage and loss modulus, as well as on the gel point of a single layer of resin. The
results show that an increase in intensity, curing time or amount of photoinitiator
leads to an increase in the polymerization rate and final storage modulus. The
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gel point decreases with increasing UV light dose, independent on the amount of
photoinitiator.
• An increase in storage modulus is observed even after the light is switched off. This
effect is attributed to dark polymerization. Free radicals present in the network start
to diffuse and polymerize further, this effect is proportional to the concentration of
radicals in the system.
• Samples cured with pulsed irradiation show an increase in the final storage modulus
as compared to the corresponding continuously irradiated samples.
• The effect of pulsed irradiation on the monomer conversion is predicted by the
developed model. Increasing the time between two successive pulses is found to
reduce the concentration of dead polymer chains. Therefore a longer dark time
reduces the amount of premature terminated chains, leading to a polymer network
with higher molecular weight chains.

UV-cured polymer networks: from processing to properties
• A methodology to characterize the intrinsic mechanical properties of UV-curable
polymers has been developed. It requires only a few milliliters of material and,
therefore, is well suited for screening materials under real SLA-process conditions.
• In general, the main findings of this thesis help to understand the causes of the
intrinsic material heterogeneity typical of printed products. Selecting the right
combination of processing conditions and resin formulation leads to a polymer with
high monomer conversion in each layer. For instance, irradiating each layer for
short time, increasing the time between two pulses or reducing the initial viscosity
of the resin formulation, would lead to polymers with higher network mobility
which promotes the dark polymerization. Achieving a higher conversion in each
layer would reduce the gradient in conversion along the sample thickness and,
therefore, the warpage of the product.
• It is observed that thermal post-curing does not affect network structures with a high
density, which is a desirable effect for the design of polymers with high thermal
resistance.
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• As addition to our sample preparation setup, a high resolution IR-camera would
help to understand the evolution of temperature during UV-curing. This would
permit to follow the local temperature of the resin during the polymerization and
to confirm the hypothesis discussed in Chapter 5. The heat generated during the
exothermic reactions and the corresponding effect on the network structure could
be better investigated.
• The polymerization model presented in Chapter 5 does not predict the effect of
oxygen inhibition that is caused by the presence of oxygen molecules in the
environment. Molecular oxygen inhibits the propagation of monomers and growing
polymer chains to form a three-dimensional network. Implementing the diffusion
of oxygen and the corresponding termination reactions would make the model more
representative of the printing process. Moreover, upon implementing a heat-balance
equation, the dependence of the diffusion coefficient on temperature could be taken
into account [112, 113].
• While studying the size effect in acrylate systems (Chapter 2) we concluded that the
solvent used during the sample preparation strongly affects the network structure
and, therefore, the final mechanical properties. This effect is unwanted in the real
printing process. For instance, complex structures having small components will
have different mechanical performance in relation to the component sizes. A further
investigation on the effect of solvent for different resin formulations would be useful
for selecting the right resin for each specific geometry.
• The rheometer setup illustrated in Chapter 6 could be used to calculate the shrinkage
that occurs during the photopolymerization process. A link between shrinkage and
conversion could be made and may be described with empirical models [114, 115].
This would permit to implement the dependence of shrinkage on process conditions
in finite element simulations, and therefore, to predict the shrinkage evolution
during the printing process and, therefore, the deformations of the printed product.
• The conclusions drawn in this thesis are often linked to hypotheses made on
network structures. An experimental investigation based on neutron scattering
measurements would be recommended to elucidate the molecular network structure
of these UV-cured polymers. This would give additional information on the effect
of process conditions and chemical composition on the final mechanical properties.
Next to the experimental analysis, computer simulations, e.g molecular dynamic
simulations, would generate insights into the molecular structure of photo-curable
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materials and an understanding of the dynamics of polymer chains during the
photopolymerization.
• A step towards the real 3D-printing process would be the study of layer-to-layer
adhesion and how it is affected by processing conditions. An attempt has been made
to study the adhesion of two printed layers. Initially, an approach proposed by Davis
et al. [116], which is based on wrinkle formation to study the delamination of a rigid
film on a soft substrate, has been applied. Curing two layers with different exposure
times gives the desired sample properties. This approach would give information
on the poorest adhesion due to a lower amount of double bonds at the interface
of the two layers. Unfortunately a brittle failure in the bulk of the samples was
observed which did not allow wrinkle formations. Next, maximally cured samples
having a single-lap adhesive joint have been prepared to study the layer adhesion
by means of shear stress strain mechanical tests. An unpredictable brittle failure of
the samples was observed and, therefore, it appeared that the layer interface was
not the weakest point in the sample. A new method for the preparation of bilayered
samples is recommended to investigate if the layer adhesion is effectively a problem
in printed products.

Appendix A
To check if a gradient in conversion is present throughout the cured layer thickness, FTIR
analysis is performed on top and on the bottom of the layer. The results show that no
gradient in conversion is present within the layer thickness, see Fig. A1. The evolution
0.3
texp top 1.5 sec

0.25

texp bottom 1.5 sec

absorbance

0.2
0.15
0.1
0.05
0
−0.05
880

860

840
820
800
wavenumber [cm−1]

780

760

Figure A1: FTIR spectra of top and bottom of a tensile bar sample UV-cured for 1.5 s.

of the reference peak height as function of irradiation is reported in Fig. A2, in which
no trend is observed. For each experiment, a different sample was used, therefore, the
thickens and the roughness of the sample can differ and influence the measurement itself.
The conversion after various irradiation times are reported in the Table A1.
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Figure A2: Evolution with irradiation time of the height of the 829 cm−1 peak.

Table A1: Conversion values

irradiation time [s]

conversion [%]

1.5
50
100
150
200

51
68
72
72.5
74

Fig. A3 presents the load-displacement curves obtained by testing five different
micropillars UV post-cured for 150 s and shows the highly reproducible results. To
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Figure A3: The measured load-displacement response at a penetration rate of 100 nm/s of five
UV post-cured 80µm micropillars, showing the highly reproducible results.

investigate the reliability of the nano-indentation technique, micro-compression tests are

111
performed on micropillars of SU-8 3025 prepared via stereolithography. The samples are
first exposed for 10 s to UV-light with an intensity of 15 mW/cm2 and successively postexposure baked for 1 min at 65○ C and 3 min at 95○ C. Micropillars with a diameter of 20
µm are tested under different strain rates and the evolutions of yield stresses and elastic
modulus as function of the strain rates are reported in Fig. A4.
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Figure A4: (a) The yield kinetics of SU-8 micropillars and (b) elastic moduli obtained from
uniaxial compression at different strain rates.

Appendix B
The layer thickness of the liquid formulation depends on the spinning speed, ω, and the
initial viscosity, η0 :

√
h=

3η0
,
4ρω 2 t

(7.1)

The spinning time, t, is equal to 30 s for the nine studied formulations. The predictions of
the layer thickness as function of spinning speed are shown in Fig. B1. The values of the
spinning speeds used to obtain 80µm thick layers are given in Table B2. The thickness
of the UV-cured samples is successively measured by using a micrometer caliper and the
measurements confirm the model predictions.
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Figure B1: Layer thickness as function of spinning speed for the different formulations.

The viscosity of the pure monomers, BisDAn=2 , BisDAn=4 , BisDAn=2+4 , and mixtures
with TEGDA is shown in Fig. B2. The shear rate has been varied from 1 to 100 1/s. All
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Table B2: List of spinning speeds used to obtain 80µm thick layers.

formulations

spinning speeed [rpm]
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the photo-curable mixtures display a Newtonian behaviour.
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Figure B2: Experimental viscosity curves for the nine formulations as function of shear rate.

115

100

100

80

80

80

60
40
BisDAn=2 UV

20

conversion [%]

100

conversion [%]

conversion [%]

The effect of thermal post-curing on samples previously UV-cured on the polymerization
kinetics is shown in Fig. B3. It is shown that the further thermal post-curing does not
have an effect on the final monomer-to-polymer conversion.
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Figure B3: Monomer-to-polymer conversion (obtained by FTIR analysis) as function of
irradiation time for both UV post-cured, open markers, and UV and thermally (30
min at 150○ C) post-cured samples, solid markers. The overall effect of thermal postcuring and TEGDA content in (a), (b) and (c) BisDAn=2 , (d), (e) and (f) BisDAn=4 ,
(g), (h) and (i) BisDAn=2+4 composites.

Appendix C
The effect of strain amplitude, frequency and preload force applied during a DMTA tests
is investigated. Two-cycle DMTA tests are performed on both systems with a strain of
0.1 and 0.5%, which is still well within the linear viscoelastic regime. Fig. C1 shows the
tanδ curves for both systems. The results show that the thermo-mechanical response is
not affected by the increase in strain amplitude.
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Figure C1: Effect of strain amplitude on the shift in Tg : two-cycle DMTA tests on UV-cured
sample n2 (left) and sample n2,s (right).

The effect of frequency is shown in Fig. C2. The results show that the absolute shift in
Tg is constant if the sample is subjected to a higher frequency. The absolute values of
Tg depend on the frequency for both systems (samples n2 and n2,s). This is due to the
fact that the glass-transition temperature is a kinetic phenomenon corresponding to the
activation of chain mobility. At higher frequency the material is stimulated for a shorter
time, therefore the chain mobility is restricted and results in a higher glass-transition
temperature.
Finally, the effect of applied pre-load force on the Tg -shift is shown in Fig. C3. The
pre-load is increased from 0.01 N to 0.1 N and the results show that this increase does not
117

118

0.7
0.6

0.7
Tg = 17°C

1 Hz
10 Hz

0.6
Tg = 17°C

0.4
0.3

0.4
0.3

0.2

0.2

0.1

0.1

0
-50

0

50
100
temperature [°C]

0
-50

150

Tg = 32°C
Tg = 32°C

0.5
tan [-]

tan [-]

0.5

1 Hz
10 Hz

0

(a)

50
100
temperature [°C]

150

(b)

Figure C2: Effect of frequency on the shift in Tg : two-cycle DMTA tests on UV-cured sample
n2 (left) and sample n2,s (right).

affect the thermo-mechanical response.
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Figure C3: Effect of pre-load force on the shift in Tg : two-cycle DMTA tests on UV-cured
sample n2 (left) and sample n2,s (right).

Thermo-gravimetric analysis is performed on both systems in order to understand if
volatiles are removed from the UV-cured polymer network during the heating step in a
DMTA test. Fig. C4 shows the first derivative of the TGA thermograms (DTGA) in
which the minima represent the peak temperatures of the weight losses. It is clear that the
solvent (acetone) used for the preparation of sample n2,s is still present in the polymer
network, and at 44○ C it starts to evaporate. Therefore, the thermogram (blue curve) shows
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two minima. The solvent content in terms of mass fraction is evaluated as:
wsolv = 100 − wr,140○ C

(7.2)

where wsolv is the solvent mass percentage, and wr,140○ C is the residual mass percentage
of the sample at 140○ C, the temperature at which the solvent is completely released from
the polymer network.
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Figure C4: TGA thermograms: first derivative of weight loss [%] as a function of temperature
of sample n2 (black curve) and sample n2,s (blue curve).

To study the effect of different thermal treatments on the first-cycle Tg , samples are placed
for 30 min in the oven at temperatures of 100, 150 and 200○ C, successively DMTA tests
are performed. The evolutions of tanδ as a function of temperature for both systems are
reported in Fig. C5. The results show a shift in the tanδ peak towards higher temperature
if the samples are thermally treated; however, for the range of temperatures tested, the
temperature at which the treatment is performed does not influence the final properties, as
long as it is higher than the sample Tg .
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Figure C5: Effect of thermal treatment on Tg : tanδ as a function of temperature for sample n2
(a) and sample n2,s (b). DMTA tests are performed on samples thermally treated for
30 min at 100, 150 and 200○ C and compared with only UV-cured specimens.

Polarized optical microscope (POM) image is recorded for UV-cured sample n4 after a
two-cycle DMTA test, and the resulting image is shown in Fig. C6. The sample is placed
at 45○ between crossed polarizers. The sample is not birefringent, therefore we conclude
that no alignment is present.

Figure C6: POM image of UV-cured sample n4 after a DMTA test.

Appendix D
A sensitivity study is performed for the model to illustrate the effect of changing model
and fitting parameters on the model prediction. Fig. D1 shows the effect of changing
kp0 /kt00.5 on the prediction of monomer conversion. It can be seen that the initial slope of
the curve changes, whereas the shape of the curve stays the same. In Fig. D2 the change
in kp , kt and initiator efficiency, f , is shown with respect to their initial values as function
of conversion. The model parameters listed in Table 5.1 are used.
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Figure D1: Effect of changing kp0 /kt0
, on the prediction of monomer conversion.

In Fig. D3 the effect of changing the critical conversion for propagation and initiator
concentration, xcrp and xcrf respectively, on the monomer conversion is shown. The slope
of the curves becomes less steep at lower conversion for lower xcrp , which is logical
because the propagation rate starts decreasing at lower xcrp , leading to a lower final
conversion. A similar trend is observed for the xcrf , where the curves start to flatten out at
a lower conversion for lower xcrf .
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Appendix E
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In Fig. E1 the effect of different concentrations of photoinitiator on the evolution of the
moduli as a function of time is shown . The resin, containing 0.1, 0.2 and 0.3 wt% of
initiator, is irradiated for 2 s at an intensity of 8 mW/cm2 . A higher amount of initiator
leads to an increase in moduli and a reduction in gel point.
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Samenvatting
Stereolithografie (SLA) is een 3D-printproces waarbij laag voor laag een product wordt
opgebouwd. De in dit proces gebruikte vloeibare harsen, i.e. monomeren, harden uit
door er met ultraviolet (UV) licht op te schijnen, dit noemen we fotopolymerisatie.
De belangrijkste voordelen van SLA boven conventionele verwerkingstechnieken, zoals
spuitgieten, zijn het vermogen om complexe geometrieën te maken met een hoge
nauwkeurigheid en ruimtelijke vrijheid. Ondanks deze voordelen worden doorgaans
de uiteindelijke eigenschappen van 3D-geprinte objecten beı̈nvloed door de intrinsieke
heterogeniteit in de bouwrichting. Wanneer een nieuwe laag op de al geprinte laag
wordt geplaatst en polymeriseert, ontvangen alle vorige lagen een extra dosis UV-licht
waardoor een gradiënt in mechanische eigenschappen ontstaat. Bovendien beı̈nvloedt de
aanwezigheid van niet-gereageerde monomeren het netwerk en daarmee de stabiliteit van
het eindproduct. Een hogere UV-lichtintensiteit of harsen met een lagere viscositeit leiden
tot een toename van de polymerisatiesnelheid en een hogere uiteindelijke polymerisatiegraad, ook wel conversie genoemd. De mechanische eigenschappen van de producten
zijn sterk afhankelijk van de bereikte conversie. De invloed van verwerkingscondities
en de chemische structuur van de monomeren op de uiteindelijke netwerkstructuur
blijken cruciaal voor het beheersen van de mechanische eigenschappen van gemaakte
product. Vanwege de complexiteit van het SLA-proces, en om beter te begrijpen wat
de heterogeniteit beı̈nvloedt, worden enkellaags UV-uithardbare polymeren onderzocht.
Afhankelijk van de uithardingscondities en de chemische structuur van de monomeren
kunnen de moleculaire structuren en de resulterende mechanische eigenschappen sterk
variëren. Het doel van dit project is om een methode te ontwikkelen die het mogelijk
maakt om de intrinsieke mechanische eigenschappen van dunne films te bestuderen
en deze vervolgens te gebruiken om de relaties tussen structuur en eigenschappen in
fotopolymeriserende harsen te bestuderen. Daartoe wordt een hars, bestaande uit een
mengsel van een enkel type monomeer en foto-initiator, onderzocht om het effect van
procesvariabelen op de mechanische eigenschappen te bestuderen. Met behulp van microcompressie-experimenten worden de intrinsiek mechanische eigenschappen gemeten die
representatief zijn voor een enkele laag met verschillende diktes. Een afname in vloeispanning wordt waargenomen met een toenemende oppervlakte-tot-volumeverhouding.
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Het directe gevolg is dat de mechanische eigenschappen afhankelijk zijn van de grootte
van het geprinte object. Tevens wordt de reactiekinetiek van het fotopolymerisatieproces
gemodelleerd. Het effect van gecontroleerd variërende verwerkingsomstandigheden op
het uithardingsmechanisme van de hars en de relatie tot de uiteindelijke mechanische
eigenschappen worden bestudeerd. De toevoeging van een tweede monomeer aan de al
bestaande hars werkt als een verdunningsmiddel en verlaagt de viscositeit en verhoogt de
moleculaire mobiliteit tijdens de polymerisatiereactie. Dit resulteert in een polymeer met
een hogere netwerkdichtheid en een hogere uiteindelijke conversie. Door het aanbrengen
van een externe spanning tijdens een thermische nabehandeling lijnen de polymeerketens
uit in de richting van de aangelegde spanning. Hierdoor neemt de kans, voor bungelende
polymeeruiteinden en niet-omgezette polymeren, om verdere te polymeriseren toe, wat
leidt tot een toename van de glasovergangstemperatuur.
In dit proefschrift worden correlaties gelegd tussen de chemische structuur en verwerkingsomstandigheden en de resulterende mechanische eigenschappen van enkellaags UVlicht uithardbare harsen. Dit maakt het mogelijk om de relaties tussen structuur en
eigenschappen in deze systemen onder realistische 3D-printomstandigheden te besturen,
met als doel ze te controleren.

Sommario
Stereolitografia (SLA) è un processo di stampa 3D che permette di realizzare oggetti
tridimensionali costruiti strato dopo strato. La resina, inizialmente liquida, viene
solidificata mediante fotopolimerizzazione. Uno dei maggiori vantaggi è quello di poter
creare geometrie complesse con alta precisione ed accuratezza. Quando un nuovo strato
è depositato ed illuminato con luce UV, gli strati precedentemente solidificati ricevono
un’ulteriore irradiazione. Questo comporta una disomogeneità lungo lo spessore del
prodotto. Inolte, la presenza di molecole non reagite influenzano la stabilità del prodotto
finale. Luce UV con elevata intensità o resine con viscosità più bassa incrementano
la velocità di polimerizzazione, e di conseguenza aumentano la conversione finale. Le
propiertà meccaniche e le performance del prodotto dipendono fortemente dal grado di
conversione, dai parametri di processo e della struttura chimica della resina. Data la
complessità del processo SLA e per studiare le cause della disomegeneità, singoli strati di
polimeri fotoindurenti sono dapprima investigati.
La struttura polimerica e le risultanti proprietà meccaniche dipendono generalmente
dalle condizioni di processo e dalla struttura chimica. L’obiettivo di questo progetto
è quello di sviluppare una metodologia capace di studiare le proprietà meccaniche di
film sottili, per poi studiare le relazioni tra struttura e propietà. Una resina composta
da una miscela di un solo monomero e fotoiniziatore è stata inizialmente investigata per
studiare l’effetto delle condizioni di processo sulle proprietà meccaniche. Le proprietà
intrinsiche del materiale, rappresentative di un singolo strato di materiale, sono state
studiate mediante esperimenti di micro-compressione. Aumentanto il rapporto superficievolume dei campioni, si osserva una riduzione dello stress di snervamento. La diretta
conseguenza è che le proprità meccaniche dipendono dalla dimensione del campione.
Inoltre, la cinetica di fotopolimerizzazione è stata modellata. L’effetto delle condizioni di
processo sul meccanismo di polimerizazione della resina e le relazioni con le proprietà
meccaniche sono state investigate. L’aggiunta di un secondo monomero nella resina
riduce la viscosità della resina, incrementando la mobilità molecolare durante la reazione.
Un polimero con un maggiore grado di reticolazione e un più alto valore di conversione è
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il risultato di questo effetto.
È stato osservato che una deformazione applicata durante un trattamento di postindurimento influenza la temperatura di transizione vetrosa. Questo fenomeno è stato
studiato mediante analisi termogravimetrica (DMTA) su campioni preparati sotto diverse
condizioni di processo. Quando una deformazione è applicata durante un trattamento
termico di post-indurimento, un alliniamento delle catene favorisce la polimerizzazione di
catene pendenti e molecole non convertite, provocando un incremento della temperatura
di transizione vetrosa.
In questa tesi sono state determinate correlazioni tra struttura chimica, condizioni di
processo e proprietà meccaniche di singoli strati di polimeri fotoindurenti. Questo
approccio consente di controllare le relazioni tra struttura e proprietà di polimeri
fotoindurenti sotto realistiche condizioni di processo.

Acknowledgments
Here we are at the end of my PhD, a life experience full of challenges and satisfactions.
Many people contribute to this experience and I would like to express my gratitude to all
of them.
First, I would like to thank my daily supervisors, Lambèrt and Ruth, for offering me the
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