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ABSTRACT: In this study, 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. This simplified
approach of the SLA process gives the opportunity to study the link between
process conditions and mechanical properties without complicated interactions
between different layers. Fourier-transform infrared analysis is performed to
study the effect of light intensity, curing time, 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 a lower yield stress and glass-transition
temperature. The correlations between process conditions and the mechanical properties of UV-cured methacrylate systems are
established to better understand the role of the processing parameters involved in the SLA process.

1. INTRODUCTION

In recent years, the interest in additive manufacturing (AM)
has increased enormously. The possibility to produce complex
geometries without the need for postprocessing gives
tremendous design freedom. This freedom makes AM suitable
for numerous applications. One of the most important AM
methods is stereolithography (SLA), which was already
developed during the 1970s.1 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 because of 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.2−7 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 modeled to improve the understanding of
the reaction kinetics.8−10 Nevertheless, improvements can be
made by developing better understanding of the polymer-
ization 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 the

polymerization reactions and resulting mechanical properties,
such as light intensity, irradiation time, and initiator
concentration. Lovell et al.11 have studied the effect of light
intensity on the rate of photopolymerization, reporting an
increase in polymerization rate, and therefore ultimate
conversion, with increasing intensity. Moreover, Nomoto et
al.12 have shown that when the total dose is kept constant, the
curing depth and evolution of monomer conversion are the
same. Miyazaki at al.13 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.2,14

In this work, polymerization kinetics and mechanical
properties of a methacrylate resin UV-cured under different
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process conditions are studied. Single layers of methacrylate
resin are characterized to study how process conditions of
resins used in the SLA process 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 effects 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.

2. MODELING OF MATERIAL PROPERTIES
The models used in this study describe the material properties
of the methacrylate resin including monomer conversion, that
is, kinetics of photopolymerization, as well as link the
monomer conversion to the glass-transition temperature, and
capture the yield kinetics.
2.1. Modeling Monomer Conversion. Modeling the

monomer conversion is done by using the kinetics of the
photopolymerization reaction.8−10,15−19

2.1.1. Reaction Scheme of Photopolymerization. The
photopolymerization follows the reaction scheme shown in
1.18,20 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.

→ •k
In 2Rd (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,
that is, the propagation rate constant.

+ →• •
k

R M P
p

(2)

+ →• •
k

P M P
p

(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 cross-linked
systems are not affected significantly by the termination
mechanism, in contrast to linear systems for which the
molecular weight is affected.15 The rate of these termination
processes is assumed equal and is represented by kt, that is, the
termination rate constant.

+ →• • k
P P Pt

dead (4)

+ →• • k
P R Pt

dead (5)

The evolution of species concentrations over time is derived
from the reaction scheme, obtaining the set of differential
equations shown in 6 to 10. In this set of equations, [In], [R•],
[M], [P•], and [Pdead] are the concentrations of initiator, free
radicals, monomer, growing polymer chains, and dead polymer
chains, respectively.

[ ] = − [ ]
t

k
d In

d
Ind (6)

[ ] = [ ] − [ ][ ] − [ ][ ]
•

• • •

t
fk k k

d R
d

2 In M R P Rd p t (7)

[ ] = − [ ][ ] − [ ][ ]• •

t
k k

d M
d

M R M Pp p (8)

[ ] = [ ][ ] − [ ][ ] − [ ]
•

• • • •

t
k k k

d P
d

M R P R 2 Pp t t
2

(9)

[ ]
= [ ] + [ ][ ]• • •

t
k k

d P
d

P P Rdead
t

2
t (10)

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

2.1.2. Determination of Reaction Rate Constants. In order
to solve this set of differential equations, the reaction rate
constants kd, kp, and kt have to be determined. The initiator
decomposition rate is determined using a modified Beer−
Lambert law18 for penetration of light into a medium

λ= ϕε ε− [ ]k I
N hc

2.3 exp z
d 0

( 2.3 In )

A

i
k
jjjjj

y
{
zzzzz (11)

with ϕ the quantum yield of the initiator, ε 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 Fourier transform infrared
(FTIR) measurements. A setup is developed to enable in situ
UV-curing of the resin on which FTIR measurements are
carried out. Using this setup, the conversion is measured by
intermittently illuminating the resin and performing FTIR
scans, giving the possibility to obtain information about the
reaction kinetics of the photopolymerization. From these
experiments, the ratio kp0/kt0

0.5 is determined21

ϕ
=

[ ]

k

k

R

I( ) M
p0

t0
0.5

p

A
0.5

(12)

with Rp the initial rate of polymerization and IA the photon
absorption rate. The rate of polymerization is defined as21

= [ ]R
x
t

d
d

Mp 0 (13)

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,
using22

λ= · · · − ε− [ ]I I
N hc z

1
(1 exp )z

A 0
A

2.3 In

(14)

2.1.3. Implementing Nonconstant Reaction Rates. The
reaction rate constants kp and kt are a function of conversion
because diffusion can become the limiting factor. At the start of
the reaction, the medium consists of a monomer and a small
amount of initiator. During the reaction, this composition
changes as the monomer is converted into a polymer, which
increases the viscosity of the medium, limiting the diffusion of
the components to a point where the diffusion becomes the
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limiting step in the reaction. Additionally, in cross-linking
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 Bowman23 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.24 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

= +
k k k
1 1 1

r m (15)

with kr the true reaction rate constant and km the mass transfer
limited reaction rate constant.
Using this approach, the propagation rate constant is

described by23

=
+ −

k k
B

1

1 exp
v v

p p0
1 1

f f,cp

Ä

Ç
ÅÅÅÅÅÅÅÅ

i
k
jjj

y
{
zzz
É

Ö
ÑÑÑÑÑÑÑÑ (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 propagation
becomes diffusion-controlled. The fractional free volume of the
system is described by23

= +
− ∞

∞
v v

v v
vf f,eq

(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 17, is neglected in the
implementation of the reaction rates in the developed model; a
consequence of this simplification is that eq 17 reduces to vf =
vf,eq. The equilibrium free volume is defined as23

α ϕ α ϕ= + − − + −v T T T T0.025 ( )(1 ) ( )f,eq m g,m p p g,p p

(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
glass-transition 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 conversion23

ϕ
ε
ε

=
−

−
x

x
(1 )
1p

v

v (19)

with x the monomer conversion and εv the volume contraction
factor, which is defined by25

ε
ρ
ρ

= −x 1v
m

p

i

k

jjjjjjj
y

{

zzzzzzz (20)

with ρm and ρp the density of the monomer and polymer,
respectively.

The termination rate also includes the reaction diffusion
limitation, which leads to the termination rate constant
described as23

= +
+ − −

−

( )
k k

R A
1
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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 cross-linking system, translational
diffusion of the polymer chains is negligible from the start of
the reaction.26

In order to solve the set of equations, the initiator efficiency f
in eq 7 has to be determined. The efficiency decreases as a
function of conversion because of the “cage effect”, resulting in
more recombination of free radicals.26 The recombination
reaction is shown in eq 22. The free radical pair reacts to form
a nonreactive molecule, at the termination rate for recombi-
nation, ktr.

+ ⎯→⎯• • k
R R 2Rtr

dead (22)

The recombination process involves the diffusion of small
radical molecules in the reaction mixture. Rather than
separately modeling 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 16 for
the initiator efficiency in eq 7 leads to

=
+ −( )

f
C

1

1 exp
v v
1 1

f f,cf

Ä

Ç
ÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑ (23)

in which the initiator efficiency at the beginning of the reaction
is assumed to be 1, 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 rate constants and the
initiator efficiency decrease with increasing conversion, which
are used as fitting parameters by Anseth and Bowman.23 In the
present work, these adjustable parameters are taken equal to 1
(A = B = C = 1) in the implementation of the model to study
the predictive capabilities with respect to changing process
conditions.

2.2. Modeling Glass-Transition Temperature. The
glass-transition temperature Tg is linked to the monomer
conversion x, using a model developed by Hale et al.27 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 Williams28 and is based on
DiBenedetto’s equation.29,30 DiBenedetto’s equation is derived
using the principle of corresponding states with an uncross-
linked polymer as a reference state and relates the shift in Tg to
the extent of reaction for cross-linking polymers using29

−
=

−

− −

ε
ε ( )

( )
T T

T

x

x1 1

F
F

F
F

g g

g

0

0

x

m

x

m

x

m (24)
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in which Tg0 is the glass-transition temperature of the uncross-
linked polymer, for which we use the glass-transition
temperature of the uncured resin,31 εx/εm is the ratio of
lattice energies, and Fx/Fm is the ratio of segmental mobilities.
The subscripts x and m denote the cross-linked and uncross-
linked polymers, respectively. In the case of full conversion (x
= 1), eq 24 gives

ε ε
= ∞

F F

T

T
( / )
( / )

x m

x m

g

g0 (25)

in which Tg∞ is the glass-transition temperature of the polymer
at complete conversion. Introducing this in eq 24 and stating
that Fx/Fm = λ leads to the model developed by Pascault and
Williams28

λ
λ

−

−
=

− −
∞

T T

T T
x

x1 (1 )
g g

g g

0

0 (26)

Based on Couchman’s approach,32 using entropic consid-
erations, the ratio λ can be considered as28

λ =
Δ

Δ
∞

C

C
p

p0 (27)

in which ΔCp∞ and ΔCp0 are the isobaric heat capacities of the
polymer at complete conversion and of the uncured resin,
respectively. For systems that do not reach a monomer
conversion of 100% (x = 1), this model was adapted by Hale et
al.,27 which describes the link between monomer conversion
and Tg using

λ
λ

−

−
= ′ ′

− − ′ ′

T T

T T
x

x1 (1 )
g g

g g

0

M 0 (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

λ′ = ′ =
Δ

Δ
x

x
x

C

C
, and

M

p

p

M

0 (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 described using λ′ as a fitting parameter.
2.3. Yield Kinetics. To describe the rate and temperature

dependence of the yield stress calculated from tensile
measurements, Eyring’s activation flow theory is used.33 The
yield stress as a function of temperature and strain rate is
described by

σ ε ε
ε

̇ =
*

̇
̇

Δ−T
kT
V

U
RT

( , ) sinh expy
1

0

i
k
jjjjj

i
k
jjj

y
{
zzz
y
{
zzzzz (30)

where V* is the activation volume, ε0̇ the rate factor, ΔU the
activation energy, R the universal gas constant, k the
Boltzmann’s constant, and T the absolute temperature.

3. MATERIALS AND METHODS
3.1. Materials. In this work, a methacrylate monomer, bisphenol-

A-ethoxylated dimethacrylate (SR540, Mn = 572 g/mol), supplied by

Sartomer, Arkema Group, and a photoinitiator, 2,2-dimethoxy-2-
phenylacetophenone (Irgacure 651, Mn = 256 g/mol), are used. The
chemical structures are shown in Figure 1. The photoinitiator is added
in powder form in an amount of 0.3 and 3 wt % and dissolved into the
monomer by sonication to create the UV-curing resin.

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.34 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 8 mW/cm2 with an LED
light (wavelength 365 nm, LED Cube 100, Hönle UV Technologies).
The light intensity at the sample position is uniform as measured with
a UV-meter. Next, the uncured resin is washed for 4 min with ethanol
and dried with nitrogen. The dog-bone-shaped samples are
successively UV and thermally post-cured. UV post-curing is
performed at the same intensities in an inert atmosphere for different
curing times. Thermal post-curing is eventually done in an oven at
150 °C for 30 min.

3.3. Material Characterization. The monomer conversion is
determined using FTIR spectroscopy analysis (Spectrum Two FTIR
Spectrometer, PerkinElmer), equipped with an attenuated total
reflectance (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.34 A portable LED UV-lamp is connected to a controller
(bluepoint LED eco, wavelength 365 nm, Hönle UV Technologies)
and fixed on top of the box. The light intensity at the sample position
is uniform as measured with a UV-meter. Tests are performed on
samples 100 μm thick, which guarantees that no gradient in curing is
present throughout the layer thickness. The layer of the liquid resin is
placed on the ATR crystal and the box, equipped with an inlet tube
and outflow hole, is positioned on the spectrometer and flushed with
nitrogen for 3 min. The resin is then intermittently illuminated for the
desired total time under UV light intensities ranging from 2 to 59
mW/cm2, 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
by35

α =
−

·

″
″

″
″

″
″

t( ) 100

A
A

A
A t

A
A

0

0

1637

1608
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1608

Ä
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ÅÅÅÅÅÅÅ
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ÑÑÑÑÑÑÑ

Ä
Ç
ÅÅÅÅÅÅÅ
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ÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑ (31)

where [A1637″/A1608″]0 and [A1637″/A1608″]t represent the ratio of the
second derivative of the methacrylate double-bond at 1637 cm−1 and
the internal reference at 1608 cm−1,36 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 are smaller than the symbols
and therefore omitted.

Figure 1. Chemical structure of the SR540 monomer and of the
Irgacure 651 photoinitiator.
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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, εv, is
determined using eq 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 of about 100 μm
thickness and 2.5 mm width 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 functions 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 microtensile stage (TST350 Linkam Scientific)
equipped with a 200 N load cell. The dimensions of the tensile
specimens (length 30 mm, thickness 0.1 mm, and width 2.5 mm),
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.

4. RESULTS AND DISCUSSION

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 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.
4.1.1. Effect of Curing Time. The monomer conversion is

determined by using FTIR measurements in ATR mode, in
which the absorbance as a function of wavenumber is recorded.
In Figure 2a, the evolution of the CC double-bond peak at
1637 cm−1 as a function of the wavenumber is reported for a
selection of UV-curing times. It is clear that the number of
double bonds decreases with increasing curing time. The
monomer conversion is determined using the second
derivative method (Figure 2b), as described in Section 3.3.
The monomer conversion as a function of curing time and

the model fit are shown in Figure 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 double
bonds increases to a final value of 73%. First, the ratio kp0/kt0

0.5

is calculated from the steepest slope of the initial rate of
polymerization (eq 12) and the model is then fitted to the

experimental data. Table 1 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 cross-linked systems the termination
rate is diffusion-controlled from the beginning of the

Figure 2. Evolution of the CC stretch peak at 1637 cm−1 during UV-curing of the methacrylate resin: absorbance spectra acquired in ATR mode
(a) and second derivative of the absorbance (b) as a function of wavenumber.

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

Table 1. Model Parameters for Polymerization Kinetics

parameter value unit references

kp0/kt0
0.5 2.9921 [m1.5 mol−0.5 s−0.5] determined

experimentally
εv 0.0523 [-] determined

experimentally
A 1 [-] fixed a priori
B 1 [-] fixed a priori
C 1 [-] fixed a priori
R 0.02 [-] Anseth, Wang, and

Bowman24

αm 5 × 10−4 [°C−1] Anseth and Bowman23

αp 75 × 10−6 [°C−1] Anseth and Bowman23

Tg,m −42 [°C] Stansbury37

Tg,p 108 [°C] determined
experimentally

T 25 [°C] process condition
λ 365 × 10−9 [m] process condition
ϕ 0.6 [-] Boddapati18

ε 15 [m2 mol−1] Boddapati18

kt0 1 × 105 [m3 mol−1 s−1] adjustable parameter
xcrp 0.19 [-] adjustable parameter
xcrt 0 [-] fixed a priori
xcrf 0.58 [-] adjustable parameter
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polymerization reaction. Moreover, as expected, as 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
sensitivity of the model predictions to kp0/kt0

0.5 ratio, and the
variation of kp, kt and efficiency f with the degree of conversion
are shown in the Supporting Information, Figures S1 and S2.
The conversion values at which the parameters start decreasing
are determined by the critical conversion values. The curves in
Figure 3 are in good agreement with theory and experimental
results in literature.23,26

4.1.2. Effect of Process Conditions. The rate of polymer-
ization 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 the initiator
concentration is shown in Figure 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 the 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 overpredicted. This small deviation from the
experimental data may indicate that the vitrification behavior
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 concen-
tration 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
Supporting Information, Figure S3.
The effect of light intensity is shown in Figure 4b. The

conversion is measured for light intensities of 2, 8, 17, and 59
mW/cm2. A composition with 3 wt % of the 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 the initiator concentration,
the light intensity clearly affects the polymerization rate at
short curing times, as also observed in literature.2 Moreover,
the final conversion slightly increases with increasing light
intensity. The conversion increases from a final value of 67−
77% for intensities of 2 and 59 mW/cm2, respectively. The
model is fitted to the light 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, for the highest intensity, the model
starts levelling off slightly earlier than the experimental results.
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 a higher
intensity. This phenomenon might be caused by the creation of
excess free volume during the faster reaction, which makes it

Figure 4. Effect of process conditions on polymerization kinetics: (a) model fit for formulations with 3 wt % of the initiator and prediction for 0.3
wt % of the initiator for the resin irradiated at a light intensity of 8 mW/cm2; (b) polymerization kinetics for several UV light intensities. Model fit
is shown for an intensity of 8 mW/cm2, and model predictions are shown for intensities of 2, 17, and 59 mW/cm2. The markers represent the
measurements and the lines the model descriptions.

Figure 5. (a) tan(δ) as a function of temperature for a resin (with 3 wt % of the initiator) cured at a light intensity of 8 mW/cm2 for a selection of
UV postcuring times and (b) effect of light intensity on samples UV postcured for 20 s.
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easier for the molecules to diffuse in the network.38 Moreover,
higher intensity causes an increase of temperature in the
reacting environment.39−42 Suzuki et al.42 have demonstrated
that the temperature increases dramatically (40 °C) during the
polymerization of methyl methacrylate resins. Tripathy et al.41

have studied the effect of light intensity on the photo-
polymerization of (meth)acrylate systems. They observed an
increase in both polymerization rate and temperature with an
increase in UV light intensity. 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 research39 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 low intensity, increasing the exposure time does not
increase the conversion any further. In these systems, the lower
mobility diffusion is more 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.
4.2. Glass-Transition Temperature. 4.2.1. Effect of

Process Conditions. The DMTA curves for the methacrylate
resin UV postcured at various times and intensities are shown
in Figure 5. All the samples are first UV-cured for 1.5 s and
successively UV postcured, as explained in Section 3.2. Figure
5a shows tan(δ) as a function of temperature for a selection of
UV postcured 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 postcuring times and after 200 s a
maximum is reached. A similar behavior has been seen for
acrylate systems.34 Figure 5b shows the DMTA results for
samples UV postcured 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. Moreover, Figure 5 shows the presence of a
small shoulder in the tan(δ) of samples cured with a low curing
time and low light intensity, which disappears when further
curing is performed. It is caused by the heterogeneous nature
of the polymer network at low degrees of conversion.
Figure 6a presents the results of the glass-transition

temperature as a 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 a lower intensity, a lower Tg is

observed. A similar behavior has been reported by Unterbrink
and Muessner.43 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 that the
mechanical properties do not change if the material is
irradiated with the same dose (intensity multiplied by curing
time).13 Interestingly, the behavior 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 Figure 6b). 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
behavior might be that the increase in intensity increases the
maximum temperature reached during polymerization, which
provides more molecular mobility, higher conversion, and
therefore a higher glass-transition temperature.11,40

Figure 6a shows that the glass-transition temperature as a
function of UV postcuring 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. Figure 6b shows the conversion as a function of the
glass-transition temperature, including a fit of the model
described in Section 2.2. The figure shows an increase in Tg

with increasing conversion, which is captured very well by the
model developed by Hale et al.27 and seems independent of
the light intensity. The model parameters used for the fit are
stated in Table 2. A similar observation has been shown in the
work of Lovell et al.14 for a common dimethacrylate dental
resin formulation (75/25 wt % bis-GMA/TEGDMA), in
which a unique fit describes the glass-transition temperature as
a function of conversion for samples cured under different light
intensities and light sources.

Figure 6. Effect of UV light intensity: glass-transition temperature as a function of irradiation time for samples cured under different light intensities
(a) and monomer conversion as a function of glass-transition temperature for samples UV postcured for 6.5, 10, 20, and 200 s. The markers are the
experimental results and the line is the prediction based on the Hale model (b).

Table 2. Model Parameters (Eq 28) for Glass-Transition
Temperature

parameter value unit references

Tg0 −42 [°C] Stansbury37

TgM 108 [°C] determined experimentally

xM 82 [%] determined experimentally
λ′ 0.59 [-] adjustable parameter
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4.3. Mechanical Properties. 4.3.1. Effect of Curing Time.
The effect of UV postcuring time on the tensile behavior of the
methacrylate resin is shown in Figure 7. All the samples are
UV-cured for 1.5 s and successively postcured for different
times as described in Section 3.2. Figure 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 postcuring
time increases. The mechanical response follows a similar trend
as the glass-transition temperature (Figure 5a): the yield stress
strongly increases with curing time. At 200 s of UV postcuring
time, the yield stress reaches a maximum value of
approximately 70 MPa. Figure 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.44,45 However,
samples having a glass-transition temperature of around 80 °C
present a jump in the yield stress, which can be explained by

the fact that the samples, having different network structures
because of the difference in curing time, are tested at the same
temperature.
Figure 7a shows that samples UV postcured for less than 20

s have a mechanical response in which no visible yield stress is
present. This behavior is because 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 not
affected. This can be observed in the inset of Figure 7b, in
which the evolution of the storage modulus as a function of
temperature is shown for samples UV postcured for 20 and
200 s. It is clear that at room temperature, the sample cured for
20 s is in the glass-transition region starting from 60 °C below
Tg; therefore, the tensile response of the same sample tested at
room temperature shows a rubber-like behavior. On the other
hand, the sample UV postcured for 200 s is still in the glassy
region at the testing temperature. This observation explains the

Figure 7. (a) Stress−strain response for UV postcured samples measured at a strain rate of 1.9 × 10−3 s−1 at 23 °C. (b) Yield stress as a function of
glass-transition temperature. The storage modulus as a function of temperature for samples UV postcured for 20 and 200 s is shown in the inset. All
the samples, having 3 wt % of the initiator, are cured at a light intensity of 8 mW/cm2.

Figure 8. Effect of intensity on the mechanical properties for formulations with 3 wt % of the initiator: stress−strain response for samples UV
postcured for 200 s at a light intensity of (a) 2, (b) 5, 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 vs applied strain rate for samples cured under different light intensities; the markers are
the experimental results and the lines the fitting based on the Eyring equation (eq 30).
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jump in mechanical response observed for the samples UV
postcured for longer than 20 s (Figure 7a) and the two
different linear relations presented in Figure 7b.
4.3.2. 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 Figure 8a−c. 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.46 At higher strain rates, this
balance is achieved at higher stress, as observed in the strain-
rate dependence of the mechanical response, see Figure 8a−c.
After yielding, depending on the cross-linked 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 low light intensity, see Figure 8a.
Therefore, in these systems, the segmental chain mobility is
higher, leading to a lower resistance against deformation.
The yield stress as a function of the applied strain rate for

the three studied systems is plotted in Figure 8d, in which the
lines are the results of the Eyring equation. In order to describe
the experimental results, the set of parameters shown in Table
3 is employed. The activation energy, ΔU, and activation

volume, V*, are the same for the three systems. The rate factor
ε0̇ decreases with increasing light intensity, and therefore with
increasing glass-transition temperature. Samples cured at a
lower light intensity display a lower yield stress, which is in
accordance with the monomer conversion and glass-transition
temperature evolutions reported in Figures 4b and 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. for

polyamides.47 This approach is based on the hypothesis that
the distance to Tg determines the mechanical response. The
decrease in glass-transition temperature for samples cured at a
lower intensity can be seen as an apparent increase in the
testing temperature. Therefore, the temperature T in the
Eyring equation (eq 30) can be modified as

̃ = + −T T T T( )Ig,8mW/cm g,2
x (32)

where T̃ is the apparent temperature, Tg,8mW/cm
2 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 so as to keep the distance to Tg constant. The
deformation kinetics for samples cured for 200 s at 2 and 8
mW/cm2 are shown in Figure 9a. For these specimens, tensile
tests are performed at 10 and 40 °C, respectively, to keep the
distance to Tg (ΔTg = Tg − T = 66 °C) constant. The lines are
the results of the original Eyring prediction (eq 30), using the
model parameters shown in Table 3 at testing temperatures of
10 and 40 °C. The results shown in Figure 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
Figure 9b. Tensile tests are performed at a constant strain rate,
5.5 × 10−5 s−1 and at different temperatures ranging from −20
to 80 °C. At very high 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 (Figure 9b), the data show a clearly different temperature
dependence for the two systems studied. In particular, for a
defined distance to Tg, the samples cured at a lower intensity
always present a higher mechanical response.
The yield stress data follow an engineering rule

σ = − −a T T( ) 35y g (33)

where a [MPa/K] is the slope which is equal to 1.4 and 1.1 for
samples UV-cured at intensities of 2 and 8 mW/cm2,
respectively. These slopes are similar to those found in
literature for thermoset polymers.48,49 Moreover, similar to our
findings, Cook et al.48 have shown that uncross-linked
polymers have a higher yield stress than the corresponding
cross-linked material, suggesting that the systems have different

Table 3. Eyring Parameters

I [mW/cm2] V* [nm3] ε0̇ [s
−1] ΔU [kJ/mol]

2 13 10 × 1076 482
5 13 30 × 1073 482
8 13 60 × 1072 482

Figure 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 = ΔTg = 66 °C) constant, illustrating a clear temperature dependence of the yield stress.
The markers are experimental results and the lines are the model predictions. (b) Yield stress as a function of ΔTg with testing temperature ranging
from −20 to 80 °C, tested at a constant strain rate of 5.5 × 10−4 s−1.
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molecular mobilities. Therefore, because of a different network
structure, a unique correlation between Tg and mechanical
properties cannot be found for the studied systems.
To study how the light intensity affects the cured network, a

thermal postcuring treatment is performed on samples
previously UV postcured for 200 s. In our previous work,34

we have shown that thermal postcuring leads to an increase in
mechanical response because of the continued reaction of
trapped radicals next to a thermodynamically more stable
structure. The effect of thermal postcuring is shown in Figure
10. Samples cured at 8 mW/cm2 are not affected by the

thermal treatment, whereas those cured at a 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 a low intensity. These can
further react when the network mobility is increased during
thermal postcuring. This is in accordance with the lower Tg
measured for these systems, see Figure 6a. On the other hand,
samples cured at a high intensity have a denser network in
which further polymerization cannot occur. Faster polymer-
ization at a higher intensity produces shorter and more cross-
linked polymers because of premature initiation in more points
and faster termination of reactions.13

5. CONCLUSIONS
In this study, the effects of process conditions on the
photopolymerization and mechanical properties of a UV-
cured methacrylate resin are investigated. First, the effects of
curing time, light intensity, and initiator concentration on the
monomer conversion are 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 similar: an increase in polymerization rate is
observed with increasing intensity and initiator concentration.
A model is developed based on the reaction kinetics of
photopolymerization that describes the experimental data. The
effects of light intensity and initiator concentration are
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 glass-transition temperature and the conversion,
irrespective of the light intensity and curing time. Similarly, the

yield stress increases with curing time until maximum
conversion is reached. However, the UV light intensity causes
structural changes that affect the yield stress. Low intensity
causes the presence of unconverted and dangling chains in the
UV-cured networks, which lower the glass-transition temper-
ature and yield stress to a different extent. Therefore, the
mechanical response is not determined by the distance to Tg,
as common in other systems.47 As a matter of fact, the resins
UV-cured at various intensities show different evolutions of
yield stress as a function of temperature. Finally, thermal
postcuring treatments are performed on maximally cured
samples. The results show an increase in yield stress only in
samples UV-cured at a low intensity. This characteristic
confirms the presence of dangling chains in the network that
can further react when the network mobility is increased
during thermal postcuring 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
that no direct correlation exists between reaction kinetics and
mechanical properties because of the dependence of the
microstructure on the processing conditions. Hence, micro-
structural information is required to relate mechanical
properties to processing conditions. However, experimentally
determining the relevant microstructural characteristics is not
trivial.
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