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ABSTRACT: Ultraviolet (UV) curing technology has been
widely used in many applications because it has several
distinct advantages compared to solvent-based processes or
thermal-curing technology. The effects of photoinitiator
types and their contents as well as reactive diluent types and
their contents on the UV-curing behavior and mechanical
properties of a UV-curable polyester acrylate resin were
investigated in this study. Three photoinitiators, Irgacure
184, Darocur 1173, and benzophenone, were used in this
study. Hexanediol diacrylate, tripropylene glycol diacrylate,

and trimethylol propane triacrylate were used as reactive
diluents to modify the properties of the acrylate resin. The
change of chemical structure during UV curing was moni-
tored by FTIR. A universal testing machine was used to
measure the tensile properties of various UV-cured acrylate
films of different compositions. © 2004 Wiley Periodicals, Inc.
J Appl Polym Sci 92: 3921-3928, 2004
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INTRODUCTION

Ultraviolet (UV) radiation technology is widely used
in many industrial applications including electronics,
chemicals, water and food treatment, as well as med-
ical treatment. UV radiation technology includes cur-
ing of monomeric or oligomeric materials with the aid
of UV light. UV light initiates free-radical polymeriza-
tion with very low activation energy. This allows high
polymerization rates at room temperature because
the rates are not temperature dependent in the early
stages.! The principal uses of photopolymers are coat-
ings, specialty films, paints, varnishes, inks, and ad-
hesives, and the most common chemicals used for
such applications are acrylates.

UV light-initiated polymerizations are precise reac-
tions that require a match between the wavelength of
the light source and the light-absorbing and reacting
molecules. A direct relationship exists between the
chemical structure of a particular molecule and the UV
light energy that it is capable of absorbing.* UV
sources can be capable of producing high power radi-
ation from the near UV (A = 354 nm) to the vacuum
UV (A = 108 nm).>” Suitable light sources for pho-
topolymerization and photocuring are light sources
with emission in the range of wavelengths from 254 to
450 nm.®

The UV-curing process is a very attractive alterna-
tive to conventional curing processes because it offers
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several distinct advantages over solvent-based pro-
cesses or thermal-curing processes’ "% high-speed,
operation at room temperature, lower energy con-
sumption, and environmental compatibility. The lig-
uid resin is transformed in a very short time into a
solid polymer that is absolutely insoluble in organic
solvents and has a high level of thermal and mechan-
ical properties.”> Monomers determine the properties
of reacting systems and final cured products by their
chemical structures.'* Apart from the monomers there
are other factors that influence the photopolymeriza-
tions, such as photoinitiator type and its concentra-
tion, reactive diluent type and its concentration, pres-
ence of oxygen, temperature, spectral distribution,
and intensity of UV light source.">™”

Photocuring processes usually occur in two stages.'®
The primary reaction is that which is directly ascribed
to the absorbed photons or quanta involving electron-
ically excited states. This process has been found to be
independent of temperature. The secondary reaction
is the reaction of radicals, radical ions, ions, and elec-
trons that are produced by the primary reaction. Thus,
even after the UV light source is turned off, nontermi-
nated radicals survive and can continue to propagate
polymerization. The result of these secondary reac-
tions can affect the physical properties of the finally
cured polymer.

In this study the UV-curing behavior and mechan-
ical properties of a UV-curable polyester acrylate resin
system were investigated. The effects of photoinitiator
types and their contents as well as reactive diluent
types and their contents on the UV curing and me-
chanical properties of the polyester acrylate resin sys-
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tem were investigated. UV-curing behavior was ana-
lyzed using FTIR spectroscopy data and mechanical
test data. Mechanical properties of UV-cured films
made of the resin system were measured using a
universal testing machine.

EXPERIMENTAL
Materials

The UV-curable polyester acrylate resin (EB 80), hav-
ing four acrylate functional groups per molecule, was
supplied by SK-UCB Co. (Ulsan, Korea). The molecu-
lar weight of the resin was about 1000 and viscosity
was 3000 cP at room temperature. Reactive diluents,
having two functional groups, HDDA (hexanediol
diacrylate) and TPGDA (tripropylene glycol diacry-
late), and having three functional groups, TMPTA
(trimethylol propane triacrylate), were supplied by
SK-UCB Co. The reactive diluents were introduced to
conveniently coat the resin on a suitable substrate by
reducing the viscosity of the resin system before UV
curing in the film-making process, and to modify the
properties of UV-cured polymer films. The content of
each reactive diluent was changed up to 40 phr (parts
per hundred of the polyester acrylate resin). The
chemical structures of the polyester acrylate resin and
the reactive diluents are shown in Figure 1.

Photoinitiators used were Irgacure 184 (1-hydroxy-
cyclohexyl acetophenone), Darocur 1173 (2-hydroxy-
2-methyl-1-phenylpropan-1-one), and benzophenone,
all supplied by SK-UCB Co. One of the photoinitiators
was mixed with the acrylate resin system containing a
reactive diluent in a mixer at room temperature. The
content of each photoinitiator was changed up to 5
phr. The mixer was covered with aluminum foil to
prevent premature polymerization that might occur
by light exposure. The chemical structures of the pho-
toinitiators are shown in Figure 2.

UV-curing instruments

Two UV cabinets, one (UVItec CL-508G Cabinet,
UVltec Ltd., Cambridge, UK), having five 8-W UV
lamps, and the other (UVC-925 UV Multi-Purpose
Cabinet, Myungsung Science Co., Busan, Korea), hav-
ing five 25-W UV lamps, respectively, were used to
cure the acrylate resin systems. Each lamp in the cab-
inets radiates UV light having a wavelength of 254
nm. The UV intensity at the position where UV curing
proceeds was 1.24 mW/cm? for the cabinet having
8-W lamps and 5.45 mW/cm? for the cabinet having
25-W lamps. The acrylate resin system containing one
of the photoinitiators was coated on a glass plate,
using a bar applicator, to obtain a film about 80 um
thick, and cured immediately in one of the UV cabi-
nets.
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Figure1 Chemical structures of the polyester acrylate resin
and the reactive diluents.

FTIR spectroscopy

One of the most commonly used techniques to analyze
UV-curing processes is FTIR spectroscopy, which
gives information on the chemical structure change of
a UV-curing system by monitoring the IR absorption
spectra. Infrared spectra of the acrylate resin systems
containing one of the photoinitiators were measured
during UV curing with an FTIR spectrophotometer
(Bomem MB100, Bomem Inc., Quebec, Canada) in the
wavenumber range of 4000-400 cm™'. An acrylate
resin sample, coated on a KBr plate and cured in the
UV cabinet having 8-W lamps, was removed from the
cabinet sequentially with a proper time interval, and
analyzed immediately by FTIR. During the UV-curing
process, the chemical structure of the acrylate resin
changes and so do the IR spectra. By monitoring the
disappearance of the specific IR absorption for a func-
tional group, the chemical conversion of the acrylate
resin can be determined."”
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Figure 2 Chemical structures of the photoinitiators.

Universal testing machine (UTM)

Thin films were prepared by coating the acrylate resin
systems on each glass plate followed by UV curing in
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the UV cabinet having five 25-W UV lamps. Tensile
tests of the acrylate films were performed according to
ASTM D-882 using a UTM (LR-30K, ]JJ Lloyd Instru-
ments, Hampshire, UK) at a crosshead speed of 10
mm/min. An average of at least five measurements
was taken to report the tensile properties of the acry-
late films. Dimensions of film specimens for tensile
tests were 15 X 5 X 0.08 mm.

RESULTS AND DISCUSSION

FTIR spectroscopy was used to observe the change of
chemical structure during a UV-curing process of the
acrylate resin system containing 1 phr of Irgacure 184.
At first the content of the photoinitiators was fixed to
1 phr by referring to the recommendations reported in
the literature.'®"” The UV-curing process of the resin
system was carried out in the UV cabinet having five
8-W UV lamps. The IR spectra of the resin system
obtained during curing at various curing times are
shown in Figure 3. The absorption peak at 810 cm™’,
attributed to the alkene CH stretching in the acrylate
resin, became almost negligible after UV curing for
180 min. The other absorption peaks at 984 cm™!
(vinyl group, CH,=~CH-), 1408 cm ™' (CH,=~CH), and
1635 cm ™! (acrylic group, C=C) also gradually disap-
peared with UV-curing time. It took a relatively long
time to cure the resin system using the cabinet because
the UV radiation power of the cabinet was low. How-
ever, the slow UV-curing process was reasonable in
monitoring UV-curing behavior of the resin system.
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Figure 3 FTIR spectra of the acrylate resin system at different UV curing times. The cabinet having five 8-W UV lamps was

used to cure the resin system.
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Figure 4 Tensile strength versus UV curing time for the acrylate films containing different photoinitiators. The films were
cured for 10 min using the cabinet having five 25-W UV lamps.

From the FTIR spectra, it was confirmed that the pho-
topolymerization of the acrylate resin could be fin-
ished in about 180 min when the UV cabinet of lower
UV power was used.

Figure 4 shows the tensile strength of the acrylate
films cured using the cabinet having five 25-W UV
lamps as a function of UV-curing time. Various types
of photoinitiators were added to the acrylate resin, in
a sequence of experiments, to investigate the effect of
photoinitiator type on the mechanical properties of the
acrylate films. As shown in Figure 4, the tensile
strength of the acrylate films, cured by the photoini-
tiation of Irgacure 184, Darocur 1173, and benzophe-
none, respectively, increased with UV-curing time un-
til about 10 min, and after 10 min the tensile strength
of the acrylate films did not increase with UV-curing
time. FTIR analysis provided evidence that the UV-
curing reaction under this condition was finished
within 10 min. From this result, it was considered that
a curing time of about 10 min is adequate for attaining
good mechanical properties of acrylate resin systems
when the UV cabinet of higher UV power was used.
To obtain high chemical conversion is very important
for good physical properties of polymers produced by
step polymerization because the physical properties of
polymers increase drastically at high conversion
range. Therefore, attaining high conversion is also im-
portant for the acrylate resin system used in this study
because the resin system also polymerizes by step
polymerization to produce network polymers.

The effect of photoinitiator type on the tensile
strength of the acrylate films is also shown in Figure 4.

By comparing the three sets of tensile strength data for
the acrylate films cured for at least 10 min, using the
cabinet having five 25-W UV lamps, the acrylate resin
system containing Irgacure 184 showed the best ten-
sile properties among the acrylate systems containing
three different photoinitiators, respectively. Irgacure
184 was the best among the photoinitiators tested in
this work in producing UV-cured acrylate films of
high tensile properties. Therefore, Irgacure 184 was
chosen as a photoinitiator for the acrylate resin in this
study.

The content of Irgacure 184 included in the acrylate
resin system was varied from 0.5 to 5 phr to determine
the most adequate composition of the photoinitiator.
Figure 5 shows the tensile strength of the acrylate
films cured using the cabinet having five 25-W UV
lamps for various contents of Irgacure 184. The acry-
late resin system containing 1 phr of Irgacure 184
showed the best tensile properties among the acrylate
resin systems containing various amounts of the pho-
toinitiator. A relatively large amount of a photoinitia-
tor must be included within a resin system for fast and
efficient UV curing, but too high levels of the photo-
initiator can cause problems of insufficient dissolving
or mixing within the resin system. Even in the system
wherein a large amount of a photoinitiator is compat-
ible, most of the photoinitiator will remain chemically
unbounded in the final cured product, causing dete-
riorative effects on the properties of the cured materi-
als. To overcome these disadvantages oligomers and
monomers having built-in photoinitiators, which are
autopolymerizable through UV radiation, might be
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Figure 5 Tensile strength of the acrylate films containing various contents of Irgacure 184. The films were cured for 10 min

using the cabinet having five 25-W UV lamps.

used. The synthesis of UV-autocurable polyester mul-
tiacrylate oligomers and the effects of chemical struc-
ture, molecular weight, and acrylic functionality on
their properties were reported.”” An optimum content
of a photoinitiator depends on various factors such as
wavelengths of UV light, absorption spectrum of the
photoinitiator, and reflection characteristics of the ma-
terials. According to the tensile strength data shown in

Figure 5, the content of the photoinitiator was fixed to
1 phr in this study.

Reactive diluents are usually added to modify the
properties and/or to reduce the viscosity of the oligo-
meric resins. Three types of reactive diluents, HDDA,
TPGDA, and TMPTA, were used in this study to im-
prove the tensile properties of the acrylate films. Each
acrylate film was cured using the cabinet having five
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Figure 6 Tensile strength versus UV curing time for the acrylate films containing 10 phr of HDDA.
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Figure 7 Tensile strength of the acrylate films containing various contents of HDDA.

25-W UV lamps for over 10 min. For example, it took
about 15 min to fully cure the modified acrylate resin
system containing 10 phr of HDDA, as shown in Fig-
ure 6. The UV-curing speed decreased slightly as the
low molecular weight reactive diluents were intro-
duced. This result is considered to be attributed to
reduced photoinitiator concentration by introducing a
reactive diluent because photoinitiator content was
fixed to 1 part per hundred of the acrylate resin. The
modified acrylate resin systems containing other reac-
tive diluents also showed almost similar UV-curing
behavior compared with the resin system containing
HDDA, even though the resin system containing

2.0

TMPTA showed relatively slower curing speed. The
modified acrylate resin systems, containing various
amounts of the reactive diluents, were cured for 15
min using the cabinet having five 25-W UV lamps.
FTIR spectroscopy provided evidence that the UV-
curing reaction under this condition was finished
within 15 min.

Figure 7 shows the tensile strength of the acrylate
films containing various amounts of HDDA. The ac-
rylate films containing HDDA showed the maximum
tensile strength at 30 phr of HDDA content. Figure 8
shows the tensile strength of the acrylate films con-
taining various amounts of TPGDA. The acrylate films
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Figure 8 Tensile strength of the acrylate films containing various contents of TPGDA.



UV-CURABLE POLYESTER ACRYLATE RESIN

20

3927

-
wm
t

Tensile Strength (kg/mm?)

TMPTA Contents (phr)

Figure 9 Tensile strength of the acrylate films containing various contents of TMPTA.

containing TPGDA showed the maximum tensile
strength at 20 phr of TPGDA content. Figure 9 shows
the tensile strength of the acrylate films containing
various amounts of TMPTA. The acrylate films con-
taining TMPTA showed the maximum tensile strength
at 30 phr of TMPTA content.

A comparison between the tensile strength of the
unmodified (pure) acrylate film and that of each mod-
ified acrylate film, containing one of the three reactive
diluents, is shown in Figure 10. The tensile strength of
each acrylate film, showing the best tensile strength by
containing the optimum amount of its reactive di-

2.0

luent, 30 phr for HDDA, 20 phr for TPGDA, and 30
phr for TMPTA (as shown in Figs. 7-9), was com-
pared. The acrylate film containing 30 phr of TMPTA
showed the highest tensile strength among the films
having three different reactive diluents, respectively.
The tensile strength of the acrylate films containing 30
phr of TMPTA was about three times higher than that
of the acrylate films containing no reactive diluents.
The tensile strength of the acrylate films containing
HDDA, or TPGDA, was about two times higher than
that of the acrylate films containing no reactive di-
luents. This result seemed to be attributable to the fact
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Figure 10 Comparison of the maximum tensile strengths of the acrylate films containing different reactive diluents.
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that TMPTA has three acrylate functional groups and
others have two acrylate functional groups. Compared
to the difunctional acrylate diluents, the trifunctional
acrylate diluent TMPTA would be cured together with
the acrylate oligomers, resulting in a cured polymer
network of higher crosslinking density.

CONCLUSIONS

UV curing behavior and tensile properties of a UV-
curable polyester acrylate resin system, containing dif-
ferent photoinitiators and reactive diluents at various
levels of contents, were investigated. FTIR spectra
showed that the change of chemical structure of the
acrylate resin system was almost finished within 180
min during UV curing using the cabinet having five
8-W UV lamps. Irgacure 184 showed the highest cur-
ing rate among the photoinitiators used in this study,
and was the best for the good mechanical properties of
cured acrylate films. The optimum content of Irgacure
184, determined from the results of tensile property
measurements for the acrylate resin system, was 1 phr.
UV curing speed decreased slightly when one of the
reactive diluents was added to the acrylate resin sys-
tem. TMPTA was the most effective among the reac-
tive diluents used in this study in improving the ten-
sile properties of the acrylate resin. The highest tensile
strength of cured acrylate films was observed at the
TMPTA content of 30 phr, and was about three times
higher than the tensile strength of the cured acrylate
films containing no reactive diluents.
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