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ABSTRACT: UV-curable epoxy dispersions were prepared
for cationic electrodeposition coating. Sequential reactions
were used to introduce methacrylate groups to the epoxy-
amine polymer as coupling agents to the multifunctional
acrylates. The molecular weight values of the prepared ep-
oxy-amine polymer wereMn¼ 2800 andMw¼ 4300. The neu-
tralized epoxy-amine polymer containing photoinitiator with
or without multifunctional acrylate (pentaerythritol triacry-
late, PETA) could be dispersed into a stable dispersion with-
out any phase separation. The size of the particles in these ep-
oxy dispersions was approximately 77.7 nm, and increased

with the incorporation of PETA. The electrodeposition pro-
cess was introduced to the prepared epoxy dispersions, and
the electrodeposited films were cured by UV irradiation after
a 10-min flash off at 808C. Studies of the kinetics using photo-
DSC revealed that the crosslinked films containing PETA
gave a higher conversion rate than those without PETA,
resulting in better resistance to methyl ethyl ketone. � 2006
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INTRODUCTION

The increasing demand to reduce the amount of volatile
organic compounds used in coating industries presents
challenges and opportunities to polymer chemists. In
recent years, many important advances have taken
place in polymeric binders, polymeric dispersants, pol-
ymeric thickeners, and polymeric colloidal stabilizers.1

Water-based UV-curable resins have also increased in
commercial significance over the past few years,2–5

resulting in a wide variety of technical approaches in
industrial applications. These resins are classified into
aqueous emulsions and aqueous dispersions, and both
types should contain vinyl groups for UV curing and
hydrophilic groups for stabilization inwater.

The main drawback of water-based UV-curable res-
ins is that the curing behavior is significantly depend-
ent on the water content of the applied film. This prob-
lem is overcome by reducing the water content of the
wet film before UV curing using, for example, the flash-
off process. However this process requires energy,
space, and time, as well as changes in production-line
design.6 The water content can be reduced using elec-
trodeposition, which involves electrophoresis, penetra-
tion, and deposition to form a uniform film even on
recessed and shielded areas, which other coating meth-

ods cannot reach. Moreover, the electrodeposition tech-
nique exhibits a coating efficiency ofmore than 95%.7

Recently we reported that the combination of cati-
onic electrodeposition and UV-curable dispersions
such as acrylic and polyurethane polymers make cur-
ing in ambient temperatures possible after a rela-
tively short flash-off process, comparable in duration
to the conventional UV curing system.8–9 The per-
formance of UV-curable electrodeposition coating de-
pends greatly on the selection of materials. For
example, acrylic polymer provides good glossiness
and weather resistance, whereas epoxy polymer has
superior anticorrosion and adhesion properties on
various substrates.10 The objective of the present
work was to introduce a UV-curable epoxy system
as a primer to the electrodeposition process.11

This study involved the preparation of UV-curable
epoxy dispersions containing pendent methacryl
groups as coupling agents to the multifunctional
acrylates. These dispersions, with or without multi-
functional acrylate, were then introduced into the
electrodeposition process. We also studied the kine-
tics of the high-speed UV-curing reaction, and inves-
tigated the behavior of the electrodeposition process
and the performance of UV-cured films.

EXPERIMENTAL

Materials

The epoxy resin used was Epon 1001 (Shell Chemi-
cal), which has an equivalent weight per epoxy group
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of 500. Poly(propyleneglycol)bis(2-aminopropylether),
Jeffamine D-400, which has an average molecular
weight of 400, was obtained from Huntsman Corp.
Glycidyl methacrylate, 2-(methylamino)ethanol, pen-
taerythritol triacrylate (PETA), methyl ethyl ketone
(MEK), and 2-butoxyethanol were purchased from
Aldrich, and used without further purification. Acetic
acid was used as the neutralizer. The photoinitiator,
2,2-dimethyl-2-hydroxyacetophenone, (Darocur 1173)
was obtained from Ciba Specialty Chemicals.

Preparation of UV-curable epoxy dispersions

The epoxy-amine polymer containing the methacrylate
groups was prepared in a 1-L, four-necked flask,
equipped with a reflux condenser, stirrer, thermo-
meter, and nitrogen-gas inlet. 50.0 g (0.125 mol) of
poly(propyleneglycol)bis(2-aminopropylether) were
charged into the reaction vessel, and 35.5 g (0.25 mol)
of glycidyl methacrylate were slowly added over
30 min. The reaction mixture was then maintained at
808C for 2 h, by which time the epoxy content had
reduced to zero. 225 g of Epon 1001 and 250 g of
2-butoxyethanol were added into the above reaction
product and heated at 1008Cuntil the epoxy equivalent
weight reached 2000. At that point, 16 g (0.21 mol) of
2-(methylamino)ethanol was added, and maintained
for 2 h. This product was characterized by 1H-NMR(in
DMSO-d6): d 6.8 and 7.1 ppm aromatic CH, d 5.7
and 6.0 ppm CH2 ¼ , 4.09 ppm (��OCH2CH(CH3)��)n,
3.96 ppm (��OCH2CH(CH3)��)n, and 1.54 ppm
(��OCH2CH(CH3)��)n, as shown in Figure 1.

150.0 g of the prepared epoxy-amine polymer
(56.6 wt % in 2-butoxyethanol) and 4 g of Darocur
1173 were charged to a reactor equipped with an
electrical stirrer and neutralized with 2.44 g of acetic
acid. Deionized water (412 g) was added into the
mixture slowly and then agitated violently to dis-
perse the polymer into a water phase to form a stable
dispersion, having a resin concentration of 14.8 wt %.
The mean particle size in the epoxy dispersion was
77.7 nm, as measured by a Coulter N4 Plus sub-

micron particle sizer (Beckman Coulter). Two addi-
tional dispersions containing PETA (15 wt % and
30 wt %) were prepared without changing the resin
concentration and the degree of neutralization.

Electrodeposition of the UV-curable
epoxy dispersion

Cathode panels with an area of 130 cm2 were cut
from nickel-plated polyethylene terephthalate (PET)
film, and the area of the stainless steel counter elec-
trode (anode) was 100 cm2. The cathode-to-anode
distance was 10 cm. The nickel-plated PET panels
were coated at 100 V and 258C for 90 s while the
bath was stirred moderately using a paddle. After
deposition, the coating was rinsed with distilled
water and exposed to the radiation of a 200-W me-
dium-pressure mercury lamp (the light intensity at
the sample was 500 mW cm�2) in the presence of
air, at a passing speed of 60 m/min.

Surface properties

The pendulum hardness (ASTM D 4366) of the UV-
cured films was measured using a pendulum hard-
ness rocker (model 707KP, Sheen Instruments, Sur-
rey, UK). MEK double rubs were measured accord-
ing to ASTM D 4752.

Photo-DSC

The photo-DSC experiments were conducted using
a differential scanning calorimeter equipped with a
photocalorimetric accessory (DSC 2920/DPC System,
TA Instruments). The light source was a 200 W high-
pressure mercury lamp: the UV intensity at the sample

Scheme 1 The synthetic route of UV-curable epoxy–amine
polymer containing pendent methacryl groups.

Figure 1 1H-NMR spectrum of the epoxy–amine polymer.
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was 33 mW cm�2 over the wavelength range 285–440
nm. The samples were placed in uncovered aluminum
pans. TA Instruments software was used to analyze the
data from the photo-DSC experiments.

RESULTS AND DISCUSSION

Synthesis of epoxy polymer containing
methacrylate groups

UV-curable epoxy dispersions were prepared by se-
quential reactions according to the protocol shown in
Scheme 1. Methacrylate groups were introduced to
the ends of the poly(propyleneglycol)bis(2-aminopro-
pylether) by a reaction with glycidyl methacrylate.
The reaction product was subsequently reacted with
Bisphenol A epoxy resin (Epon 1001) and N-methyl
ethanol amine to give an epoxy-amine polymer that
included the pendent methacrylate groups. The mo-
lecular weight values of the epoxy-amine polymer
containing the methacrylate groups were Mn ¼ 2800
and Mw ¼ 4300, as measured by gel-permeation chro-
matography with a polystyrene standard. In this study,
epoxy-amine polymer was functionalized with meth-
acrylate groups as the coupling agent to the multi-
functional acrylates. The methacrylate group content
of the prepared epoxy-amine polymer was calculated
to be 0.714 meq g�1, which was too low to provide
MEK resistance. Therefore, two additional dispersions
were prepared containing 15 wt % and 30 wt % of
PETA as a multifunctional acrylate, and their particle
size and crosslinking behavior were compared with
those dispersions without PETA.

Particle-size control

Stable dispersions were obtained by the neutralization
of the 2-(methylamino)ethanol group of the epoxy-
amine polymer with acetic acid. Darocur 1173 was
used as a liquid-type photoinitiator and PETA was

used as a multifunctional acrylates. The content of the
photoinitiator was fixed at 4.0% of the total solid
weight of the dispersion. In this study, the neutral-
ized epoxy-amine polymer solution containing Daro-
cur 1173 with or without PETA dispersed stably with-
out any phase separation. The epoxy dispersions were
prepared from the mixture of epoxy-amine polymer/
PETA multifunctional acrylates with ratios of 100/0,
85/15, and 70/30 to obtain ED, EDA-15 and EDA-30
respectively. The size of the particles of methacrylic
epoxy dispersion(ED) without PETA was 77.7 nm,
and increased with the incorporation of PETA (Fig.
2). The particle sizes of epoxy dispersions (EDA-15
and EDA-30) containing 15 wt % and 30 wt % PETA
were 127.8 and 240.5 nm, respectively.

Electrodeposition behavior and flash-off process

During the electrodeposition process, the methacrylic
epoxy dispersions were deposited on the surface of a
nickel-plated PET film to form a polymer film. Thus,
the higher the concentration of the neutralized resin in
the dispersion, the higher the yield of deposited mate-
rial under the same applied voltage (100 V, direct cur-
rent), as shown in Figure 3. The deposited yield of ED
alone was smaller than that of ED containing PETA.
This can be readily explained by the PETA—a low-
molecular-weight monomer—acting as a coalescing
agent that increases the conductivity of the deposited
film.

During the electrodeposition of the epoxy dispersion
containing 15 wt % PETA, 83 wt % of total amount of
volatile compound including water was removed by
electroosmosis. We have previously observed a similar

Figure 2 The particle-size distribution of UV-curable epoxy
dispersions.

Figure 3 Effects of epoxy dispersion concentration on de-
posited yield. (l, ED; n, EDA-15; ~, EDA-30).
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result in UV-curable polyurethane dispersions using
cationic electrodeposition.9 The remaining water could
be completely evaporated by a 10-min flash-off process.

Curing and coating properties of UV-cured films

The reaction conversions and photopolymerization
rates of the electrodeposited epoxy amine polymer
were studied using photo-DSC. Figure 4 shows the
photo-DSC exotherm curves for the photopolymeri-
zation of ED, EDA-15, and EDA-30, and related cur-
ing data are listed in Table I. Photo-DSC experiments
are capable of providing kinetic data in which the
measured heat flow can be converted directly to the
ultimate percentage conversion and photopolymeri-
zation rate for a given formulation.12–13 The photo-
DSC method assume that for a cure process the
measured heat flow is proportional to the conversion
rate. Therefore, the rate of change in the conversion
can be defined as follows14–16:

da
dt

¼ dH=dt

DHtotal

where da/dt is the conversion rate or polymerization
rate, dH/dt is the measured heat flow, and DHtotal is
the total exothermic heat of reaction. The degree of

conversion is calculated from the integrated form of
the above equation:

at ¼ DHt

DHtotal

where at is the degree of conversion at time t and DHt

is the cumulative heat of reaction up curing time t. In
this way, the ultimate percentage conversions and the
polymerization reactivity, R, extracted from the exo-
therms in Figure 4 are shown in Figure 5. Here R is
defined as the rate of polymerization derived from
the slope of the portion of the percentage conversion
versus time plot (Fig. 5) just after the early part of the
curves, since this part is nonlinear and impossible to
analyze because of it being influenced by factors such
as oxygen and instrument response time. Figures 4
and 5 show that the exotherm values and the rate of
polymerization, R, as well as the final conversion of
ED are lower than the corresponding figures for
EDA-15 and EDA-30. The low concentration of meth-
acrylic groups in the ED formulation may result in
reducing the exotherm values, the final conversion
and the polymerization rate due to the difficult en-
countering of the propagating chains to the unreacted
methacrylic groups. However, it is assumed that the
increased multifunctional acrylates in EDA-15 and
EDA-30 efficiently lead a reaction between the propa-
gating species and acrylates, to give the high poly-
merization rate and conversion. In addition, the induc-
tion time (corresponding to 1% of the conversion) and
the peak maximum time (related to the reactivity)
decrease as the content of PETA is slightly increased
as shown in Table I. These results also indicate that
the addition of PETA in the dispersion decreased the
viscosity of the total formulation and increased the
diffusion mobility of propagating chains, thereby
increasing the initial curing rate resulting in high exo-
therms and conversion rates.

Figure 4 Photo-DSC exotherm curves for the photopoly-
merization of ED, EDA-15, and EDA-30.

TABLE I
Surface Properties and Curing Data for

Various Coating Systems

Property

Sample

ED EDA-15 EDA-30

MEK resistance (times) 79 156 235
Pendulum hardness (s) 83 129 186
DH (J/g) 14.8 37.2 83.6
Induction time (s) 1.9 1.2 0.9
Peak maximum (s) 6.0 5.4 4.8
Conversion (%) 12 31 75

Figure 5 The conversion curves for the photopolymeriza-
tion of ED, EDA-15, and EDA-30.
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Table I shows the effects of incorporating a multi-
functional acrylate monomer (i.e., PETA) into the emul-
sion particles on the pendulum hardness and the MEK
resistance of UV-cured emulsion films. This means that
PETA increases the crosslinking density by copolymer-
izing with the methacrylate groups of the epoxy-amine
polymer.

CONCLUSIONS

The combination of cationic electrodeposition and
UV-curable epoxy dispersion was attempted in an ef-
fort to produce ambient UV curing after a relatively
short flash-off process, which is advantageous to
both UV coating and electrodeposition processes.
UV-curable epoxy dispersions containing methacry-
late groups for cationic electrodeposition coating
were prepared by sequential reactions and neutrali-
zation with organic acid. The dispersions containing
PETA had larger particles and exhibited a higher
deposition yield than those without PETA. The UV
crosslinking of cationic electrodeposition coatings is
a powerful method for producing ambient curing
with a shorter water flash-off time. The photo-DSC
analyses showed that the coating formulation con-
taining PETA had a higher conversion rate than

those without PETA, which resulted in a higher
MEK resistance.
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