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ABSTRACT: We report a novel strategy for preparing
epoxy thermosetting systems with low shrinkage and
improved flexibility and degradability. Diglycidyl ether of
bisphenol A (DGEBA) resin was cured with different pro-
portions of hydroxyl-terminated hyperbranched polymer
(HBP), using ytterbium triflate as a cationic initiator. The
curing process was studied using differential scanning cal-
orimetry and thermomechanical analysis. Characterization
of the resulting materials was evaluated using DSC, ther-
mogravimetric analysis, and dynamic mechanical thermal
analysis, and the fracture surface was studied using scan-
ning electron microscopy (SEM). When DGEBA is modi-

fied with HBP, it shows a homogeneous morphology and
the HBP is incorporated chemically into the network,
because hydroxyl groups can react with epoxides under
cationic conditions. Higher proportions of HBP reduce the
glass transition temperature (T,) and thermal stability and
increase the flexibility. When the proportion of HBP in the
curing mixture is increased, the degree of shrinkage
is reduced significantly and expansion can be observed.
© 2008 Wiley Periodicals, Inc. ] Appl Polym Sci 111: 2822-2829, 2009
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INTRODUCTION

Epoxy resins are an important class of thermosets
that are widely used as high-performance materials
in a range of applications including adhesives, mat-
rices for fiber-reinforced composites, surface coat-
ings, and electronic encapsulation."* However,
glycidyl epoxy resins present some drawbacks such
as brittleness and high viscosity,' shrinkage during
the curing process,” and low degradability. Degrad-
ability is an important parameter when epoxy mate-
rials are wused in coatings or underfills in
microelectronic applications to recover the electronic
components at the end of their useful lifespan.*
Toughness can be improved by incorporating
polymer modifiers into the thermosetting matrix to
form biphasic systems with fine morphological
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structures. Effective polymer modifiers include elas-
tomers,” thermoplastics,® reactive liquid rubber,” or
core-shell particles.® However, this procedure has
some drawbacks as it decreases the thermal proper-
ties and increases the viscosity and internal stress.
HBPs exhibit different properties to the modifiers
mentioned earlier, including low entanglement in
the solid state,” high solubility in various solvents,
and low viscosity."” Consequently, many authors®''™"?
have used HBPs as toughness agents in epoxy sys-
tems, although only a few authors have used them
as crosslinking agents.'"*'® When hydroxyl-termi-
nated HBPs are used in cationic conditions, they are
expected to incorporate into the network structure
via hydroxyl-induced chain-transfer reactions that
occur during the cationic ring-opening polymeriza-
tion of epoxy groups.lS*U

Most of the works in the literature related to
epoxy/HBP systems focus on the toughening effect
of the HBP and on the improved processability
caused by the decrease in viscosity, but not on the
shrinkage and internal stress generated during
the curing process.'""*>181% Manson et al. proved
the toughening effect of the hyperbranched poly-
mers (HBPs) by a phase-separation process. The
addition of the hydroxylic hyperbranched modifier
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produces phase-separated morphologies because of
the hydroxylic groups do not covalently bond to the
network structure because of the primary amine cur-
ing agent used in obtaining these materials.'?

We examine the influence of the hydroxyl-termi-
nated HBP on the shrinkage of the epoxy systems
when the HBP is incorporated chemically into
the network. Shrinkage during curing is expected to
be influenced strongly by the presence of HBP,
because the structure of the material is modified.’
The changes produced in the glass transition tem-
perature, which are related to the increase in free
volume, and in the intermolecular and intramolecu-
lar H-bonds when hydroxyls react with epoxy
groups will tend to expand the compact structure of
the hyperbranched moiety.”® However, a gradual
increase in the density of the cured epoxy materials
on adding increasing proportions of hydroxylic HBP
was reported in cationic photocuring process.”

In previous research we used lanthanide triflates
as cationic initiators to cure epoxy/lactone mixtures
and obtained completely cured materials with
inserted linear ester moieties. Lanthanide triflates
also remain active even in humid environments and
in air atmosphere.?"** The copolymerization reaction
between epoxy resins and lactones led to an
increased distance between crosslinks and to the
introduction of flexible chains and therefore to less
fragile materials. Linear esters can be thermally bro-
ken by a B-elimination mechanism, so it was possi-
ble to obtain more highly degradable thermosets
with potentially reworkable properties.® This proce-
dure also reduced the generation of internal stresses
because of the higher conversion reached at gelation,
and led to the in situ formation of expandable spi-
roorthoesters as intermediates.”**

The aim of the research reported here was to
obtain and characterize new epoxy-based materials
with improved flexibility, degradability and shrink-
age. We copolymerized a diglycidyl ether of bis-
phenol A (DGEBA) with hydroxyl-terminated
hyperbranched polyester (BOLTORN H30) using yt-
terbium (III) trifluoromethanesulfonate as an initia-
tor. We obtained novel epoxy/HBP thermosets with
enhanced properties in which the hyperbranched
polyester was incorporated chemically into the net-
work via cationic ring-opening polymerization. To
the best of our knowledge, this is the first time that
expansion has been reported in the copolymerization
of an epoxy resin with a hydroxyl-terminated HBP.

EXPERIMENTAL
Materials

Diglycidyl ether of bisphenol A (DGEBA) Epitoke
Resin 827 from Shell Chemicals (Rotterdam, Nether-

lands) (epoxy equivalent = 187 g/equiv), ytterbium
(IM) trifluoromethanesulfonate (99.99%) from Aldrich
(Steinheim, Germany), hyperbranched polyester Bol-
torn H30 (32 terminal hydroxyl groups, 3600 g/mol)
from Perstorp (Perstorp, Sweden) were used as
received.

Preparation of the curing mixtures

Boltorn H30 in concentrations of 5, 10, 15, and 20%
(by weight) was easily dissolved in acetone, and the
solution was added to DGEBA. A homogeneous so-
lution was obtained after the solvent was removed
under reduced pressure and 1% (by weight) of ytter-
bium triflate was added. The formulation of pure
DGEBA was prepared by adding to the DGEBA 1%
(by weight) of ytterbium triflate. Samples were care-
fully stirred and kept at —20°C before use to prevent
polymerization.

Measurements

Calorimetric analyses were carried out on a Mettler
DSC-822e calorimeter with a TSO801RO robotic arm.
Samples of 10 mg in weight were cured in alumi-
num pans in a nitrogen atmosphere. Nonisothermal
experiments were performed from 0 to 225°C at
heating rates of 2, 5, 10, and 15°C/min to determine
the reaction heat and the kinetic parameters.* The
T, of the cured materials was determined in a sec-
ond scan at 10°C/min after dynamic curing. The T,
of the uncured materials was determined by a simi-
lar process to the first.

The isothermal curing process, at 140°C, was moni-
tored with a FTIR Bomem Michelson MB 100 spectro-
photometer with a resolution of 4 cm ' in the
absorbance mode. An attenuated total reflection acces-
sory with thermal control and a diamond crystal
(Golden Gate Heated Single Reflection Diamond ATR,
Specac-Teknokroma) was used to determine FTIR spec-
tra. Samples dynamically cured in differential scanning
calorimetry (DSC) were also analyzed by FTIR.

The gel point and the shrinkage undergone during
curing were determined using a Mettler TMA40
thermomechanical analyser. The samples were sup-
ported by two small circular ceramic plates and
silanized glass fibers, which were impregnated with
the sample. Isothermal experiments at 140°C were
performed by applying a periodic force in between
0.0025 and 0.01 N to monitor contraction during the
curing process.”*® The gel point was taken as the
time at which the amplitude of the oscillations
decreased suddenly, which occurred because the
gelled material was less deformable. The degree of
gel conversion was determined by thermomechani-
cal analysis (TMA) and DSC according to a method-
ology described previously.?
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Figure 1 FTIR spectra of DGEBA at 140°C with 10% H30
before and after curing.

Dynamic mechanical thermal analysis (DMTA)
was carried out using a Rheometrics MKIII analyser.
Prior to analysis, the samples were cured isother-
mally in a mold at 140°C for 1 h and then subjected
to postcuring at 150°C for 2 h. Single cantilever
bending at 1 Hz was performed from 0 to 225°C at
2°C/min on prismatic rectangular samples (1.5 x 9
x 5 mm®).

Thermogravimetric analysis (TGA) was carried
out in a nitrogen atmosphere with a Mettler-Toledo
TGA-50 thermobalance. Cured samples with an ap-
proximate mass of 5 mg were degraded between 35
and 600°C at a heating rate of 10°C/min in nitrogen
and air atmospheres (200 cm®/min measured in nor-
mal conditions).

The density of the samples was measured before
curing by the standard procedure of filling a pyc-
nometer with the viscous mixture in a thermostated
bath at 30°C. The density of the cured samples was
determined indirectly by the flotation method, start-
ing from solutions of KBr with densities that were
lower and higher than that of the sample. The
shrinkage was calculated from the density measure-
ments of the cured and uncured materials.*>**

FERNANDEZ-FRANCOS ET AL.

The gel content of the cured materials was deter-
mined by measuring the weight loss after 24 h of
treatment with chloroform at boiling temperature.

A scanning electron microscope (SEM; Jeol JSM
6400) with a resolution of 3.5 nm was used to exam-
ine the fracture surface morphology of the samples,
which were previously coated with a conductive
gold layer.

The kinetic triplet (A, preexponential factor, E,
activation energy; and the kinetic model) was deter-
mined using integral nonisothermal kinetic analysis
combined with the Coats-Redfern method and the
reduced master curves procedure. Details of the ki-
netic methodology are given in previous studies.””*

RESULTS AND DISCUSSION

We studied the cationic curing of DGEBA with dif-
ferent quantities of a hydroxyl-terminated hyper-
branched polyester using ytterbium triflate as
initiator to obtain new thermosets with greater
degradability and flexibility and with few internal
tensions. Figure 1 shows FTIR spectra of the formu-
lation containing 10% of H30 before and after curing,
including the changes that the most significant
bands undergo. The disappearance of the epoxy
band at 915 cm ' and the increase in the absorbance
peak at 1100 cm ™' (C—O—C stretching of aliphatic
linear ester) indicates that the epoxy groups have
polymerized. The permanence of the H30 carbonyl
bands at 1736 and of the hydroxyl bands at
3500 cm ' indicate that all H30 remains in the for-
mulation after curing. Table I shows the characteri-
zation results for the materials obtained. The
constant values of the enthalpies per equivalent of
epoxy group and their similarity to the values found
in the literature for the opening of the epoxy
group23'29 suggest that the curing process was
almost complete for all formulations. Infrared spec-
troscopy verified that the epoxy groups react

TABLE I
Calorimetric, DMTA, and TGA Data and Gel Content of the Studied Systems
DSC DMTA TGA

Eq. initiator/ Gel content AR? ARP T, AC,° Tians” Tonset” Tmax'

H30 (%) Eq. epoxy (%) J/g) (k] /ee) ) (J g/K) Q) O )
0 0.002936 100 526 95.8 132 0.201 159 275 356

5 0.003120 100 501 96.1 121 0.215 149 268 350

10 0.003294 99 474 95.9 112 0.226 136 255 343

15 0.003487 99 442 94.7 106 0.235 124 233 336
20 0.003708 98 413 94.0 96 0.254 110 205 328

N Enthalples per gram of mixture.
" Enthalpies per equivalent of epoxy group.

N leference in heat capacity when the material changed from glassy to the rubbery state.

4 Temperature of maximum of the tan § at 1 Hz.

Temperature of the onset decomposition on the TGA data at 10°C/min calculated for a 2% weight loss.
f Temperature of the maximum decomposition rate based on the TGA data at 10°C/min.
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Scheme 1 Activated monomer and activated chain end mechanisms.

completely, showing that absorbance of the oxirane
group disappears completely at 915 cm ™' (formula-
tions cured dynamically showed similar spectra to
those in Fig. 1). The low soluble material content in
the cured systems suggests that the hydroxyl groups
reacted partially with the epoxy groups and that
HBP is chemically incorporated into the network,
although the exact quantity of hydroxyl group
reacted cannot be determined because when one
hydroxyl reacts another one appears. The presence
in cationic systems of a HBP with a large number of
reactive hydroxyl groups can generate many chain-
transfer reactions with epoxides which take place
via an activated monomer (AM) mechanism.”® As
shown in Scheme 1, the AM mechanism produces a
proton-transfer reaction between a hydroxyl group
and an activated epoxy group, which prevents sub-
sequent chain growth and generates a new active
species and growing chain. In the absence of
hydroxyl groups, the cationic epoxy curing only
takes place via the active chain-end (ACE) mecha-
nism. In the ACE mechanism, propagation takes
place through the reaction of epoxy groups with the
active species, which is an oxonium ion at the chain-
end. In this case, the reaction generates longer poly-
mer chains and fewer terminal units, so a higher
degree of crosslinking can be expected. The decrease
in T, with increasing proportions of H30 is consist-
ent with the lower crosslinking density, which is
probably because of the structure of H30, the greater
contribution of the AM mechanism, and the plastify-
ing effect of H30 in the epoxy matrix.'"*'®> The sys-
tems with larger proportions of H30 contain a
higher proportion of these voluminous groups and
the chains are shorter, which creates a greater excess
of free volume. Consequently, larger quantities of
H30 improve the molecular mobility and lower the

glass transition temperature of the polymer. In addi-
tion the increased variation in calorific capacity at

, AC,, with larger proportions of H3O that can be
related to a lower crosslinking density.”" In general,
the decrease in T, with increasing proportions of
H30 has a posmve influence on the thermal and
chemical contraction and the internal tensions. This
is because these effects are largely produced during
the cooling phase at temperatures below T,.

Figure 2 shows the conversion curves (%) versus
the temperature obtained during the dynamic curing
of different samples at 10°C/min in the DSC experi-
ments. The reaction rate initially decreases as the
H30 proportion increases, but it subsequently
increases at higher proportions of H30. This result is
reflected in the calculated constant rate values
shown in Table II. Although the curing rate
increases in some systems when HBP is added,'*"*"°
it can also decrease in the presence of other factors.
The curing rate increases with lower viscosity,
smaller crosslinking, and larger quantities of initiator

100
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75 100 125 150 175 200 225
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Figure 2 Conversion (%) versus temperature at 10°C/
min for different DGEBA /HBP formulations.
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TABLE 1I
Kinetic Parameters of Curing for the Studied Systems
H30 E° In A® kr—ya0-c*
(%) (k] mol ™1 (s * 10*s™)
0 78.4 15.32 0.999 5.51
5 78.2 14.99 0.999 4.20
10 73.2 13.47 0.999 3.93
15 76.2 15.10 0.999 8.84
20 72.7 14.31 0.999 10.54

® Apparent activation energies determined using isocon-
versmnal nonisothermal procedure at a conversion of 0.5.
® Preexponential factors at a conversion of 0.5 for kinetic
model R,.
9 Linear correlation coefficients.
¢ Rate constants at a conversion of 0.5 for kinetic model
R, determined using Arrhenius equation.

per epoxy group (Table I) when the proportion of
H30 increases. However, when the reacting system
contains a smaller proportion of epoxy groups it is
less likely to form active species through the interac-
tion between the epoxy groups and the initiator.
Consequently, the rate of chain propagation is
reduced. The reaction rate is also affected by the
competition between the propagation mechanisms
AM and ACE, and by the possible chemical incorpo-
ration of H30 into the network. Previous research
showed that the cationic curing of a DGEBA resin
took place at a higher rate when an AM mechanism
was used than with an ACE mechanism.>* The rela-
tive influence of these different factors can accelerate
or decelerate the curing process, which can be
observed in the system studied here.

Table I shows the results of the thermogravimetric
analysis in nitrogen atmosphere. As stated in the
introduction, the thermoset must have low thermal
stability to produce coatings that can be eliminated
at the end of their useful lifespan or repaired if nec-
essary. The onset temperature of degradation, and
not the temperature of maximum degradation rate,
is the most important thermal parameter for produc-
ing a reworkable thermoset, because the fragments
created when the three-dimensional network has
begun to degrade can be eliminated by dissolution
or friction. When the H30 proportion is increased,
the thermal stability of the material decreases and
the system begins to degrade at lower temperatures,
although it remains relatively stable and does not
degrade during curing. The high degradability of
the material can be attributed to the smaller degree
of crosslinking when the proportion of H30 increases
and to the addition of ester groups from H30 to the
network.**® Similar results were obtained in air
atmosphere although in this case a new degradation
step, associated with the burning of the carbon
formed during the thermal degradation, appeared at
high temperatures. It can be concluded that the

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE III
Gelation Data, Densities, and Expansion
of the Systems Studied

tgela f)(gelb Pmon ppol EXPanSiOHC
H30 (%) (min) (%) (gcm’) (gcm?) (%)
0 12.1 42 1.167 1.193 -22
5 20.1 47 1.169 1.174 —0.43
10 225 52 1.168 1.122 4.10
15 12.5 55 1.171 1.102 6.26
20 9.5 60 1.174 1.038 13.10

? Experimental gel time determined using TMA.

P Conversion at gelation determined using TMA and
DSC.

 Expansion determined as [—(Ppolymer — Pmonomer)/
ppolymer]100~

degradability of the materials is controlled by the
temperature and not by the atmosphere.

Table IIl shows that higher proportions of H30
reduce the contraction during the curing process
and that large quantities of HBP can produce expan-
sion during curing. This finding can be related to
the higher compactness of H30 before curing, which
is produced by the large number of intermolecular
H-bond and intramolecular H-bond interactions.
These types of interactions decrease when the termi-
nal hydroxyl groups react with the epoxy groups.
The highest decrease is observed in the intramolecu-
lar interactions.”® The H30 groups incorporated into
the network increase the free volume and reduce the
density and the T, of the cured materials consider-
ably (Tables I and III). The same decrease was
observed by Ratna et al., although their study was
carried out with an HBP with terminal reacting ep-
oxy groups.”

Figure 3 shows the dimension changes and the
deformability of the material during curing in TMA
for the formulation containing 15% of H30. A large
expansion can be seen at around 650 s; after this

100
t 80 .
= 604 s :
[ ® 5
2 ;11 * W“WMMH ‘ :
§ 401 g \
i | M»\uw v
5 k Gelation
‘HW Gelation . ; T 1500 2000
i : Time (s)
0+ T - T T
0 500 1000 1500 2000 2500
Time (s)

Figure 3 TMA thermogram of isothermal curing of
DGEBA at 140°C with 15% of H30. The inset shows deriv-
ative length versus time for the same curing process.
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Figure 4 Logarithm of the storage modules versus tem-
perature at 1 Hz for several DGEBA/HBP formulations.
The relaxed modulus, E, (MPa), is also shown.

point, the material contracts slightly until the end of
the curing process. During the expansion, the com-
pacted H30 groups should be incorporated into the
network to produce an excess of free volume that
compensates for the contraction associated with the
homopolymerization of epoxy groups. This contrac-
tion occurs when the chemical incorporation of H30
groups into the network stops. Some authors have
found that the addition of HBP addition reduces the
contraction in acrylate and methacrylate systems®*
and the internal tensions produced during curing in
epoxy/amine systems.” However, other authors
observed the opposite effect in cationic photocuring
processes in epoxy systems.'”'® We believe that the
expansion observed during the curing process in
this study was caused by the chemical incorporation
of H30 into the network, the lack of phase separa-
tion, and the decrease in T, as a result of the
increase in free volume.

In TMA, gelation is seen as a reduction in the os-
cillation amplitude because the gelified material is
less deformable (Fig. 3). This reduction is better
observed in the signal derivative (inset Fig. 3) where
the effect of volume change is eliminated. When the
H30 proportion in the reactive mixture increases,
the material gelifies at higher conversions and
the degree of contraction after gelation is reduced
(Table II). This effect could be beneficial for the ma-
terial because the period after gelation is the point at
which most internal tensions are generated. The
mathematical theory of network formation® sug-
gests that gelation should occur at lower chemical
conversion when a crosslinker with a functionality
greater than five is added to the curing mixture.
However, it was found that the addition of HBPs to
the mixture led to gelations which were consistent
with the use of crosslinkers with functionalities of
four or less.”” The gelation at higher conversions
may have been produced because the effective func-
tionality of H30 (f ~ 3, AB,-type-monomer) is

smaller than that of DGEBA (f ~ 4) and because the
chain-transfer reactions reduce the crosslinking
points and increase the number of groups that must
react, which creates an insoluble structure. Table III
shows how the gel time increases with H30 content
up to a proportion of 10%; at higher proportions,
the gel time decreases. This effect can be related to
the value of oy, although it depends mainly on the
kinetic changes observed in the curing process (Table I
and Fig. 2) when the proportion of H30 is increased.
Figures 4 and 5 show the mechanical relaxation
spectra at 1 Hz for the formulations studied. As the
proportion of H30 increases, the modulus—tempera-
ture curves move towards smaller temperatures and
the value of the relaxed modulus, calculated at the
temperature T, + 40°C, decreases dramatically
(Fig. 4). Both effects are consistent with the lower
value of T, revealed by DSC and the flexibilizing
effect of H30. The maximums of the tan d—tempera-
ture curves (Fig. 5 and Table I) also indicate that T,
decreases when the content of HBP is increased, as
well as showing only one relaxation peak. The ab-
sence of mechanical relaxation at around 30°C (me-
chanical relaxation of pure H30)" suggests that the
materials do not present phase separation. Figure 6
shows scanning electron microphotographs of the
fracture surfaces of cured DGEBA with and without
HBP. The fracture surfaces of the pure and modified
DGEBA materials consist of only one phase. The
rougher surface seen in the fractographs of the HBP-
modified material suggests that the fractured speci-
mens broke slightly more yielding than that the
unmodified epoxy network. Therefore, it appears
that the addition of HBP improved the fracture
properties of cured DGEBA. Since there is no
phase separation in the modified DGEBA material,
the mechanism of toughness improvement cannot be
explained by a phase-separate mechanism''? and is
instead based on in situ homogeneous reinforcing

0.6

15% 20%

0.5

0.4 q o0e

tan §

0.3 110 50

0.2 4

0.1 1

0.0

25 75 125 175
Temperature (°C)

Figure 5 tan J versus temperature at 1 Hz for several
DGEBA/HBP formulations. The inset shows traces of
tan & versus temperature for the B-relaxation of some
cured systems.
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Figure 6 SEM of the fracture surfaces in some cured
systems.

100um

and toughening.'**® Some authors attributed the
increase in toughness to the plasticization effect of
the HBP.* It is generally accepted that the increase
in toughness correlates with the increase in the area
of the B-relaxation peak in DMTA experiments.'**’
Using this technique, we detected the relaxation at
—0°C (see inset, Fig. 5), which can be associated
with conformational movements. The relaxation
peak area increases with the HBP content in the
thermosets, which again confirms that HBP
improves the mechanical characteristics of epoxy
materials.

CONCLUSIONS

It was demonstrated that lanthanide triflates are
effective initiators in the cationic curing of DGEBA/
hydroxyl-terminated hyperbranched polyester sys-

Journal of Applied Polymer Science DOI 10.1002/app
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tems. During this process, HBP is chemically incor-
porated into the network via hydroxyl-induced
chain-transfer reactions.

New thermosets were prepared without phase
separation at the micrometric level and with
improved contraction and flexibility properties. The
increased flexibility must be produced by an in situ
homogeneous toughening mechanism and by a plas-
tifying effect.

H30 reduces the contraction during curing and
can even lead to expansion when added in high pro-
portions. This behavior is observed because intermo-
lecular and intramolecular H-bond interactions
decrease and the free volume increases when HBP
reacts and is incorporated into the network.

Conversion at gelation increases with H30 propor-
tion and the quantity of material that reacts when
the system is gelified decreases, which reduces the
internal tensions generated in the material.

The network of the materials obtained contains a
large number of ester groups, so the materials are
more likely to be reworkable.
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