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a b s t r a c t

The influence of hydroxy-functionalized hyperbranched poly(ester-amide) (HBP) of
different molecular weight on the curing process of diglycidylether of bisphenol A
(DGEBA) was studied using methyltetrahydrophthalic anhydride (MTHPA) as curing
agent. By Differential Scanning Calorimetry (DSC) and Fourier Transform Infrared Spec-
troscopy (FTIR) the curing reaction was monitored and the covalent incorporation of the
modifier in the matrix was proved. By thermomechanical analysis (TMA) the reduction
of the contraction after gelation on changing the HBP proportion was observed. The
incorporation of HBP increased the glass transition temperature (Tg) and reduced the
overall shrinkage. The modified materials showed a higher thermal degradability than
neat DGEBA thermosets allowing reworkability. Thermal expansion coefficient, Young’s
modulus, impact strength and microhardness were improved. The water uptake behav-
ior was also evaluated.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Epoxy resins are ideal materials for structural applica-
tions. However, when applied as coatings, they have some
drawbacks such as brittleness and shrinkage, which reduce
their performance and dimensional stability, leading to a
final reduction of their protection capability [1]. During
the past decades considerable efforts have been made to
improve the toughness of these materials. One of the most
successful approaches to decrease the brittleness of epoxy
resins is to blend them with rubbers, elastomers or core–
shell particles able to stand energy absorption mechanisms
[2–4]. However, this results in a high increase in the vis-
cosity of the uncured blends and/or to a decrease in the
Tg of the thermosets. Some years ago, the use of hyper-
. All rights reserved.
branched polymers (HBPs) has been proposed in order to
overcome the limitations of traditional modifiers [5] and
a lot of research groups adopted this strategy to improve
the mechanical characteristics of epoxy resins [6–8]. It
has been reported that the toughness increased while the
Young’s modulus and the glass transition temperature
remained unaffected [5].

Another advantage of HBPs is their low viscosity
compared to linear analogues, due to reduced entangle-
ments between molecules caused by their highly branched
architecture [5]. This characteristic allows improving the
processability of HBP/epoxy thermosets which is very
important in the field of coatings.

One of the technological ways to reduce shrinkage dur-
ing epoxy curing is the addition of fillers but produces a
great change on the mechanical properties and leads to
the loss of transparency. Some authors proposed the use
of expandable monomers, but a reduction of the Tg was al-

http://dx.doi.org/10.1016/j.eurpolymj.2010.04.015
mailto:angels.serra@urv.cat
http://www.sciencedirect.com/science/journal/00143057
http://www.elsevier.com/locate/europolj


Scheme 1. Idealized structure of H1500.
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ways observed, because of their flexible structure [9–11].
As an alternative, the reduction of the shrinkage has been
achieved by the addition of hyperbranched polymers
[12,13] although in some papers the contrary behavior
has been described [14,15].

The improvement of the toughness in addition with
the reduction of the shrinkage can minimize the genera-
tion of stresses during curing. Månson’s group [16]
investigated the applicability of HBPs as a stress-reducing
agent in epoxy-based composite materials to prevent void
formation. They observed that by adding 10 wt% of Bol-
torn E1, with a flexible aliphatic polyester structure and
epoxy groups at the chain ends, a reduction of 5 �C in
the Tg value and a strongly reduction of the shrinkage
during curing and the internal stress level was achieved.

Apart from their structure, a parameter that should
influence the effect of the HBPs on the characteristics of
the thermosets is their average molar mass. If the molar
mass increases, maintaining the repetitive unit, the num-
ber of reactive chain ends per molecule increases as well.
Some authors studied the mechanical properties of epoxy
thermosets modified with HBPs of different molar masses
[17,18]. They reported that the addition of HBP to the
epoxy matrix improved tensile, flexural and impact
strength and fracture toughness. These properties im-
prove with the proportion of HBP and its molecular
weight until reaching a maximum. This maximum should
also depend, predictably, on the chemical structure of the
HBP added and therefore this cannot be taken as a gen-
eral trend.

In addition to that, one of the main limitations of the
thermosetting materials is their low degradability. Coating
degradability is required when the reworkability of the
coated electronic components is desired. The improvement
on this property could be achieved by the introduction of
labile groups such as esters of secondary or tertiary alkyl
moieties in the network [19]. Ester groups can be ther-
mally broken by a b-elimination process allowing remov-
ing the coating from the substrate. If their structure is
appropriately selected, HBPs can help to solve this
drawback. In previous studies we could increase the ther-
mal degradability of epoxy thermosets by adding hyper-
branched polyesters [13,20]. Besides hyperbranched
polymers which have a large number of functional groups
at the end of the branches, such as hydroxyls, which allow
covalently linking the modifier to the epoxy matrix by the
use of anhydrides as curing agents. In the present work, we
have selected as modifiers two hydroxyl-ended hyper-
branched poly(ester-amide)s with cycloaliphatic rings in
their structure. One of them is the commercial Hybrane�

H1500 with a molecular weight (Mn) of 1500 g/mol and
the other with a molecular weight of about 30,000 g/mol
synthesized by us. The presence of cycloaliphatic rings in
the structure reduces the flexibility and the polarity com-
pared to Hybrane� S1200, which affects the characteristics
of the modified epoxy thermosets previously reported by
us [20].

To our knowledge, there are no studies reported in the
literature related with the effect of adding these structures
to diglycidylether of bisphenol A (DGEBA)/anhydride
thermosets.
2. Experimental

2.1. Materials

Diisopropanolamine (DIPA) and cis-hexahydrophthalic
anhydride (HHPA) were purchased from commercial
sources (Fluka and Sigma–Aldrich, respectively) and were
used without further purification.

Diglycidylether of bisphenol A (DGEBA) EPIKOTE RESIN
827 was provided by Shell Chemicals (EEW = 182.08 g/
eq). Methyltetrahydrophthalic anhydride (MTHPA) (Ciba-
Huntsman) (HY918) and N,N-benzyldimethylamine
(BDMA) (Aldrich) were used as received. The hydroxyl ter-
minated hyperbranched poly(ester-amide) Hybrane�

H1500 (DSM) has an average molecular weight (Mn) and
polydispersity index (PDI), as reported on the data sheet,
of about 1500 g/mol and 3.5, respectively. The hydroxyl
index of 402 mg KOH/g and the Tg value of 75 �C were
determined experimentally.

Xylene (mixture of isomers) was purified by vacuum
distillation and dried over molecular sieve. Tetrahydrofu-
ran (THF) and diethylether were used as received. All sol-
vents were purchased from Scharlab.

2.2. Synthesis of hyperbranched H30000

The synthesis of hyperbranched polymer H30000 (rep-
resented in Scheme 1) was done similarly to the procedure
described by Fang et al. [21]. Diisopropanolamine (15.32 g,
0.115 mol) and xylene (50 mL) were introduced into a
three-necked flask equipped with a thermometer, a single
water dispenser and a gas inlet to fill the flask with nitro-
gen and 15.42 g (0.10 mol) of cis-hexahydrophthalic anhy-
dride dissolved in 50 mL xylene were added dropwise. The
reaction mixture was gradually heated in an oil bath to
80 �C and reacted for 6 h under nitrogen at this tempera-
ture. For better stirring and mixing, small amounts of dry
xylene were added if necessary. Then, the reaction mixture
was heated to 180 �C until no more water could be azeo-
tropically removed through the single water dispenser.
To drive the reaction to higher conversion, vacuum
(�5 mbar) was applied for further 15 min. After cooling,
xylene was removed in vacuum yielding an almost color-
less glassy substance. The crude product was purified
twice by precipitation from THF into diethylether and



1500 M. Morell et al. / European Polymer Journal 46 (2010) 1498–1509
dried under vacuum at 50 �C. The yield of the resulting
polymer was about 24.32 g (79%);

1H NMR (CDCl3) d ppm 1.09–1.24 (complex m), 1.76
(broad s), 2.00–2.13 (broad s), 2.49 (complex m), 2.74
(complex m), 2.99 (complex m), 3.24 (complex m), 3.41–
3.46 (complex m), 3.87 (complex m), 3.99 (complex m),
4.95–5.05 (complex m); 13C NMR (CDCl3) d ppm 15.39,
18.04, 21.29, 25.36, 28.94, 42.38, 44.85, 49.15–59.65
(broad), 65.98, 69.91, 174.6–177.25 (broad); IR-ATR:
3429, 2930, 1727, 1660 cm�1;

Hydroxyl index: 754 mg KOH/g.

GPC : Mn ¼ 30;000 g=mol; PDI ¼ 3:1
2.3. Preparation of DGEBA/MTHPA/HBP mixtures

The mixtures were prepared by adding the required
amount of HBP (H1500 or H30000) into the epoxy resin.
These mixtures were heated until the modifier was dis-
solved and the solutions became clear. Then, MTHPA was
added and the resulting solutions were stirred and de-
gassed under vacuum for 15 min at 70 �C. Finally, BDMA
was added and the mixtures were stirred and cooled down
to �10 �C maintaining them at this temperature until use
to prevent polymerization. Mixtures containing 0–20 wt%
(by weight) of H1500 or 0–10 wt% of H30000 were pre-
pared and the equivalent stoichiometric relation between
MTHPA, DGEBA and HBP was kept for all materials. When
amine (BDMA) was added, the amine/anhydride molar ra-
tio was kept unchanged. The compositions of the formula-
tions studied are collected in Table 1.

2.4. Characterization techniques

1H NMR and 13C NMR measurements were carried out
at 500.13 and 125.75 MHz, respectively, using a Bruker
DRX 500 NMR spectrometer. CDCl3 was used as solvent
for all NMR measurements. For internal calibration the
solvent signals of CDCl3 were used: d(13C) = 77.0,
d(1H) = 7.26 ppm. Quantitative 13C NMR spectra were
recorded using inverse gated decoupling and a relaxation
delay of 8 s.

The determination of molecular weights and molecular
weight distributions was carried out on a modular build
SEC-system coupled with a multi-angle laser light scatter-
Table 1
Composition of the formulations with different weight percentage of H1500 or H3
ratio, (Xeq).

Formulation DGEBA MTHPA

Xeq wt% Xeq

DGEBA/MTHPA 1 50 1

H1500
DGEBA/MTHPA/5% 0.95 48.5 1.05
DGEBA/MTHPA/10% 0.90 44.8 1.11
DGEBA/MTHPA/15% 0.85 40.8 1.18
DGEBA/MTHPA/20% 0.80 37.2 1.24

H30000
DGEBA/MTHPA/5% 0.88 46.7 1.13
DGEBA/MTHPA/10% 0.77 41.2 1.30
ing (MALLS) detector DAWN EOS (Wyatt Technologies,
USA) and a refractive index (RI) detector (Knauer, Ger-
many) in combination with a PL-GEL 5 mm mixed C col-
umn, 300 � 7.5 mm (Polymer Laboratories, UK) using a
flow rate of 1 mL min�1 and THF as eluent. Calibration in
the case of RI detection was performed using linear poly-
styrene standards.

The amount of hydroxyl groups was determined
according to ISO 2554–1974. An acetylating solution was
prepared by dissolving 11.8 mL of acetic anhydride in
100 mL of pyridine. About 0.4–0.6 g of the polymer sample
was dissolved in 5 mL of the acetylating solution. The mix-
ture was stirred for 20 min at 130 �C. Thereafter, at the
same temperature, 8 mL of water was added in order to
hydrolyze the excess acetic anhydride. Finally, the solution
was titrated with 1 N ethanolic KOH solution to determine
the equivalence point. An analogous ‘‘blank experiment”
was performed without the polymer sample with exactly
the same amount of the acetylating mixture. The hydroxyl
number (HN) was calculated from the results of both titra-
tions using the formula:

HN ¼ ðV0 � V1Þ � C �MKOH

m
þ AN ð1Þ

where V0 and V1 are the equivalence titration volume of
KOH in mL from the blank experiment and from the sam-
ple titration, respectively; C is the concentration of KOH
in eq/l; MKOH is the molecular weight of KOH in g/mol; m
is the mass of polymer sample in grams; and AN is the acid
number, which has not been taken into account in this case
because it is very low.

Calorimetric analyses were carried out on a Mettler
DSC-821e thermal analyzer. Samples of approximately
5 mg in weight were cured in aluminum pans in a nitrogen
atmosphere. The calorimeter was calibrated using an in-
dium standard (heat flow calibration) and an indium–
lead–zinc standard (temperature calibration).

In the dynamic curing process the degree of conversion
by DSC (aDSC) was calculated as follows:

aDSC ¼
DHT

DHdyn
ð2Þ

where DHT is the heat released up to a temperature T,
obtained by integration of the calorimetric signal up to this
temperature, and DHdyn is the total reaction heat associ-
ated with the complete conversion of all reactive groups.
0000. In percentage by total weight (%wt) of the mixture and in equivalent

BDMA OH from HBP

wt% Xeq wt% Xeq wt%

50 0.0065 0.50 – –

46.5 0.0061 0.50 0.10 5
45.2 0.0061 0.50 0.21 10
44.0 0.0061 0.50 0.33 15
42.8 0.0061 0.50 0.44 20

48.3 0.0062 0.50 0.23 5
48.8 0.0061 0.50 0.47 10
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The glass transition temperatures (Tgs) were calculated,
after complete curing, by means of a second scan at 20 �C/
min as the temperature of the half-way point of the jump
in the heat capacity when the material changed from
glassy to the rubbery state.

A FTIR spectrophotometer FTIR-680PLUS from JASCO
with a resolution of 4 cm�1 in the absorbance mode was
used to monitor the isothermal curing process at 120 �C.
This device was equipped with an attenuated-total-reflec-
tion accessory with thermal control and a diamond crystal
(Golden Gate heated single-reflection diamond ATR, Spe-
cac-Teknokroma). The disappearance of the absorbance
peak at 913 cm�1 was used to monitor the epoxy equiva-
lent conversion. The consumption of the reactive carbonyl
group of anhydride was evaluated by the absorbance at
1777 cm�1. The peak at 1508 cm�1 of the phenyl group
was chosen as an internal standard. Conversions of the dif-
ferent reactive groups, epoxy and anhydride, were deter-
mined by the Lambert–Beer law as reported previously
by us [20].

Thermomechanical analyses were carried out on a Met-
tler TMA40 thermomechanical analyzer. The samples were
supported by two small circular ceramic plates and silan-
ized glass fibers, which were impregnated with the sam-
ples. Isothermal experiments at 120 �C were undertaken
using TMA by application of a force of 0.01 N in order to
monitor contraction during the curing process. The degree
of shrinkage (ashrinkage) can be calculated as follows:

ashrinkage ¼
Lt � L0

L1 � L0
ð3Þ

where Lt, L0 and L1 represent, respectively, the thickness of
the sample at time t, at the onset and at the end of the
reaction.

The conversion at the gel point was evaluated by means
of non-isothermal experiments performed between 40 and
225 �C at a heating rate of 5 �C/min applying a periodic
force that changes (cycle time = 12 s) from 0.0025 to
0.01 N. The gel point was taken in TMA as the temperature
at which a sudden decrease in the amplitude of the oscilla-
tions was observed. The gel conversion, agel, was deter-
mined as the DSC conversion at the temperature in
which the gelation is observed in TMA in a non-isothermal
experiment.

The linear thermal expansion coefficients in the glassy
and rubbery states measurements of the cured samples
were performed using samples with a size of
(4 � 4 � 2 mm3). The samples were mounted on the TMA
and heated at a rate of 10 �C/min. The linear coefficient
of thermal expansion (CTE) can be determined as:

CTE ¼ 1
L0

dL
dT
¼ 1

L0

dL=dt
dT=dt

ð4Þ

where L is the thickness of the sample, L0 is the initial
length, t is the time and T is the temperature.

The overall shrinkage was calculated from the densities
of the materials before and after curing, which were deter-
mined using a Micromeritics AccuPyc 1330 Gas Pycnome-
ter thermostatized at 30 �C.

Thermogravimetric analyses (TGAs) were carried out in
a Mettler TGA/SDTA 851e thermobalance. Cured samples
with an approximate mass of 8 mg were degraded between
30 and 800 �C at a heating rate of 10 �C/min in N2

(100 cm3/min measured under normal conditions).
Thermal–dynamic–mechanical analyses (DMTAs) were

carried out with a Rheometrics PL-DMTA MKIII analyzer.
The samples were cured isothermally in a mould at
150 �C for 4 h and then post-cured for 2 h at 200 �C. Single
cantilever bending at 1 Hz was performed at 2 �C/min,
from 30 to 200 �C on prismatic rectangular samples (2 �
0.5 � 0.15 cm3).

The Izod impact test was performed at 23 �C by means
of a Zwick 5110 impact tester. The test specimens has a
rectangular section according to ASTM 256-05a. The pen-
dulum employed had a kinetic energy of 2.75 J.

The fracture area of the specimens for impact tests was
observed with an environmental scanning electron micro-
scope (ESEM) model FEI Quanta 600.

The modulus of elasticity was determined using a
Houndsfield 10ks universal testing machine. The unnot-
ched specimens were the same rectangular bars used in
Izod test. A three point bending assembly has been con-
structed for this test in order to obtain flexural modulus
of elasticity in a non-destructive test. The tests were per-
formed at a crosshead speed of 5 mm/min.

The modulus of elasticity is calculated using the slope of
the stress–strain curve in accordance with Eq. (7). In this
testing configuration, the maximum stress in central sec-
tion of the beam is:

r � 3FL

2bd2 ð5Þ

and the corresponding strain is:

e � 6Dd

L2 ð6Þ

using a couple of points in the linear region, the slope of
the curve and thus the modulus of elasticity can be ob-
tained from:

EB �
Dr
De

ð7Þ

where EB is the modulus of elasticity in bending (N/mm2), L
(mm) is the support span, b (mm) is the width of beam
tested, d (mm) is the depth of beam tested, D (mm) is
the deflection of the beam, and F (N) is the force.

Microhardness was measured with a Wilson Wolpert
(Micro-Knoop 401MAV) device following the ASTM
D1474-98 (2002) standard procedure. For each material
10 determinations were made with a confidence level of
95%. The Knoop microhardness (HKN) was calculated from
the following equation:

HKN ¼ L=Ap ¼ L=l2Cp ð8Þ

where L is the load applied to the indenter (0.025 kg), Ap is
the projected area of indentation in mm2, l is the measured
length of long diagonal of indentation in mm, and Cp is the
indenter constant (7.028 � 10�2) relating l2 to Ap. The val-
ues were obtained from 10 determinations with the calcu-
lated precision (95% of confidence level).

Water uptake was evaluated by immersion tests
according to ASTM D 570-98. To carry out this test three
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square samples of each thermoset (1 � 1 � 0.1 cm3) were
cut and thermally conditioned at 50 ± 1 �C during 24 h in
an oven. Then, the samples were cooled and immediately
weighed to get the initial weight. The samples were im-
mersed under water at 50 ± 1 �C during the selected
times and then were dried with a dry cloth and weighed.
The weightings were repeated until constant weight, at
which the specimens can be considered substantially sat-
urated. The increase in weight can be calculated as
follows:

Increase in weightð%Þ ¼ weightwet �weightinitial

weightinitial
� 100

ð9Þ

The diffusion coefficient was determined according to
Ref. [20].
3. Results and discussion

Hyperbranched polymers have been studied as modifi-
ers of epoxy thermosets with the commercial aliphatic
polyester Boltorn� H30 being the most studied samples
[5,6,13,15,22]. In a previous study [20], we selected as a
HBP modifier the poly(ester-amide) Hybrane� S1200 ob-
tained from succinic anhydride due to the presence of
secondary alkyl esters in the structure which help to
improve the thermal degradability of epoxy thermosets
necessary for reworkability. Secondary alkyl ester groups
are also present in the structure of Hybrane� H1500
(Scheme 1) and therefore, it can be interesting for the
same purpose. Moreover this HBP, which derives from
cis-hexahydrophthalic anhydride, contains cycloaliphatic
units in the structure which can tailor several character-
istics and this motivated us to initiate the present study
and to extend it to the use of an analogous hyper-
branched structure but with a higher molecular weight
(H30000).

As in the previous study, we used a well established
curing procedure: methyltetrahydrophthalic anhydride
(MTHPA) as curing agent, catalyzed by a tertiary amine,
benzyldimethylamine (BDMA) [20]. The presence of two
reactive groups, epoxide and hydroxyl, leads to the adop-
tion of a complex curing mechanism. In this mechanism
polycondensation and ring-opening polymerization com-
pete (Scheme 2) and the relative proportion of epoxy/hy-
droxyl groups in the curing mixture can favor one of
them. This finally affects the morphology of the network
and the characteristics of the final materials. The introduc-
tion of hydroxyl-ended HBPs in an epoxy/anhydride sys-
tem favors the polycondensation mechanism [15,20]. To
know the influence of the HBP in the reaction kinetics
and mechanism, the curing process was studied by means
of DSC and FTIR.

3.1. Studies on the curing of DGEBA/MTHPA/BDMA mixtures
with several proportions of HBP

In a previous work [15] we determined that the maxi-
mum degree of curing was reached when one anhydride
reacted either with an epoxide or with two hydroxyl
groups of the HBP. In all the formulations prepared
0.5 wt% of BDMA was added as catalyst. This optimal ratio
has been selected to prepare the formulations studied,
which are collected in Table 1. As we can see in the table,
on increasing the proportion of HBP in the formulation
or/and the molecular weight of the HBP the hydroxyl/
epoxy ratio increases as well.

The calorimetric curves of the curing process of all the
formulations studied showed a unimodal shape, which
seems to indicate that all the participating mechanisms
take place simultaneously. However, there is a little differ-
ence among them, the addition of the HBPs generally leads
to a slight increase in the conversion at a given tempera-
ture, especially until conversions of 80%. Fig. 1 shows the
plot of conversion degree against temperature recorded
at 10 �C/min of neat DGEBA/MTHPA and the formulations
containing different proportions of H1500.

The monitoring along the curing process by FTIR spec-
troscopy allowed to confirm that anhydride groups disap-
peared faster than epoxides, which can be attributed to
an initial esterification of hydroxyl groups by the mecha-
nism depicted in Scheme 2(a) similarly as observed in pre-
vious studies [15,20]. The evolution of the characteristic
functional groups taking part in the curing process con-
firmed the disappearance of the absorptions peaks of the
anhydride (1777 and 1859 cm�1) and epoxide (913 cm�1)
indicating the complete curing.

Table 2 collects the calorimetric data of the curing pro-
cess of all the formulations studied. The reaction enthalpy
is mainly due to the opening of epoxy group because of the
strained ring. For that reason, it can be seen that the en-
thalpy is decreased as the amount of HBP or its molecular
weight is increased, since the proportion of DGEBA in the
formulation is going down. As it is seen, the temperature
of the maximum of the curing exotherm on adding HBP
to the epoxy resin is maintained.

The Tgs of the materials are slightly higher when the
proportion of HBP is limited to a 10 wt% and higher propor-
tions of HBP reduce this parameter. The high functionality
and the stiffness which is conferred by the cycloaliphatic
units of the HBP structure lead to higher values than those
determined for S1200 modified materials reported previ-
ously [20].

3.2. Study of the gelation and shrinkage during curing

The irreversible transformation of a viscous liquid to an
elastic gel is called gel point. At this point, the formation of
a crosslinked network begins and gelation defines the
upper limit in which the material can be applied. In the
curing process, the loss of mobility after the gelation leads
to the appearance of internal stresses, which originate
voids and cracks in the thermoset and therefore it is desir-
able to advance the gelation until higher conversions.

Molecular gelation takes place at a defined conversion
of the crosslinking reaction (agel) and it depends on the
reactivity, stoichiometry and functionality of the reactants.
The conversion at the gelation can be calculated if the
chemical process is well known. In the present case, the
concurrence between several chemical reactions prevents
the conversion at the gelation to be calculated.



Scheme 2. Individual reactions taken place during curing.
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To experimentally determine the gelation point we
used thermomechanical analysis (TMA), in which the gela-
tion is seen as a reduction in the oscillation amplitude be-
cause the gelled material is less deformable. This reduction
is better observed in the signal derivative (Fig. 2) where the
effect of volume change is eliminated. When the material



Fig. 1. Conversion degrees as determined by DSC against temperature of
the curing of DGEBA/MTHPA and DGEBA/MTHPA mixtures containing
different weight percentages of H1500 at a heating rate of 10 �C/min.
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reaches sufficient mechanical stability (gelation) the TMA
measuring probe deforms less the sample and the ampli-
tude of the oscillations is reduced [23]. The gel conversion,
Table 2
Calorimetric data of DGEBA/MTHPA/BDMA mixtures with different percentages o

Formulation DSC

DH (J/g) DHa (kJ/ee) Tmax
b (�C)

DGEBA/MTHPA/0% 245 90 165

H1500
DGEBA/MTHPA/5% 238 90 164
DGEBA/MTHPA/10% 232 95 162
DGEBA/MTHPA/15% 228 98 161
DGEBA/MTHPA/20% 204 89 160

H30000
DGEBA/MTHPA/5% 230 93 165
DGEBA/MTHPA/10% 220 98 165

a Enthalpies per equivalent of epoxy group.
b Temperature of the maximum of the curing exotherm.
c Glass transition temperature obtained by DSC. Second scan after dynamic c
d Temperature of the maximum of the tan d.
e Storage modulus of material at the rubbery region at tan d + 50 �C.
f Temperature of a 2% of weight loss calculated by thermogravimetry.

Fig. 2. Gel point determination using combined TMA and DSC for the mix
agel, can be determined as the DSC conversion at the tem-
perature gelled in TMA in a non-isothermal experiment.
The figure shows the calculation method applied to the
formulation containing a 10 wt% of H30000, which led to
an agel = 0.69. In Table 3 the conversion at the gelation is
shown for all the formulations studied. As can be seen, the
addition of HBP produces a progressive slightly increase of
this parameter. However, the gelation time does not show
any regular tendency due to the combination of the kinetics
of the curing and the variation of the conversion at the gela-
tion. The conversions at the gelation are similar to those
reported previously in formulations containing Boltorn�

H30 [15], but the gelation time is a little longer for
H1500 modified materials, which can be advantageous for
application.

By isothermal TMA, the degree of shrinkage (ashrinkage)
during curing at 120 �C has been determined. Experimen-
tally, one can detect the gelation point by using TMA
starting at a region in which contraction is not observed be-
tween two contraction steps in the sample. In a previous
study [24] we proved, by solubility test and DMTA essays,
how this point can be associated to the gelation. Fig. 3
shows the plot of the shrinkage evolution during the curing
f H1500 or H30000.

DMTA TGA

Tg
c (�C) Ttand

d (�C) E0e (MPa) T2%
f (�C) Tmax (�C)

92 118 11.5 283 413

103 129 20.9 268 411
103 130 14.1 252 415

94 125 11.2 254 409
90 127 8.3 259 413

100 128 13.8 265 412
106 122 11.5 237 414

uring.

ture DGEBA/MTHPA with 10 wt% of H30000 and 0.5 wt% of BDMA.



Table 3
Gelation data, densities, shrinkage, CTEs and gravimetric water diffusion coefficients of the systems studied.

Formulation agel
a tgel

b (min) ashrink
c qmon

(g/cm3)
qpol

(g/cm3)
Shrink.d

(%)
Shrink.e

after gel. (%)
CTEglass

� 106 (K�1)
CTErubber

� 106 (K�1)
D � 108 f

(cm2/s)

DGEBA/MTHPA/0% 0.64 21.5 0.27 1.182 1.214 2.64 1.93 64.3 201.5 4.3 (0.2)

H1500
DGEBA/MTHPA/5% 0.65 24.0 0.37 1.181 1.209 2.38 1.50 62.1 193.8 3.4 (0.3)
DGEBA/MTHPA/10% 0.67 20.6 0.43 1.180 1.208 2.32 1.32 61.7 190.1 2.4 (0.2)
DGEBA/MTHPA/15% 0.70 23.7 0.64 1.180 1.205 2.08 0.75 58.6 188.3 1.2 (0.2)
DGEBA/MTHPA/20% 0.73 23.9 0.69 1.182 1.204 1.81 0.56 50.4 185.8 0.8 (0.0)

H30000
DGEBA/MTHPA/5% 0.65 18.7 0.33 1.177 1.200 1.92 1.29 44.5 187.9 1.0 (0.0)
DGEBA/MTHPA/10% 0.69 22.1 0.46 1.184 1.198 1.10 0.59 28.0 178.4 0.9 (0.0)

a Degree of conversion at the gelation determined as the conversion reached by non-isothermal TMA and DSC tests at 10 �C/min.
b Gelation time determined by TMA at 120 �C.
c Degree of shrinkage before gelation determined by TMA at 120 �C.
d Global shrinkage on curing determined as [(qpolymer � qmonomer)/qpolymer].
e Degree of shrinkage after gelation determined as [shrinkage � (1 � aTMA)].
f Water diffusion coefficient with the standard deviations shown in parentheses.
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at 120 �C against time for the formulations containing dif-
ferent proportions of H1500. The first stage of contraction,
before gelation, increases steadily with the percentage of
HBP, and this is beneficial because at this stage the materi-
als have enough mobility to withstand deformations. The
increase in the shrinkage before gelation can be explained
by the polycondensation mechanism (Scheme 2(a)) which
takes place between hydroxyl groups of the HBP and anhy-
drides. After gelation, the shrinkage decreases with increas-
ing the amount of HBP. This can be also related to the curing
mechanism, which at the final stages takes mainly place the
ring-opening mechanism (represented in Scheme 2(b)),
which leads to less contraction.

Because TMA allows determining the relative contrac-
tion before and after gelation during the curing process,
but not to quantify the global shrinkage, we evaluated it
by determining the densities of all the formulations before
and after curing by means of gas pycnometry. From the
densities the shrinkage was calculated. These values are
collected in Table 3, where we can observe that on increas-
ing the proportion of HBP in the formulation the shrinkage
Fig. 3. Degree of shrinkage, ashrinkage, versus time of the curing deter-
mined by TMA at 120 �C of mixtures DGEBA/MTHPA and DGEBA/MTHPA/
H1500 in different weight percentages.
is reduced. This is more pronounced when H30000 was
used as a modifier. From the degree of shrinkage at the
gelation and the global shrinkage we can estimate the con-
traction after gelation, which is notably reduced on
increasing the HBP proportion and values of �0.5–0.6%
have been reached. From this point of view, the addition
of high molecular weight HBP seems to be more beneficial,
since the addition of 10 wt% of H30000 but of 20 wt% of
H1500 led to similar values for shrinkage.

3.3. Study of the thermal degradability

To confirm that our modification procedure increases
the reworkability of thermosets, our materials were ana-
lyzed by TGA. Fig. 4 shows the DTG curves for the H1500
modified materials and the main data for all the materials
studied are collected in Table 2. DTG curves show that the
addition of HBP leads to the appearance of a shoulder at
325 �C, which increases with the proportion of HBP. This
peak can be due to the rupture of the secondary ester
bonds of the HBP, which leads to the formation of small
fragments able to be volatilized. The main peak corre-
sponds to the degradation of the crosslinked network and
it remains similar for all materials.

A valuable TGA data is the T2% because when the mate-
rial looses 2% in weight the mechanical properties of the
materials go down and the coatings can be removed from
the substrate. From the values of the table, we can see that
the addition of H1500 increases the reworkability, but a
further addition does no increase it. On increasing the
molecular weight of the modifier the T2% is going down, be-
cause of the higher proportion of ester linkages in the
material. It was reported [25] that the optimal tempera-
tures for safe rework operations are in the range 230–
250 �C in N2 atmosphere, and thus the materials containing
proportions of 10 wt% of HBP are able to be classified as
reworkable thermosets.

On comparing the materials prepared from H1500 with
those obtained from S1200 with a comparable molecular
weight, we can state that S1200 led to higher improve-
ments on the reworkability [20]. This fact can be rational-



Fig. 4. DTG curves at 10 �C/min in N2 atmosphere of thermosetting
materials obtained from DGEBA/MTHPA containing different proportions
of H1500 or H30000.
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ized by the less flexible structure of the cycloaliphatic HBPs
which makes the formation of the six-membered cycles,
adopted in the transition state of the pyrolytic b-elimina-
tion process, difficult [26].

3.4. Determination of thermal expansion coefficient

One of the most common causes of internal stresses in
coatings is produced by the mismatch in the thermal
expansion coefficients (CTEs) between the coating and
the substrate. Table 3 collects the CTE values determined
by TMA in the glassy and rubbery states. It is worth to note
that CTEs decrease on increasing the proportion of H1500.
This decrease is more evident than the one observed for
S1200 modified materials [20] and it can be explained on
the basis of the more rigid structure of the cycloaliphatic
HBP and on the degree of crosslinking achieved. On
increasing the molecular weight of the HBP there is also
a decrease in the CTE values.

It was reported that by adding Boltorn� E1, an epoxy
functionalized hyperbranched aliphatic polyester, to an
epoxy system the CTE in the glassy state does not change,
but it increases in the rubbery state from 185 to 260 K�1.
This observation was rationalized by the phase-separated
particles, which appear in the thermoset. Thus, the CTE be-
low Tg was dominated by the neat epoxy resin and above Tg

by the HBP domains. In our case, the CTE decreases in both
regions which is due to the homogeneous character of the
material.

3.5. Study of the thermomechanical properties

The mechanical relaxation spectra and the tan d plot of
all the materials prepared were registered. The tan d curves
were unimodal with a similar sharpness, which accounts
for the homogeneity of these materials. The characteristic
parameters associated to these spectra are shown in Table
2. As can be seen, the addition of HBPs increases the tan d
temperature but it does not change appreciably on increas-
ing the proportion. Relaxed modulus increased on adding
5 wt% of H1500 or H30000 but further addition reduces
this value. This could indicate that in our materials there
is no complete reaction of hydroxyl groups when high pro-
portions of HBP were added to the formulation. It has been
reported that the increase in the molecular weight of a hy-
droxyl-ended HBP leads to a partial fold back into the HBP
molecule, thus leaving less hydroxyl groups able to react
with anhydrides [18].

Many authors observed that the incorporation of HBPs
to epoxy resins leads to a decrease of the tan d value, which
was attributed to a higher free volume inside the network
caused by the HBP [18,22]. Moreover, the modification
with HBP reduces the relaxed modulus in systems in which
hydroxyl terminal groups remained not-covalently linked
to the matrix [18]. Thus, the covalent linkage of the HBP
to the epoxy matrix is necessary to maintain the thermo-
mechanical characteristics.

3.6. Mechanical characterization

Several authors [5–7,22] studied the effect of HBPs as
tougheners in epoxy resins and they could demonstrate
their beneficial effect on this property, but the maximum
effect was obtained in phase separated materials forming
globular micro-particles in a continuous epoxy matrix. Fu
et al. [27] observed a maximum improvement when they
added a 5–15 wt% of an aliphatic–aromatic hyperbranched
polyester to the DGEBA matrix and in this way improve-
ments of about 2–7 times in toughness were observed,
although with a decrease in the Tg value, because of the
flexibility of the HBP structure.

The effect of adding our poly(ester-amide) HBPs to the
formulations in the impact strength is shown in Fig. 5,
since it is a useful measure for the evaluation of the tough-
ness or brittleness. It can be seen that only the materials
containing 5 wt% of H1500 and 10 wt% of H30000 have
higher impact strength. The addition of 10 wt% of higher
molecular weight HBP leads to the highest improvement
in toughness. In our previous study [20], the addition of
S1200 in percentages between 10 and 20 wt% led to a
slight improvement on impact strength, reaching the high-
est value for the thermoset containing 10 wt% of HBP. The
superior increase in toughness, obtained in the latter
study, can be explained by the more flexible structure of
S1200 introduced in the network.

Flexural moduli of elasticity were determined for all the
materials prepared in a three point bending assembly. The
values are represented in Fig. 6. In general, the addition of
HBP increases the rigidity of the material, but the influence
is higher when the molecular weight of the HBP increases.
Although the addition of H1500 leads to a regular increase
with the proportion, on adding H30000 there is not a clear
tendency. The maximum modulus was reached for the
material containing 10 wt% of H30000.

An increase in the rigidity of the material on increas-
ing the proportion of HBP was also observed on adding
S1200 to a DGEBA/MTHPA formulation [20], but there
was no relationship between this property and the pro-
portion of HBP, since 10 wt% of HBP led to the maximum
value. Other authors [8,22] described a loss of this mod-
ulus on adding HBP, but the structure of the HBP in these
cases was much more flexible than that of H1500 and
H30000.



Fig. 6. Dependence of flexural modulus of DGEBA/MTHPA thermosets containing different weight percentages of H1500 or H30000.

Fig. 5. Dependence of impact strength of DGEBA/MTHPA thermosets containing different weight percentages of H1500 or H30000.

M. Morell et al. / European Polymer Journal 46 (2010) 1498–1509 1507
Microhardness is a measure of the resistance that one
body offers against penetration by another. This technique
is used in the coating industry to characterize the mechan-
ical properties related to resistance and hardness of mate-
rials and it measures their capability to resist static loads
or applied at low rates. As we can see in Fig. 7, only the
addition of H30000 increases the microhardness in refer-
ence to pure cured DGEBA.

From all the mechanical tests performed we can state
that the more beneficial effect was reached when 10 wt%
of H30000 were added to the formulation.
Fig. 7. Dependence of microhardness of DGEBA/MTHPA thermosets
3.7. Morphology analysis of the fractures by ESEM

The toughness behavior of DGEBA/MTHPA and the HBPs
modified thermosets can be explained in terms of mor-
phology observed by ESEM. The fracture surfaces after im-
pact tests were investigated by this technique and
representative micrographs are shown in Fig. 8.

All the micrographs presented a homogeneous appear-
ance without any phase separation, similarly to S1200
modified materials, in spite of their different hydrophilic/
hydrophobic character [20]. This homogeneity can be
containing different weight percentages of H1500 or H30000.



Fig. 8. ESEM micrographs for fracture surfaces of the following materials cured at 150 �C: (a) neat DGEBA/MTHPA; (b) 5 wt% H1500/DGEBA/MTHPA; (c)
10 wt% H30000/DGEBA/MTHPA.
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attributed to the covalent bonding of the reactive groups of
HBPs to anhydrides in the matrix. The smooth glassy frac-
tured surface with little cracks in the unmodified material
observed in Fig. 8(a) accounts for its poor impact strength.
In contrast, the fracture surface of the materials with 5 wt%
of H1500 Fig. 8(b) or with 10 wt% of H30000 Fig. 8(c) are
rougher than that of the unmodified, suggesting that the
impact specimens break more yieldingly. The observations
of the fractured surfaces agree with the impact strength
values measured (Fig. 5).

Accordingly to Fu et al. [27] it seems that there is an
optimum toughness value versus the generation number
and content of the HBP, which can be explained as syner-
gism combination among the plastic deformation and
‘‘in situ” toughening mechanisms.

3.8. Water uptake behavior

The water absorption curves against time for the ther-
mosets obtained are shown in Fig. 9. It is clear that HBP
incorporation leads to an increase in the amount of ab-
sorbed water (Mmax) due to the higher polarity of the ther-
mosets containing the hydroxyl-ended cycloaliphatic
poly(ester-amide), compared with the neat DGEBA/MTHPA
material. The water uptake increases with the proportion
of HBP and reaches the highest values for H30000 modified
Fig. 9. Water absorption curves against time at 50 �C for DGEBA/MTHPA
and DGEBA/MTHPA modified with different weight percentages of H1500
or H30000.
thermosets. The equilibrium water uptake (Mmax) was ta-
ken as the maximum values reached of the water absorp-
tion curves and were used to calculate the corresponding
diffusion coefficients, which are collected in Table 3. How-
ever the diffusion coefficient, calculated by the equations
given in the experimental part, decreases with the amount
of HBP. This indicates that with the addition of HBPs, the
rate of absorption initially decreases whereas the equilib-
rium saturation percentages increase.

The hydrophobic character of H1500 and H30000 in
comparison to the more hydrophilic S1200 [20] leads to a
lower water uptake for the materials prepared in the pres-
ent study.
4. Conclusions

The addition of hydroxyl terminated cycloaliphatic
hyperbranched poly(ester-amides) to epoxy/anhydride sys-
tems, in the presence of a tertiary amine as catalyst, affects
the mechanism of the curing process favoring the non-cata-
lyzed mechanism. This implies the reaction of hydroxyl and
epoxy groups with anhydrides by a polycondensation
process leading to the covalent incorporation of the HBP to
the network from the very beginning of the curing process.

On increasing the proportion of HBP a progressive de-
crease of the global shrinkage is observed. This reduction
is more pronounced for the HBP with high molecular weight.
Moreover, the contraction after gelation is also notably re-
duced and low values of �0.5–0.6% have been reached.

The thermal reworkability of the thermosets increases
on adding HBP due an earlier start of the thermal degrada-
tion. Thus, materials containing 10 wt% of HBP are able to
be classified as reworkable thermosets.

By DMTA and ESEM the homogeneous character of the
materials prepared has been demonstrated. The addition
of HBPs increases the tan d temperature and the relaxed
modulus increased only on adding 5 wt% of H1500 or
H30000 because further HBP content reduces this
parameter.

Thermal expansion coefficients in the glassy and rub-
bery states decrease on increasing the proportion of
H1500. These coefficients are even more reduced when
the modifier H30000 is used.
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Mechanical properties (elastic modulus, impact strength
and microhardness) show a maximum value when 10 wt%
of H30000 were added to the formulation.

The presence of HBPs in the materials increases the
water uptake, proportionally to the amount added, but de-
creases the diffusion coefficients. The water uptake is high-
er when H30000 is added in the formulation.

In summary, hyperbranched poly(ester-amide)s of the
Hybrane� H1500 type are also very suitable for increasing
the toughness and for reducing the shrinkage in epoxy
thermosets. Significantly high molar mass samples of
HBP (of 30,000 g/mol) and an addition of 10 wt% seem to
be the most favorable conditions for achieving optimized
thermosets which can be reworked.
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