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Effect of a hyperbranched polymer over the thermal curing
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Abstract In this study, the authors study by calorimetry
the influence of hyperbranched polyester Boltron®H40 on
the thermal curing and the photocuring of a diglycidyl ether
of bisphenol epoxy resin (DGEBA) using ytterbium (III)
trifluoromethanesulfonate and triarylsulfonium hexafluo-
rantimonate as thermal and photo cationic initiators,
respectively. In the dynamic thermal curing at different
heating rates, the authors have seen a decelerating effect
when H40 is added to DGEBA, the system with 10% of
H40 being the slowest. An isoconversional method has
been used to determine the apparent activation energy of
the thermal curing. In the isothermal photocuring at low
temperatures, the authors have also appreciated a deceler-
ating effect on adding H40, obtaining a minimum con-
version when the H40 proportion is 15%. However, at high
temperatures, the photocuring process can be accelerated at
the first part of this process. This behavior is a consequence
of the temperature dependence of H40 solubility in
DGEBA, the viscosity of the system, and the hydroxyl-
induced chain-transfer reaction. The values found of the
maximum glass transition temperature in the thermal cur-
ing and in the photocuring, show that H40 is not com-
pletely solubilized in the reacted system.
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Introduction

Hyperbranched polymers (HBPs) are a kind of polymeric
modifiers that can be used to increase the toughness of
epoxy resins. Their main advantages are their lower vis-
cosity compared with their linear counterparts, the possi-
bility of tailoring their core and branches structure, and
functionalization of the end groups so that they can be
made compatible with the surrounding matrix material [1].
HBPs can solve the problems related to processability and
compatibility which are found using other modifiers [2, 3]
like glass particles, rubber, and thermoplastic [4-9]. During
the curing process, HBPs also reduce the shrinkage [3] and
the internal stress [2]. Reaction-induced phase separation
can produce a beneficial increase in the toughness of the
resulting material [2]. The moment in which this phase
separation happens can be controlled by selecting their
solubility, reactivity, and processing conditions [10]. The
glass transition of the epoxy resin can decrease [3] or may
not be affected [2].

The use of the epoxy resins includes several applications:
adhesives, castings, coatings, electric laminates, encapsu-
lation of semiconductor devices, matrix material for com-
posites, structural components [1, 11-15], and cryogenic
engineering [16—-19]. In many of these studies, the epoxy
resin was cured with a hardener and modified with a HBP,
but very few articles have been published studying the
influence of the addition of the HBP in an epoxy resin
without adding a hardener [20-23]. The authors have pre-
viously studied the influence of some HBPs in the thermal
curing and in the photocuring of Diglycidyl ether of
bisphenol A (DGEBA). Concretely, in [22], the authors
have analyzed the thermal curing of DGEBA modified with
Boltorn®H30 and in [24], the thermal curing and the
photocuring of DGEBA modified with Boltorn®H20 have
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been analyzed. In these studies, the authors have observed
the influence of the viscosity, solubility, and number of
hydroxyl groups over the kinetics reaction.

In this article, the authors study the influence of
Boltorn®H40 over the thermal curing and the photocuring
of DGEBA and compare the results obtained with that
obtained when the modifier is Boltorn®H20 [24]. H40 has a
greater molecular weight than H20 and increases more the
viscosity of the reacting system. In the analyzed mixtures,
H40 always decelerates the thermal curing and more than
H20. In the photocuring, H40 only accelerates it at high
temperatures.

Experimental
Materials

Diglycidyl ether of bisphenol A with an epoxy equivalent
of 182 ¢ ee ! (EPIKOTE 827, Shell Chemicals) has
been cured with BOLTORN®H40, a hydroxyl-terminated
hyperbranched polyester with a molecular weight of 5100
g mol ™' (Perstorp Specialty Chemicals) and 64 terminal
groups. Schemes 1 and 2 show the formulae of DGEBA
and BOLTORN®H40. Ytterbium triflate  (Yb(OTf);)
(Aldrich) was used as thermal cationic initiator. Triarylsul-
fonium hexafluoroantimonate (TAS-Sb) (50% w/w in
propylene carbonate, Aldrich) was used as cationic
photoinitiator.

Preparation of curing systems

The mixtures of liquid DGEBA and solid H40 were prepared
by mixing and heating the desired quantities of these sub-
stances using a hot air blower and vigorously stirred. In the
thermally curable samples, 1% of the thermal initiator was
added to the mixtures at room temperature and then they
were stirred and kept at —18 °C to prevent polymerization.
In the photocurable samples, 2% of the photoinitiator was
added (because the concentration of photoinitiator was 50%
in weight in the photoinitiator solution, 2% of this solu-
tion was needed for a concentration of 1% of photoinitiator
in the reactive mixture), and then they were stirred and kept
in the dark at —18 °C to prevent photoactivation and poly-
merization. Table 1 shows the number of hydroxyl equiva-
lents per epoxy equivalent for the different samples
analyzed.

Scheme 1 Chemical structure
of DGEBA epoxy monomer
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Scheme 2 Idealized chemical structure of the hyperbranched poly-
mer BOLTORN®H40

Table 1 Hydroxyl equivalents per epoxy equivalent (eq OH ee™") of
DGEBA with different proportions of H40

%H40 eq OH/ee ™"
0.042

5 0.162

10 0.296

15 0.445

20 0.613

Thermal curing

The thermally curable samples were cured at different
heating rates (2, 5, 7.5, 10, and 15 °C min_l) with a
Mettler DSC-822e¢ calorimeter from 0 °C to 250 °C. The
ultimate glass transition temperature of the cured materials
(T¢o) was determined on the basis of a second dynamic run
from —100 °C to 250 °C at 10 °C min™".

Photocuring

The photocurable samples were photocured at different
temperatures, with a Mettler DSC-821e calorimeter
appropriately modified with a Hamamatsu Lightningcure
LC5 (Hg—Xe lamp) with two beams, one for the sample
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side and the other for the reference side. Samples of ca
5 mg were cured in open aluminum pans in a nitrogen
atmosphere. Two scans were performed on each sample to
subtract the thermal effect of UV irradiation from the
photocuring experiment, each one consisting of 4 min of
temperature conditioning, 30 min of irradiation, and finally
4 more minutes without UV light. The light intensity used
was 21 mW cm™? and was calculated by irradiation of
graphite-filled pans on only the sample side.

Dynamic postcuring experiments were carried out in the
same DSC, without UV irradiation, from 30 °C to 250 °C
at 10 °C min~! to determine the residual heat. After this, a
second dynamic run was carried out to determine 7Ty.

Theory

In the thermal curing processes the degree of conversion

(o) was calculated as:
_ AHr
AI_Idyn

(1)

where AH7 is the heat released up to a temperature 7,
obtained by integration of the calorimetric signal up to that
temperature and AHy,, is the total reaction heat of the
experience, which is associated with complete conversion
of all reactive groups (the authors have confirmed by FTIR
that the polymerization is complete in the systems studied).
In Table 2, there are listed average values (AH,y.) of AHyy,
for each of the studied mixtures, calculated as the average
total reaction heat of the experiments at different heating
rates.

Accepting that rate of conversion (do/df) depends on the
temperature and the conversion degree of the reaction and
the Arrhenius equation is met, the non-isothermal kinetics
analysis may start with the kinetic equation:

o= toexp( 7 )1 )

Table 2 Average total reaction heat (AH,,.), maximum glass tran-
sition temperature (7,.), and glass transition temperature calculated
using Fox equation (Tgrox) (Eq. 10) for the thermal curing of DGEBA
with different proportions of H40 (the values of T, are average
values of the different samples analyzed)

%H40 AH,o/kJ ee™! e Tgror!°C
96.7 130.0 130.0
5 102.1 122.1 122.4
10 106.4 118.6 115.0
15 116.0 119.3 108.0
20 116.1 112.6 101.1

where k, is the preexponential factor, E activation energy,
R universal gas constant, 7 temperature, and f(x) is a
function of degree of conversion which depends on the
mechanism governing the reactive process.

By reordering, the so-called temperature integral can be

written as:
d k, ;
o
— = -dT 3
f(o) // ( > ®)
0

where f is the heating rate (d7/df) and g(«) an integral
function of the degree of conversion. Equation 3 may be
integrated employing Doyle’s approach [25] and rewritten
in logarithm form as:

ﬂ@:

E 1.0516E
o }—5%0——%£L:Am—

k 1.0516E
g(o0)R RT

Inf =1
nf n RT

(4)

This equation applied to constant conversion, enables us
to determine E and the kinetic parameter A;, (Ozawa
method [26]) for each degree of conversion.

In isothermal photocuring experiments, the degree of
conversion was calculated as:

AH,
A}IZIVC (5 )

o=

where AH, is the heat released up to a time z. The values
used of AH,,. obtained dynamically when the material
reacts completely, are shown in Table 2. The kinetic study
of the photocuring was carried out following the approach
used by Tryson and Shultz [27]. In the experiments using
light, the rate of disappearance of the monomer (—d[M]/dt,
which is proportional to the calorimetric signal) can be
written as:

12
S () ©)

where k, and k. are the rate constants of propagation and
termination, respectively and the formation of free radicals
is the result of the product of the quantum yields and the
photon absorption rate (¢l,,). Equation 6 can be deduced
based on the following hypotheses: (a) the reaction rate of
any free radical with a monomer does not depend on the
type of radical; (b) the termination reactions are bimolec-
ular; (c) transfer reactions are disregarded; (d) there is a
steady-state concentration of free radicals; and (e) due to
theoretical considerations, it is assumed that the rate
depends on the first power of monomer concentration.

Equation 6 can be expressed depending on the degree of
conversion as [28]:

1/2
G=h(T) 0w )
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If we define the apparent kinetic constant (k) as

(,b[abs 1/2
kap = kp( ke (8)
then, the Eq. 7 is
do
a:kap(l _OC) (9)

This equation allows to find the values of k,, during the
photocuring process from the degree of conversion and the
rate of conversion, and it is a general and simplified
expression that can be applied even though the system
under study is different. Moreover, k,, can be used as a
comparative parameter equivalent to reaction rate. A
similar approach has been used by other authors to study
photopolymerization processes [29-31].

When two polymers are mixed and only one phase is
formed the glass transition of the blend can be found using

the Fox equation [32]:
1 w 1—w

= 4 10
Tg Tgl Tg2 ( )

where T, is the glass transition of the blend, Ty, and Ty, are
the glass transition temperatures of the neat compounds 1
and 2, respectively and w is the weight fraction of com-
pound 1 in the blend.

Results and discussion
Thermal curing

In the thermal curing process, the degree of conversion (o)
was calculated following Eq. 1. Figure 1 shows the degree
of conversion versus the temperature of the thermal curing
at 10 °C min~' of DGEBA with different proportions of

H40. The addition of this hyperbranched polymer decel-
erates the reaction, the system with a 10% of H40 being the
slowest. As it can be seen in Tables 1 and 2, the addition of
H40 increases the number of hydroxyl groups and the total
reaction heat, but it also increases the viscosity, which
makes the formation of active species difficult through the
interaction between the epoxy groups and the initiator and
slow down the propagation reaction. The increase of the
total reaction heat can be related with the participation of
the hydroxyl groups in the curing. Upon addition of lower
amounts of H40, the process is decelerated, which means
that the factor of viscosity has more influence in the
reaction rate than the increase of hydroxyl groups that
would accelerate the curing. At proportions higher than
10%, the hydroxyl groups begins to have more influence
and then these proportions are faster than the system with
10% of H40. In [24], the authors studied the influence of
another HBP, H20, over the thermal curing of the same
epoxy resin. Although both HBPs increase the viscosity of
the reaction medium, in H20 the acceleration caused by
hydroxyl groups was more important and therefore the
formulation with 20% H20 was even faster than neat
DGEBA. On the contrary, the effect of hydroxyl groups in
H40 formulations is not as important, probably due to
lower solubility and availability of hydroxyl groups, and
therefore the viscosity is the dominant factor, making all
H40 formulations significantly slower than neat DGEBA.

Figure 2 shows the degree of conversion versus tem-
perature of the thermal curing of DGEBA with 10% of H40
at different heating rates. As expected, this figure shows
how a decrease in the heating rate displaces the curing
curves down to lower temperatures. Applying the Ozawa
isoconversional method to the thermal curing of the dif-
ferent formulations, a good lineal dependence between the
logarithm of the heating rate and the reciprocal temperature
was observed, as it is predicted by Eq. 4. From the slope of

Fig. 1 Degree of conversion 1.0 —
of the thermal curing at 4
10 °C min~" of DGEBA with
. . 7
different proportions of H40 0.8 //,’l
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7
Z
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v
g
o
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("{{’
0.0 s ‘ ‘ ‘ :
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Fig. 2 Degree of conversion of 1.0 , -
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these lineal dependences, the values of the activation
energy can be found for every degree of conversion. These
values have been represented for all the formulations in
Fig. 3. The activation energy slightly increases during the
curing process because of the thermal activation of the
reaction, although the variation of this magnitude decreases
when the proportion of H40 is increased. This trend is
similar when H20 is used as a modifier [24]. The standard
deviations of the values of the activation energy vary
between 0.3 and 4.0 kJ mol™", being 1.5 kJ mol ™" as the
mean value.

Table 2 presents the values of the maximum glass tran-
sition temperature (T,.,) of the different systems studied
after thermal curing. It can be seen that the addition of H40
reduces the value of T, because it acts as an internal
plasticizer, reducing the cross-linking density, although
there is not a well defined trend within the experimental
composition range. In this table, the values of the theoretical
glass transition temperature calculated using the Fox equa-
tion (Tgrox) (Eq. 10) can also be seen. A significant differ-
ence between the experimental and calculated values (with

the exception of the system with 5% of H40) indicating that
H40 is not completely solubilized in the thermally cured
systems can be appreciated.

Photocuring

Figure 4 shows the heat flow and the degree of conversion
(see inset) versus the photocuring time of DGEBA with
10% of H40 at different temperatures. As usually reported
for other photocuring systems [33], at the beginning of the
process the heat flow and the degree of conversion increase
with temperature. Table 3 shows the values of the iso-
thermal curing heat (AH;,,) for the different systems and
temperatures analyzed. For all the systems, this heat
increases with temperature as expected, since photocuring
takes place up to vitrification at temperatures lower than
the ultimate glass transition [33, 34] and so conversion
increases with photocuring temperature. For the same
temperature, this heat increases with H40 proportion,
although some values (mainly in the systems with 10 and
15% of H40) do not follow this trend. The amount of
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Fig. 4 Photocuring of DGEBA 10
with 10% of H40 at different
temperatures and as an inset the
degree of conversion for the
same system and processes

Exo —

dh/dtwW g™

0.8

Table 3 Values of AH,, in kJ ee™! for the photocuring of DGEBA
with different proportions of H40 and temperatures

%H40 40 °C 60 °C 80 °C 100 °C 120 °C
49.1 63.3 71.0 78.0 84.4

5 50.1 63.1 75.1 80.7 86.7

10 511 63.3 71.3 75.9 82.7

15 51.0 63.9 71.0 76.1 81.5

20 574 65.9 82.3 88.4 93.1

Table 4 Values of «;, for the photocuring of DGEBA with different
proportions of H40 and temperatures

%H40 40 °C 60 °C 80 °C 100 °C 120 °C
0.504 0.648 0.727 0.799 0.864
5 0.486 0.611 0.728 0.783 0.840
10 0.476 0.589 0.664 0.706 0.770
15 0.436 0.545 0.606 0.650 0.696
20 0.489 0.562 0.702 0.754 0.794

hydroxyl groups which participate in the curing process
can explain this behavior. In [24], the isothermal curing
heat always increased with H20 proportion at the same
temperature, probably due to the higher availability of
hydroxyl groups that led to a higher participation of H20 in
the curing process.

Table 4 shows the values of o, the degree of conver-
sion attained at the end of the isothermal photocuring
process for the different systems and temperatures ana-
lyzed, calculated using Eq. 5. The general trend is to
decrease the degree of conversion with the increase in the
amount of H40, but there is not a well defined behavior
within the experimental composition range. These results
differ from that obtained with H20 [24], where it was
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observed that o;,, increased with the amount of H20,
although at 120 °C the trend was reversed.

Figures 5 and 6 show the heat flow and the degree of
conversion (see inset) versus the photocuring time of
DGEBA with different proportions of H40 at 40 and
120 °C, respectively. In the inset of Fig. 5 the degree of
conversion of 10% of H40 has not been represented
because it is very similar to the curve corresponding to
20% of H40. Figure 5 clearly shows that the addition of
H40 decelerates the photocuring process especially at the
beginning, the system with 15% of H40 being the slowest.

At 60 °C, the situation is similar than at 40 °C, but at the
beginning of the process the system with 10% of H40
presents the minimum values of the heat flow. At 80 °C
and at low times, the systems with 5 and 20% of H40 are
slightly faster than the neat DGEBA and the system with
15% of H40 is the slowest. At 100 °C, the modified sys-
tems are faster than neat DGEBA at the beginning, with the
exception of 10% of H40 that is the slowest.

In Fig. 6 (120 °C), at the beginning of photocuring only
the system with 15% of H40 presents lower curing rates
than neat DGEBA. Indeed, the inset does not show
noticeable differences between neat DGEBA and H40
formulations, except the system with 15%.

In the previous study [24], the situation was clearer. At
40 °C, the heat flow and the degree of conversion decrease
when H20 proportion increases at the beginning of the
process and increase at higher times. However, at 120 °C,
the heat flow and the degree of conversion always increase
with H20 proportion.

In Figs. 7 and 8, the logarithm of the apparent kinetic
constant (Eq. 9) is represented versus the degree of con-
version for different proportions of H40 at 40 and 120 °C,
respectively. As it has been seen in Fig. 5, the addition of
H40 decelerates the photocuring process at 40 °C, pre-
senting the system with 15% of H40 the minimum values
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Fig. 5 Photocuring at 40 °C 25

of DGEBA with different
proportions of H40 and as an
inset the degree of conversion
for the same systems

and process
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-==- 15% H40

20% H40

100 200

300 400 500 600

Fig. 6 Photocuring at 120 °C

of DGEBA with different

proportions of H40 and as an T
inset the degree of conversion o
for the same systems &
and process
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—== 15% H40

20% H40

0.9
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Fig. 7 Logarithm of the -5

apparent kinetic constant versus

the degree of conversion for the

photocuring at 40 °C of

DGEBA with different

proportions of H40 6

-1
In (kap/s )

-7

— 0% H40
-+ 10% H40
--=+ 15% H40

20% H20

-8
0.0

of this kinetic parameter. At 120 °C, as in Fig. 6, at lower
photocuring times the systems with 10 and 20% of H40
present greater values of k,, than the neat DGEBA. The

0.1 02 03 0.4 05

system with 15% of H40 always presents the minimum
values of k,, too. The maxima and the shoulder shown in
Figs. 5 and 7 for the system with 10% of H40 can be
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Fig. 8 Logarithm of the -3.5
apparent kinetic constant versus
the degree of conversion for the
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DGEBA with different
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Fig. 9 Dynamic postcuring 0.1
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experiments at 10 °C min~"' of
DGEBA with 20% of H40 after
photocuring at different
temperatures

Exo —
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30 50

related to a change on the kinetics of curing. Probably, the
reaction rate is also affected by the competition between
the propagation mechanisms, active monomer (AM), and
active chain-end (ACE) [22]. In the absence of hydroxyl
groups, the curing only takes place via ACE mechanism
whereas in the presence of hydroxyl groups, the curing can
also take place via AM mechanism trough proton-transfer
reactions.

From the data shown in Figs. 5, 6, 7 and 8, it can be
hypothesized that at lower curing temperatures the low
solubility of H40 in DGEBA results in a delay of the curing
process due to an increase in the viscosity of the system. At
higher temperatures, especially at 120 °C the greater sol-
ubility of H40 in the epoxy system can explain that the
systems with 10 and 20% of H40 are faster than the neat
one because of the higher availability of hydroxyl groups
which accelerate the curing process, making up for the
viscosity increase. However, this effect is not as noticeable
as with H20 as modifier [24] because of the lower avail-
ability of surface hydroxyl groups in H40.

@ Springer
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Figure 9 shows the dynamic experiences made after the
photocuring at different temperatures of DGEBA with 20%
of H40. The postcuring begins when the system reaches its
photocuring temperature and devitrifies. The heat released
decreases when the photocuring temperature increases,
because in the photocuring experience the heat of reaction
increase with temperature [24, 33].

The ultimate glass transition temperatures of the
photocured samples are indicated in Table 5. As in the
thermal curing, this temperature decreases when the H40
proportion is increased, indicating a plasticizer effect of
H40 [24]. However, this decrease is very small. Moreover,
it can be noticed that a strong disagreement between the
experimental and theoretical values obtained using the Fox
equation (Eq. 10) indicated limited participation of H40 in
the photocuring process, because of the low solubility of
H40 in DGEBA and the low availability of hydroxyl
groups. If these values are compared with the thermal
curing results, it can be seen that the T, after photocuring
is much higher, because ytterbium triflates are able to
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Table 5 Maximum glass transition temperature (7,.) and glass
transition temperature calculated using Fox equation (Tgrox) (Eq. 10)
for the photocuring of DGEBA with different proportions of H40 (the
values of T, are average values of the different samples analyzed)

%H40 T,../°C Torox/°C
161.9 161.9

5 161.4 151.4

10 157.2 141.4

15 154.4 131.8

20 154.0 122.7

induce reorganization, cyclization, and/or degradation
reactions when the curing reaches much too high temper-
atures, which results in a network structure with a lower
degree of cross-linking and consequently with lower T,
[35, 36].

Conclusions

In thermal curing, the addition of H40 always decelerates
the process. The lower amount of available hydroxyl
groups of H40, which cannot make up for the increase in
viscosity upon addition of H40, seems to explain this
behavior.

The effect of H40 on the photocuring of DGEBA for-
mulations depends on the process temperature. At low
temperatures (40 °C), the reaction is decelerated due to the
low solubility of the hyperbranched polymer in DGEBA.
At high temperatures (120 °C), the photocuring process
can be accelerated due to greater solubility of H40. The
competition between AM and ACE propagation mecha-
nisms can also affect curing kinetics.

According to the glass transition temperatures, after
thermal curing and photocuring, it can be concluded that
H40 is not well solubilized in DGEBA, implying that there
is a two-phase morphology in the fully cured materials.
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