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Abstract The kinetics of a poly(methyl methacrylate)
(PMMA)-modified epoxy resin cured with different func-
tionalities amine mixtures was analyzed using differential
scanning calorimetry (DSC) in both isothermal and dynamic
conditions. A delay in the reaction rate was observed which
increased with PMMA content. An approach of kinetic
features involved in curing was carried out. A linear
dependence of preexponential factors of neat systems with
modifier content was considered. The approach shows the
contribution of other factors including the dilution effect of
the functional groups to the observed delay. Fourier trans-
form infrared spectroscopy (FTIR) indicated a noticeable
change in the interactions present in neat systems due to the
presence of PMMA. On the other hand, a significant influ-
ence of the ratio between each amine in the epoxy/amine
mixtures on the final physical appearance was observed.
At constant curing conditions, materials from completely
opaque (phase separated) to transparent (miscible) were
obtained with the increase in monoamine content.
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Introduction

Epoxy resins are reactive monomers, which are trans-
formed by curing in thermoset polymers. Owing to their
performance properties, they are extensively used in many
applications. It is possible to tailor and improve polymer
properties for specific applications, choosing between the
wide variety of available curing agents and epoxy resins.
The reactant functionality controls the development and the
crosslink density of the network. When highly crosslinked
networks are formed, due to their inherent brittleness some
form of toughening is desirable [1-3]. The addition of
initially miscible thermoplastics, which phase separate
during matrix reaction, has been widely used to improve
their fracture toughness, without a significant decrease of
other desirable properties.

The ultimate morphology and behaviour of these blends
are strongly dependent on the modifier chemical nature
[4-6], the modifier content [7-9], the reactivity of the
thermoset system and employed curing conditions [10-12].
Optimization of processing requires a reliable kinetic
model. Kinetic mechanisms of epoxy resin curing have
been intensively studied in the past applying different
models, methods and experimental techniques [13, 14].
Nevertheless, curing of epoxy resins is quite complex, as
many reactive processes occur simultaneously, which
depend on the reactants employed and on their curing con-
ditions. Apart from epoxy/amine addition reactions, sec-
ondary reactions can be necessary to be taken into account
[15-18]. Other physical events such as gelation and vitrifi-
cation phenomena, the phase separation process or the
change from chemical to diffusion controlled kinetics during
the reaction increase the complexity of curing process [19-
21]. Furthermore, industrial epoxy/amine formulations are
often composed of mixtures of some modifiers, epoxy and
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amine molecules, which can have different functionalities
making more difficult the analysis.

For a better understanding of industrial formulation
curing kinetics, the reaction of an epoxy resin previously
mixed with several PMMA contents and cured with dif-
ferent functionalities amine mixtures was studied. Mono-
amine addition is the main novelty of the present work
respect to those previously published about DGEBA/
PMMA mixtures. Modifier content and amine ratio effects
on reaction kinetics were analysed modifying the kinetic
parameters obtained for neat epoxy/amine systems [22]
taking into account the different concentration of initial
epoxy groups and the mixture composition. The influence
of hydrogen bonding formation between the components of
these systems on cure kinetics was also analysed.

Experimental

A difunctional diglycidyl ether of bisphenol A (DGEBA),
DER332, 4,4’-diaminodiphenylmethane (DDM) and p-tolui-
dine were employed as resin, curing agent and chain
extender, respectively. PMMA was employed as modifier.
DGEBA and PMMA were placed in a vacuum oven at
80 °C overnight to remove any water present and amines
were used as received without purification. Both amines
had a similar chemical structure to ensure similar compo-
sition of the resultant products.

Modified mixtures were prepared by dissolving PMMA
in dichloromethane and adding the resin with mechanical
stirring. The resulting solutions were placed in an oil bath at
90 °C for several hours and thereafter, held overnight under
vacuum at 90 °C. At this point, no phase separation was
observed by differential scanning calorimetry (DSC) over
the range 30-200 °C. Then, p-toluidine:DDM mixtures
were added at 80 °C stirring vigorously for 5 min. Stoichi-
ometric epoxy/amine equivalent ratio was used in all mix-
tures. Mixtures of amines were carried out at the following
ratios of monoamine:diamine equivalents: 0:100, 25:75,
50:50, 75:25 and 100:0. Final amounts of PMMA in these
matrices were 15, 20, 30 and 40 wt%. The corresponding
neat matrices were also prepared by the same procedure.

DSC measurements were carried out in a Mettler Toledo
DSC 821e module from —60 to 260 °C at 10 °C/min in a dry
atmosphere with 5-10 mg samples. In a second dynamic scan
the glass transition temperature of fully cured material, Ty,
was determined as the middle point of the endothermic shift.
Kinetic study was also performed with isothermal scans at
several temperatures. All samples were then cooled to room
temperature and subjected to a dynamic scan from 30 to
260 °C at 10 °C/min to determine the residual enthalpy.
Conversion was taken as the reaction enthalpy calculated
from the isothermal scan at each time, divided by the total
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enthalpy obtained from the addition of the enthalpy from the
isothermal mode to the residual one. Due to the high vapour
pressure of p-toluidine, sealed aluminium pans were used
[22]. The mixtures were poured into preheated moulds and
cured for 5.5 hat 130 °C using vacuum during the first stages.
Finally, they were postcured 2 h at Ty, +30 °C. The cured
materials were analysed by Fourier transform infrared spec-
troscopy (FTIR) from 4,000 to 400 cm™" in a Nicolet Nexus
670 spectrometer averaging 20 scans with 2 cm ™' resolution.

Results and discussion

The curing kinetics of PMMA modified epoxy/amine mix-
tures was studied by DSC in both dynamic and isothermal
modes. All dynamic scans showed a step in the heat flow at
low temperatures, due to glass transition from the glassy to
the liquid state, Ty,. An example is shown in Fig. 1. Positions
of these transitions are reported in Table 1 along with those
of polymerization peaks, Tpe,k, and the reaction enthalpies
from dynamic scans, AH, for neat and modified mixtures.
When PMMA was added, T, was displaced to higher tem-
peratures because of the miscibility of the higher T, modifier
with the epoxy precursor [10, 13-28]. On the other hand, an
increase in the amount of p-toluidine resulted in the decrease
of the initial Ty, of all mixtures because the low molecular
mass p-toluidine acted as a plasticizer. As temperature
increased, epoxy/amine reaction transformed the initial
mixture in a higher molecular mass system, thus giving rise
to the exothermic peak. Major changes caused by the reac-
tion in epoxy/monoamine systems were an increase in
molecular mass and T, which resulted in a linear structure. In
systems with DDM and p-toluidine:DDM mixtures gelation
and network formation occurred as well. Depending on the
modifier content and on the ratio monoamine:diamine, phase
separation could also occur during curing.

endo —

wt % PMMA \

Heat flow/W g

0 50 100 150 200 250
TrPC

Fig. 1 Dynamic curves and details of T}, region for DGEBA/amine
mixture containing p-toluidine:DDM ratio 25:75 modified with O, 15,
20, 30 and 40 wt% PMMA
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Table 1 Results of DSC dynamic scans of DGEBA/amine mixtures with different p-toluidine:DDM ratios modified with 0-40 wt% PMMA

p-Toluidine: PMMA Ty (°C) Tpeax (°O) Tshoutder (°C) AH (KJ/EE) T, epoxy (°C) T, PMMA (°C)
DDM ratio wt%
100:0 0 —42.0 173.0 - 102.5 92.0 -
15 —36.0 181.0 - 97.5 88.5 -
20 —33.0 181.0 - 94.5 88.5 -
30 —28.5 190.0 - 86.5 89.0 -
40 20.5 197.0 - 89.0 81.5 -
75:25 0 -35.0 172.0 - 105.0 108.0 -
15 —-32.0 179.0 - 103.0 101.0 -
20 —28.5 180.5 - 103.0 98.0 -
30 —24.0 190.5 - 86.0 98.0 -
40 —18.0 196.0 - 85.5 91.0 -
50:50 0 —29.5 171.0 - 101.5 122.0 -
15 —26.0 178.0 - 96.5 114.0 -
20 —23.0 180.0 - 91.0 112.0 -
30 —19.0 188.0 206.0 89.5 115.0 -
40 —13.5 193.0 219.0 85.0 100.0 -
25:75 0 —24.0 168.0 - 100.0 137.0 -
15 —19.5 177.0 - 100.0 132.0 -
20 —18.0 180.0 195.0 96.0 134.5 115.0
30 —15.0 188.0 202.0 91.5 137.0 106.5
40 —-9.5 191.5 204.5 93.0 114.0 103.5
0:100 0 —16.5 169.0 - 100.0 172.5 -
15 —12.5 172.0 182.5 98.0 166.0 -
20 —10.5 179.0 190.5 98.0 163.0 104.5
30 —10.0 183.5 192.5 88.0 161.5 102.0
40 —4.0 190.0 198.5 94.5 155.0 102.0

(-) Indicates that corresponding values are not observed by this technique

Exothermic reaction peaks were displaced to higher
temperatures with PMMA addition. The clear delay in
curing rate, also observed by others authors [18, 25, 27-32],
mainly corresponds to physical reasons such as dilution
effect and/or viscosity increase, but PMMA interactions
with other groups present in the reaction medium could also
contribute [29, 33]. For systems with higher PMMA con-
tents, a shoulder appeared after the exothermic reaction
peak. The absence of these shoulders in the neat system,
along with the fact that its intensity increased with modifier
content for every epoxy/amine systems, makes possible to
ascribe them to an increase in the reaction rate of epoxy/
amine-rich phase after modifier phase separation [18, 27,
29, 30]. Temperatures of shoulder appearance, Touger, ar€
also collected in Table 1. For constant PMMA content, an
increase in the amount of monoamine resulted in the
appearance of the shoulder at higher temperatures. The
shoulder intensities decreased until its complete disap-
pearance as monoamine content was higher, giving advice
of the importance of the network formation in phase sepa-
ration process.

AH values were in agreement with results reported in
literature for neat systems [15, 33-35]. Mixtures with higher
PMMA contents showed slightly lower values than corre-
sponding ones for the employed amount of epoxy. In phase
separated systems, some reactive groups could remain in
PMMA -rich phase due to an incomplete phase separation
process giving rise to a slight stoichiometric imbalance
[10, 24, 25, 27, 36]. The difference was slightly higher with
the increase in monoamine content. PMMA addition could
hinder the reaction of all functional groups due to possible
interactions between PMMA and other groups which could
restrict the chain mobility. These possibilities could
decrease the crosslinking density of the final matrices
resulting in lower T, values. In systems with higher mono-
amine contents, AH could be lower due to stronger inter-
actions between PMMA and DGEBA/amine systems.
Anyway, both similar curves and proximity of reaction heats
for all mixtures indicated that similar chemical reactions
occurred even though the polymerization rate was different.
Hence, a common reaction mechanism can be used to
describe the behaviour of all mixtures.
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Fig. 2 Isothermal curves at 120 °C for DGEBA/amine mixtures
modified with 40 wt% PMMA containing different p-toluidine:DDM
ratios

Polymerization kinetics was also studied at different
isothermal temperatures. In the same way than for previ-
ously reported DGEBA/DDM/PMMA system [10, 26, 27,
37], selected curing conditions and modifier contents have a
great influence on kinetics and final appearance of cured
samples for all p-toluidine:DDM ratios, since materials with
different levels of miscibility were obtained. The influence
of the change in monoamine content, which constitute the
main novelty of this work, is shown in Fig. 2, where DSC
curves obtained at 120 °C for mixtures with different
p-toluidine:DDM ratios modified with 40 wt% PMMA are
reported as an example. A similar delay was observed
independently on the composition of the matrix. For sys-
tems with increasing DDM contents, a clearer shoulder
emerged after the reaction peak. Times associated to
shoulder appearance only provide a qualitative idea of the
phase separation process, as the beginning of the process
could be overlapped by the exothermal enthalpy. Figure 3
shows average conversion values at which shoulders appear
(Xshoulder)- The monoamine addition caused a delay in the
shoulder appearance until Xghouder Values close but slightly
higher to the corresponding to gelation, pointing out the
high miscibility of the modifier in the system. The con-
version values associated to these shoulders are obtained
from epoxy conversion profiles, shown in Fig. 4, obtained
as explained in experimental section. Final conversions
slightly increased because of the higher proximity between
curing temperature and T values for the different systems.
Full conversion was obtained in systems cured at temper-
atures higher than their T,,. The shoulder intensities
decreased with monoamine content. Apparently, mono-
amine acts as a compatibilizer of PMMA in mixtures cured
with DDM, as can be corroborated from the final appear-
ance of these systems, reported in a previous paper [38].
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Fig. 3 Conversions corresponding to the appearance of the shoulder
in DSC isothermal measurements for DGEBA/amine mixtures
modified with 40 wt% PMMA containing p-toluidine:DDM ratios:
(filled circle) 0:100, (filled inverted triangle) 25:75, (arrow head)
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Fig. 4 Conversion profiles at 120 °C for DGEBA/amine mixtures
modified with 40 wt% PMMA containing p-toluidine:DDM ratios:
(—) 0:100, (- -) 25:75, (—) 50:50, (—-—) 75:25 and (— - -) 100:0

Besides the enthalpic contribution due to the change in the
chemistry of the system during reaction, the entropic con-
tribution to the free energy seems to be the main responsible
for the differences found in the conversions associated to
phase separation for the different mixtures, resulting values
close to gelation values of each epoxy/amine system. As the
chemical structure of epoxy/amine mixtures are quite sim-
ilar for different p-toluidine:DDM ratios, the solubility
parameters, ¢ (calculated by Fedor’s molar group contri-
bution [39] taking into account the amount of groups in the
mixture), and thus their parameters should also be similar,
as shown in Table 2 [40]. This fact corroborates the high
entropic contribution to phase separation.
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Table 2 Solubility parameters for epoxy/amine systems cured with different p-toluidine:DDM ratios

System DGEBA p-Toluidine DDM p-Toluidine:DDM ratio
0:100 25:75 50:50 75:25 100:0
5 (MPa)®® 20.2 19.9 21.8 21.0 20.9 20.8 20.6 20.5
Cure kinetics 1,0
Conversion versus time profiles showed a shape similar
to that shown in Fig. 4 for all mixtures, which clearly 08|
evidenced the autocatalytic nature. In a previous paper
[22], the obtained dynamic and isothermal results for 06 L
neat systems were successfully fitted with a mechanistic
kinetics model developed therein. The model, collected in x
Scheme 1, included an epoxy-hydroxyl complex as the 04 -
only intermediate species and two mechanisms for the
consumption of amine hydrogens, with free epoxy groups 02
and with epoxy—hydroxyl complex. During the formation ’
of epoxy—hydroxyl complex, the forward and backward
reactions were taken into account, showing that E-OH 0,0

complex possesses van’t Hoff behaviour.

In the case of modified systems, the reaction kinetics can
be simulated by supposing thermoplastic addition only leads
to a dilution of reactive groups, so the rate constants of neat
and modified systems must be the same [18, 24, 31]. This
supposition predicts a faster reaction than the experimental
results in both dynamic and isothermal modes. The differ-
ence between theoretical and experimental results increased
with modifier content. Besides the dilution effect, other
factors such as physico-chemical interactions between
components could contribute to the delay in kinetics [27].
Figure 5 shows an example of obtained fitting.

Interactions between PMMA and mixture components
were analyzed by FTIR spectroscopy. Interactions between
pure initial components are possible [25, 32, 38, 41, 42], but
their characteristic bands did not show a clear shift to lower
frequencies. Besides, fitting of experimental results, shown

E + OH E-OH

k
E+A, ——> A,+OH

E+A), —2 > A, +OH
E-OH + A, k—1>A2+20H

E-OH + A, LS I Az +20H

Scheme 1 Epoxy/amine reaction scheme by denoting E epoxy group,
OH hydroxyl group, E-OH complex between epoxy and hydroxyl groups
and A;, A, A; primary, secondary and tertiary amines, respectively

t/min

Fig. 5 Conversion profiles for DGEBA/amine mixture with p-
toluidine:DDM ratio 75:25 modified with 20 wt% PMMA at
temperatures from 90 to 120 °C. The solid lines represent the
theoretical prediction taking into account the dilution effect

0:100

o S T

Transmittance

1 i 1 1 A 1 i L i L " 1

4000 3800 3600 3400 3200 3000 2800 2600
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Fig. 6 FTIR spectra for cured (dashed lines) neat and (solid lines)
40 wt% PMMA modified systems and of cured DGEBA/amine
mixtures containing different p-toluidine:DDM ratios

in Fig. 5, seems appropriate at low conversion values. On
the other hand, —OH groups generated during epoxy/amine
reactions are also capable of interact with other groups in the
medium by hydrogen bonds. Figure 6 shows FTIR spectra
of neat matrices and systems modified with 40% PMMA
cured at 130 °C and postcured at Ty, + 30 °C. In neat
systems, a band at approximately 3,555 cm™ ' ascribed to

@ Springer



974

M. Blanco et al.

the free —OH groups appeared [40], whereas associated
—OH showed a wider and more intense band at lower fre-
quencies. Spectra suffered a significant change with PMMA
addition. PMMA could hinder or modify the hydrogen
bonds in neat systems causing a redistribution of OH---N,
OH:--NH and OH:--OH inter- and intramolecular interac-
tions. In addition, -C=0 groups of PMMA could also
interact with generated —OH thus appearing a band centered
around 3,500 cm”! [43-45], which could be overlapped
with the free —-OH group band. PMMA caused more sig-
nificant changes in hydrogen bonds of systems with higher
monoamine contents pointing out stronger interactions,
which could contribute to its higher miscibility in systems
with higher monoamine contents. Moreover, they could
justify the lower heat reaction values observed in dynamic
DSC scans increasing monoamine content, as the interac-
tions could hinder the chain mobility avoiding the full
reaction of all functional groups.

The fail in the fitting of experimental results with the
kinetic constants of neat systems modified taking into
account only the dilution effect shows the necessity of a new
mechanistic kinetics model including the influence of

PMMA in the formation of complexes in the different epoxy/
amine systems [46, 47]. Nevertheless, the inclusion of more
complexes would lead to a high number of equations in the
reaction scheme involving a great number of adjustable
parameters and making its use unreliable under different
experimental conditions [48]. So, taking into account that the
kinetics predicted by this model described appropriately
conversion shape and that the displacement between exper-
imental and theoretical conversions was constant in each
epoxy/amine system for every temperature, experimental
results were fitted maintaining the same kinetic scheme but
considering that preexponential factors are linearly depen-
dent on modifier content. In this way, fitting of the results in
DGEBA/DDM/PMMA mixtures was better than previously
obtained applying other model [27].

Fitting considered that at the beginning of the reaction
there was 0.015 equiv OH/equiv epoxy coming from epoxy
molecule, maintaining the activation energy values found in
neat systems in each step of the model. In spite of the dif-
ferent rate of reactions occurring in these systems, the same
reactions occurred in neat and modified systems and the
energy necessary for these reactions to take place should not

Table 3 Dimensional kinetic rate parameters obtained for epoxy/amine systems modified with 0-40 wt% PMMA

p—Toluidipe: PMMA AK(IO’(’) Ag (1077) Ak (10’5) AKI/M(IO"‘) AK,D(IO’S) AK;D(IO"‘)
DDM ratio Wi (L/eq min> <1/min> (L/eq min) (L/eq min) (L/eq min) (L/eq min)
0:100 0 9.34 6.30 - - 3.76 4.14
15 7.26 6.09 - - 7.23 3.94
20 5.82 6.01 - - 9.52 3.88
30 4.18 5.82 - - 104 3.71
40 3.01 4.68 - - 114 3.65
25:75 0 9.41 5.32 4.27 2.33 3.76 4.14
15 5.41 5.11 5.30 2.11 7.82 3.70
20 4.40 4.89 5.89 1.91 7.67 3.87
30 3.02 4.83 7.34 1.81 7.69 3.73
40 2.43 4.09 19.9 1.30 7.66 3.54
50:50 0 9.48 4.34 4.27 233 3.76 4.14
15 5.20 4.12 5.08 2.05 7.93 3.89
20 5.06 3.97 6.35 1.76 8.04 3.87
30 4.32 3.85 27.4 1.39 6.54 3.80
40 1.94 3.84 10.9 1.78 8.67 3.49
75:25 0 9.61 2.38 4.27 2.33 3.76 4.14
15 5.99 3.13 5.48 2.13 6.57 3.57
20 4.47 3.06 6.19 2.27 12.6 3.84
30 3.81 2.88 4.79 1.66 9.88 3.67
40 1.86 2.63 9.27 1.88 114 2.26
100:0 0 9.61 2.38 4.27 2.33 - -
15 5.10 2.13 6.03 2.10 - -
20 7.30 2.12 6.73 1.77 - -
30 3.47 1.96 5.90 2.01 - -
40 3.68 1.73 7.04 1.56 - -
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Fig. 7 Conversion profiles for DGEBA/amine mixtures containing p-toluidine:DDM ratio 25:75 modified with 40 wt% PMMA: a at temperatures
from 90 to 200 °C, and b with dynamic scans. The solid lines represent the theoretical prediction with kinetic rate parameters in Table 1

be affected by the presence of the modifier. The change in
the reaction medium has no significant influence on their
values [49]. As reactivity of primary and secondary amine
hydrogens was assumed independent on temperature and on
the modifier presence, its values were considered constant
and equal to 1 in monoamine [50, 51] and to 0.65 in diamine
[27, 33, 52]. Dimensional kinetic parameters, summarized
in Table 3, fitted satisfactorily the experimental results until
phase separation [18] or gelation of the systems when these
processes occurred [19-21]. As an example, Fig. 7a-b
show, respectively, the fitting of isothermal and dynamic
scans for the epoxy/amine system with p-toluidine:DDM
ratio 25:75 modified with 40% PMMA. The slight deviation
in isothermal experiments at high temperatures could be due
to the presence of homopolymerization or etherification
reactions of epoxy groups which were not taken into
account in the reaction kinetics scheme [15-18]. The
deviations found at high temperatures in dynamic scans,
also observed in neat systems, can be ascribed to a change in
the reaction mechanism due to the difficulty of forming the
E-OH complex at high temperatures [48]. The values of the
kinetic parameters indicate that the E—-OH remained
showing van’t Hoff complex behaviour after the modifier
addition, as previously shown in neat systems [22]. Rate
constant for the reaction of E-OH with amine (k;’) is higher
than that of the dissociation of the complex (k') [22].
Preexponential factors of the complex E-OH formation
constant, Ak, decreased upon PMMA addition, as can be
seen in Fig. 8. PMMA seems to hinder the formation of this
complex by the dilution of the epoxy groups in the system
or the possible formation of hydrogen bonds between car-
bonyl groups of PMMA and generated hydroxyl groups.
After being formed, the complex E-OH could dissociate or
react with amine groups. But, its global concentration in the
reaction medium decreased with PMMA increase, as shown
in Fig. 9 for the epoxy/amine system with p-toluidine:DDM
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e M ]
E :
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) v .
]
X v
<
1
1 m 1 " 1 " 1 " 1
0,0 0,1 0,2 0,3 04
PMMA/%wt

Fig. 8 Preexponential factors corresponding to DGEBA/amine mix-
tures containing p-toluidine:DDM ratios: (filled circle) 0:100, (filled
inverted triangle) 25:75, (arrow head) 50:50 and (filled triangle)
75:25, (filled square) 100:0
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Fig. 9 Evolution of the E-OH complex concentration with conversion
for DGEBA/amine mixtures containing p-toluidine:DDM ratio 50:50:
(—) neat and modified with: (-----) 20 and (- - - -) 40 wt% PMMA
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Fig. 10 Preexponential factors corresponding to epoxy/amine addition reaction catalyzed by the —OH groups and to the complex E-OH/amine

reaction for: a DGEBA/p-toluidine, and b DGEBA/DDM mixtures

ratio 50:50. This decrease affected greatly kinetics, as
E-OH complex is responsible for the autocatalytic behav-
iour of the reaction. Simultaneously, as less forming —OH
groups existed interacting with epoxy groups when the
content of modifier increased, more epoxy groups were
available for direct reaction with amines [33]. Therefore,
the addition constants corresponding to the reactions cata-
lyzed by hydroxyl groups and impurities initially present in
the formulation increased. On the other hand, values of
addition constants for the epoxy-hydroxyl complex reac-
tion with the amine hydrogens decreased slightly upon
modifier addition. But these values remained approximately
constant pointing out that after being formed the complex,
its reaction rate did not change being the complex formation
stage the responsible for the global reaction kinetics. This
tendency is collected in Fig. 10a, b for DGEBA/monoamine
and DGEBA/diamine modified systems in, respectively.

Conclusions

PMMA addition delays the reaction kinetics of an epoxy
resin cured with different functionalities amine mixtures.
The delay increases upon modifier content. Kinetic analysis
shows that it is caused by physical reasons, dilution effect
and/or viscosity increase, and also interactions between
system components. PMMA hinders or modifies the
hydrogen bonds of neat systems causing a redistribution of
them through inter- and intramolecular interactions.
Fitting of experimental results with kinetic constants of
neat systems modified considering a linear dependence of
preexponential factors upon modifier content is suitable in
the kinetic controlled region of all mixtures in dynamic and
isothermal experiments until phase separation. The kinetic
parameter analysis shows that E-OH complex in modified
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systems maintains a van’t Hoff complex behaviour. PMMA
hinders the E-OH complex formation, thus increasing the
probability of direct epoxy/amine reactions. The kinetic
parameter analysis shows that complex formation stage is the
responsible for the global kinetics reaction.

The addition of monoamine delays to higher epoxy group
conversions the phase separation process (when it occurs).
Besides the enthalpic contribution due to the change in the
chemistry of the system during reaction, the entropic con-
tribution to the free energy seems to be the main responsible
for the differences found in the conversions associated to
phase separation for the different mixtures, resulting values
close to gelation values of each epoxy/amine system. Phys-
ical interactions seem also to contribute to the higher mis-
cibility of PMMA in the systems with higher monoamine
contents and to the differences observed in the phase sepa-
ration conversions, since interactions are stronger in these
systems.

Acknowledgement M. Blanco wishes to thank University of the
Basque Country (UPV/EHU) for her Ph. D. grant. C. C. Riccardi
thanks Gobierno Vasco/Eusko Jaularitza for its financial support. The
authors also wish to express their gratitude to Ministerio de Educa-
cion y Ciencia/Feder (MAT2006-06331 project) and Eusko Jaularitza/
Gobierno Vasco (IT-365-07 Grupos Consolidados).

References

1. Williams RJJ, Rozenberg BA, Pascault JP. Reaction-induced
phase separation in modified thermosetting polymers. Adv Polym
Sci. 1997;128:95-156.

2. Siddhamalli SK. Toughening of epoxy/polycaprolactone com-
posites via reaction induced phase separation. Polym Compos.
2000;21:846-55.

3. Naffakh M, Dumon M, Gerard JF. Study of a reactive epoxy-
amine resin enabling in situ dissolution of thermoplastic films



Thermoplastic-modified epoxy resins cured with different functionalities amine mixtures

977

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

during resin transfer moulding for toughening composites.
Compos Sci Tech. 2006;66:1376-84.

. Bucknall CB, Gomez CM, Quintard I. Phase-separation from

solutions of poly(ether sulfone) in epoxy-resins. Polymer. 1994;
35:353-9.

. Merfeld GD, Yeager GW, Chao HS, Singh N. Phase behavior and

morphology of poly(phenylene ether)/epoxy blends. Polymer.
2003;44:4981-92.

. Prolongo MG, Arribas C, Salom C, Masegosa RM. Mechanical

properties and morphology of epoxy/poly(vinylacetate)/poly(4-
vinylphenol) brominated system. J Therm Anal Calorim. 2007
87:33-9.

. Girard-Reydet E, Sautereau H, Pascault JP, Keates P, Navard P,

Thollet G, et al. Reaction-induced phase separation mechanisms
in modified thermosets. Polymer. 1998;39:2269-79.

. Yoon T, Kim BS, Lee DS. Structure development via reaction-

induced phase separation in tetrafunctional epoxy/polysulfone
blends. J Appl Polym Sci. 1997,66:2233-42.

. Verchere D, Pascault JP, Sautereau H, Moschiar SM, Riccardi

CC, Williams RJJ. Rubber-modified epoxies. II. Influence of the
cure schedule and rubber concentration on the generated mor-
phology. J Appl Polym Sci. 1991;42:701-16.

Remiro PM, Marieta C, Riccardi CC, Mondragon 1. Influence of
curing conditions on the morphologies of a PMMA-modified
epoxy matrix. Polymer. 2001;42:9909-14.

Zhong Z, Zheng S, Huang J, Cheng X, Guo Q, Wei J. Phase
behaviour and mechanical properties of epoxy resin containing
phenolphthalein poly(ether ether ketone). Polymer. 1998;39:
1075-80.

Guo Q, Huang J, Li B, Chen T, Zhang H, Feng Z. Blends of
phenolphthalein poly(ether ether ketone) with phenoxy and epoxy
resin. Polymer. 1991;32:58-65.

Wisanrakkit G, Gillham JK, Enns JB. Modeling reaction kinetics
of an aminecured epoxy system at constant heating rates from
isothermal kinetic data. Polym Mat Sci Eng. 1987;57:87-91.
Mijovic J, Fishbain A, Wijaya J. Mechanistic modeling of epoxy-
amine kinetics. 1. Model compound study. Macromolecules.
1992;25:979-85.

Rozenberg BA. Kinetics, thermodynamics and mechanism of
reactions of epoxy oligomers with amines. Adv Polym Sci.
1985;75:113-65.

Riccardi CC, Williams RJJ. A kinetic scheme for an amine-epoxy
reaction with simultaneous etherification. J Appl Polym Sci.
1986;32:3445-56.

Xu L, Schlup JR. Etherification versus amine addition during
epoxy resin/amine cure: an in situ study using near-infrared
spectroscopy. J Appl Polym Sci. 1998;67:895-901.

Bonnet A, Pascault JP, Sautereau H, Taha M, Camberlin Y.
Epoxy-diamine thermoset/thermoplastic blends. 1. Rates of
reactions before and after phase separation. Macromolecules.
1999;32:8517-23.

Wise CW, Cook WD, Goodwin AA. Chemico-diffusion kinetics
of model epoxyamine resins. Polymer. 1997;38:3251-61.

Swier S, Van Assche G, Van Mele B. Reaction kinetics modeling
and thermal properties of epoxy-amines as measured by modu-
lated-temperature DSC. II. Network-forming DGEBA + MDA. J
Appl Polym Sci. 2004;91:2814-33.

Flammersheim HJ, Opfermann J. Formal kinetic evaluation of
reactions with partial diffusion control. Thermochim Acta.
1999;337:141-8.

Blanco M, Corcuera MA, Riccardi CC, Mondragon I. Mecha-
nistic kinetic model of an epoxy resin cured with a mixture of
amines of different functionalities. Polymer. 2005;46:7989-8000.
Fox TG. Influence of diluent and of copolymer composition on
the glass temperature of a polymer system. Bull Am Phys Soc.
1956;1:123.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

Ritzenthaler S, Girard-Reydet E, Pascault JP. Influence of epoxy
hardener on miscibility of blends of poly(methyl methacrylate)
and epoxy networks. Polymer. 2000;41:6375-86.

Gomez CM, Bucknall CB. Blends of poly(methyl methacrylate)
with epoxy resin and an aliphatic amine hardener. Polymer.
1993;34:2111-7.

Stefani PM, Riccardi CC, Remiro PM, Mondragon I. Morphology
profiles generated by temperature gradient in PMMA modified
epoxy system. Polym Eng Sci. 2001;41:2013-21.

Remiro PM, Riccardi CC, Corcuera MA, Mondragon I. Design of
morphology in PMMA-modified epoxy resins by control of cur-
ing conditions. I. Phase behavior. J Appl Polym Sci. 1999;74:
772-80.

Arribas C, Masegosa RM, Salom C, Arévalo E, Prolongo SG,
Prolongo MG. Epoxy/poly(benzyl methacrylate) blends: misci-
bility, phase separation on curing and morphology. J Therm Anal
Calorim. 2006;86:693-8.

Larrafiaga M, Martin MD, Gabilondo N, Kortaberria G, Corcuera
MA, Riccardi CC, et al. Cure kinetics of epoxy systems modified
with block copolymers. Polym Int. 2004;53:1495-502.

Martinez I, Martin MD, Eceiza A, Oyanguren P, Mondragon I.
Phase separation in polysulfone-modified epoxy mixtures. Rela-
tionships between curing conditions, morphology and ultimate
behavior. Polymer. 2000;41:1027-35.

Girard-Reydet E, Riccardi CC, Sautereau H, Pascault JP. Epoxy-
aromatic diamine kinetics. 2. Influence on epoxy-amine network
formation. Macromolecules. 1995;28:7608-11.

Janarthanan V, Thyagarajan G. Miscibility studies in blends of
poly(N-vinylpyrrolidone) and poly(methyl methacrylate) with
epoxy resin: a comparison. Polymer. 1992;33:3593-7.
Larranaga M, Martin MD, Gabilondo N, Kortaberria G, Eceiza A,
Riccardi CC, et al. Toward microphase separation in epoxy
systems containing PEO-PPO-PEO block copolymers by con-
trolling cure conditions and molar ratios between blocks. Colloid
Polym Sci. 2006;284:1403-10.

Riccardi CC, Adabbo HE, Williams RJJ. Curing reaction of
epoxy resins with diamines. J Appl Polym Sci. 1984;29:2481-
92.

. Varley RJ, Hodgkin JH, Hawthorne DG, Simon GP, McCulloch

D. Toughening of a trifunctional epoxy system Part III. Kinetic
and morphological study of the thermoplastic modified cure
process. Polymer. 2000;41:3425-36.

Woo EM, Wu MN. Blends of a diglycidyl ether epoxy with bi-
sphenol-A polycarbonate or poly(methyl methacrylate): cases of
miscibility with or without specific interactions. Polymer.
1996;37:2485-92.

Mondragon I, Remiro PM, Martin MD, Valea A, Franco M,
Bellenguer V. Viscoelastic behavior of epoxy resins modified
with poly(methyl methacrylate). Polym Int. 1998;47:152-8.
Blanco M, Lépez M, Alvarez de Arcaya P, Ramos JA, Kortab-
erria G, Riccardi CC, et al. Thermoplastic-modified epoxy resins
cured with different functionalities amine mixtures. Morphology,
thermal behaviour and mechanical properties. J Appl Polym Sci.
(in press).

Fedors RF. Crosslinked block copolymers. J Polym Sci Part C
Polym Symp. 1969;26:189-99.

Bellenger V, Morel E, Verdu J. Solubility parameters of amine-
crosslinked aromatic epoxies. J Appl Polym Sci. 1989;37:2563-76.
Rastegar S, Mohammadi N, Bagheri R. Development of co-
continuous morphology in epoxy poly(methyl methacrylate)
(PMMA) blends cured by mixtures of phase-separating and non-
phase-separating curing agents. Colloid Polym Sci. 2004;283:
145-53.

Kwei TK. The effect of hydrogen bonding on the glass transition
temperatures of polymer mixtures. J Polym Sci Polym Lett Ed.
1984;22:307-13.

@ Springer



978

M. Blanco et al.

43. Uner B, Ramasubramanian MK, Zauscher S, Kadla JF. Adhesion
interactions between poly(vinyl alcohol) and iron-oxide surfaces:
the effect of acetylation. J Appl Polym Sci. 2006;99:3528-34.

44. Huang CF, Kuo SW, Lin HC, Chen JK, Chen YK, Xu H, et al.
Thermal properties, miscibility and specific interactions in com-
parison of linear and star poly(methyl methacrylate) blend with
phenolic. Polymer. 2004;45:5913-21.

45. Ni Y, Zheng S. Influence of intramolecular specific interactions
on phase behavior of epoxy resin and poly(e-caprolactone) blends
cured with aromatic amines. Polymer. 2005;46:5828-39.

46. Swier S, Van Assche G, Vuchelen W, Van Mele B. Role of
complex formation in the polymerization kinetics of modified
epoxy-amine systems. Macromolecules. 2005;38:2281-8.

47. Swier S, Van Mele B. Mechanistic modeling of the reaction
kinetics of phenyl glycidyl ether (PGE) + aniline using heat flow
and heat capacity profiles from modulated temperature DSC.
Thermochim Acta. 2004;411:149-69.

@ Springer

48.

49.

50.

51.

52.

Riccardi CC, Fraga F, Dupuy J, Williams RJJ. Cure kinetics of
diglycidylether of bisphenol A-ethylenediamine revisited using a
mechanistic model. J Appl Polym Sci. 2001;82:2319-25.
Urbaczewski E, Pascault JP, Sautereau H, Riccardi CC, Moschiar
SS, Williams RIJJ. Influence of the addition of an aliphatic
epoxide as reactive diluent on the cure kinetics of epoxy/amine
formulations. Makromol Chem. 1990;191:943-53.
Flammersheim HJ. Typical sources of error in the kinetic analysis
of models with pre-equilibria: DSC investigations of epoxide-
amine curing reactions. Thermochim Acta. 1997;296:155-9.
Zucchi IA, Galante MJ, Borrajo J, Williams RJJ. Thermodynamic
analysis of the reaction-induced phase separation in model sys-
tems based on blends of a rubber in diepoxide/monoamine pre-
cursors. Macromol Symp. 2003;198:295-307.

Girard-Reydet E, Riccardi CC, Sautereau H, Pascault JP. Epoxy-
aromatic diamine kinetics. Part 1. Modeling and influence of the
diamine structure. Macromolecules. 1995;28:7599-607.



	Thermoplastic-modified epoxy resins cured with different functionalities amine mixtures. Kinetics and miscibility study
	Abstract
	Introduction
	Experimental
	Results and discussion
	Cure kinetics

	Conclusions
	Acknowledgement
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


