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Abstract The thermal behavior of blends based on a
polystyrene (PS) and several epoxy-amine systems where
amino groups were provided by a monoamine (MA) and a
diamine (DA) mixed in different proportions was investi-
gated. This way, the crosslinking density of epoxy-amine
polymer was controlled and continuously changed from a
linear polymer (epoxy-MA) to a highly crosslinked poly-
mer (epoxy-DA). The effect of the MA-DA proportion and
PS modifier on the thermal stability, glass transition, and
polymerization reaction was studied by differential scan-
ning calorimetry and thermogravimetric analysis. The
MA-DA ratio and modifier proportion did not affect the
reaction heat but affected the reactivity. The thermal
stability and glass transition temperature increased by
increasing the DA proportion in the blend as a result of the
higher degree of crosslinking. A study of miscibility of
blends based on glass transitions was performed. The
thermoplastic-modified materials generally showed two
glass transitions with values close to the those of the pure
materials, indicating that the mixtures were separated into
phases.
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Introduction

Despite the good properties and performance of epoxy
resins, they have the disadvantage of being brittle materi-
als. The toughness of epoxy resins may be improved by the
incorporation of thermoplastic components that are initially
miscible in the mixture of reactive monomers, but are
separated in phases over the course of polymerization,
leading to a randomly dispersed phase. This mechanism is
known as Polymerization Induced Phase Separation (PIPS)
[1, 2]. The final properties and thermal behavior of ther-
mosets depend mainly on the degree of crosslinking of the
polymer, which is determined by the functionality of the
reactive monomers and the stoichiometry of the reaction
[3]. The presence of the modifier can greatly affect and
modify the properties of thermosetting material [4—13]
being the degree of miscibility or immiscibility of the
mixture a determining factor.

The techniques of differential scanning calorimetry
(DSC) and thermogravimetric analysis (TG) have proven
to be successful for thermal characterization of polymers
[14-19]. DSC analysis can also be used as an effective tool
for evaluating the compatibility in polymer blends from
glass transition measures [20-22].

The aim of the study is to investigate the thermal
behavior of blends based on a thermoplastic modifier and
an epoxy system polymerized with a monoamine (MA) and
a diamine (DA) mixed in various proportions. This way,
the molecular structure and the crosslinking density of
epoxy-amine polymer is controlled with the formulation
and continuously changed from a linear polymer (epoxy-
MA) to highly crosslinked polymer (epoxy-DA) [23, 24].
In the present study, the effect of crosslinking density and
modifier proportion on the glass transition, thermal sta-
bility, and polymerization reaction were analyzed. In

@ Springer



600

M. Rico et al.

addition, an analysis of the miscibility of blends based on
glass transitions was performed.

Experimental
Materials

The epoxy-amine systems studied were always stoichiometric
and were constituted by the precursor epoxy diglycidylether of
bisphenol A (DGEBA) polymerized with different propor-
tions of the MA a-aminodiphenylmethane (ADM), and the
DA, 4,4'-methylenebis(2,6-diethylaniline) (MDEA). A total
of five different epoxy-amine systems were studied, in which
the origin of amino group was: 100%MA, 75%MA-25%DA,
50%MA-50%DA, 25%MA-75%DA, and 100%DA expres-
sed as percentage of amino equivalents. The thermoplastic
modifier was a polystyrene (PS) with a polydispersity index
of 1.64. Compositions of blends in the range of 0 to 25 wt%
PS were studied. The chemical structures and characteris-
tics of materials are shown in Table 1.

Blends were prepared as follows: first, PS was dissolved
in DGEBA using methylene chloride as solvent, which was
later evaporated. In a second step, the PS/DGEBA blend
was taken out of the oven at 120 °C and the corresponding
amounts of the DA first and then the monomine were added
at room temperature, then stirring for 2 min. Samples pre-
pared in this way were tested to determine the reaction heats
and glass transitions. To study the thermal stability, the
samples were previously polymerized in an oven at 100 °C.

Techniques

A differential scanning calorimeter (DSC-7, Perkin Elmer)
was used to measure the glass transition temperatures and

Table 1 Characteristics of the materials

the heats of reaction. Unreacted samples of about 5 mg
were subjected to two successive scans in the DSC to a
heating rate of 10 °C min~"'. The reaction enthalpies were
calculated by integrating the exothermic peak obtained in
the first scan and the glass transitions of polymerized
materials were observed in the second scan.

A thermogravimetric balance (Perkin Elmer TGA-7
microbalance) was used to analyze the thermal and ther-
moxidative stability of the system. The analysis consisted
of heating from 30 to 700 °C at a constant rate of
10 °C min~' under two different atmospheres: inert
(argon) and oxidizing (oxygen).

Results and discussion
Polymerization reaction

Dynamic tests were performed in the DSC for the five neat
DGEBA/MA-DA systems and modified with various
amounts of PS in order to study the polymerization reac-
tion, and the effect of the proportion of MA-DA and PS
modifier on the same.

The effect of the MA-DA proportion can be analyzed
from Fig. 1 where the reaction exotherms obtained for the
five DGEBA/MA-DA systems with different MA-DA
ratio are shown. Exotherms were determined from the first
DSC scans subtracted from the second and normalized by
the mass. Figure 1 shows that the peak of the reaction of
epoxy-diamine MDEA is around 220 °C, a higher tem-
perature than the peak of the reaction epoxy-monoamine
ADM, which is around 160 °C. As the position of the
exotherm in the temperature axis is a measure of reactivity,
it appears that the monoamine ADM is more reactive than
the diamine MDEA with DGEBA.

3

Material ~ Supplier Structure Molar mass/g mol~'  Density/g cm™

DGEBA Ciba—Geiby Araldite GY260 CHy CHy 376 1.20
HZC\g/CHfCH{OO*CHz(‘)O:CHg%O—CHZ—HO\;/CHZ n=0.13

MDEA  Aldrich HaCH2G CHaCHs 310.5 1.35%
HzN Ha NH
HaCH.C CH,CHs

ADM Aldrich @NHZ‘Q 183.26 1.064

CH
PS Aldrich {—cHcH—) M, = 140000 1.04
M, = 230000
* From [35]
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Fig. 1 Reaction exotherms obtained by DSC for various DGEBA/
MDEA-ADM (1:1) systems with different proportions of MDEA
(DA) and ADM (MA) equivalents

The epoxy-amine systems containing both MA and DA
showed two peaks in their reaction exotherms corre-
sponding to the reactions of epoxy-MA and epoxy-DA.
The intensity of the peaks varied according to the propor-
tion of MA-DA in the mixture.

The heats of polymerization reaction for the five
DGEBA/MA-DA systems were calculated from the exo-
thermic reaction in DSC and are listed in Table 2,
expressed per mole of epoxy equivalents. Table 2 shows a
reaction heat value similar for all DGEBA/MA-DA sys-
tems close to 106 kJ per mole of epoxy equivalents. This
means that the proportion of MA-DA did not affect heat of
polymerization reaction. The value obtained is in the range
of heats reported in the literature for various epoxy-amine
systems [25].

The effect of the PS proportion on the polymerization
reaction can be observed in Fig. 2 where the reaction exo-
therms obtained for two epoxy-amine systems ((a) DGEBA/
100% MDEA, (b) DGEBA/75%MA-25%DA) unmodified
and modified with different proportions of PS are shown.
Figure 2 shows that the area of the exothermic reaction
decreases with increasing proportion of PS in the mixture.

Table 2 Heat of polymerization reaction in DGEBA/ADM(MA)-
MDEA(DA) systems

Proportion of MA-DA Heat of reaction/kJ mol

equivEpoxy
100%MA 106.04
75%MA-25%DA 105.46
50%MA-50%DA 106.03
25%MA-75%DA 106.11
100%DA 106.00

PS + DGEBA/100%MDEA PS + DGEBA/25%MDEA-75%ADM
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Fig. 2 Reaction exotherms obtained by DSC for two of the DGEBA/
MDEA-ADM (1:1) systems unmodified (solid line) and modified with
different proportions of PS (dotted line): a for DGEBA/100%MDEA
system with 0,3, 6, 9, 12, 15, 20, and 25 wt% PS; b for DGEBA/
75%ADM-25%MDEA system with 0, 6, 15, and 25 wt% PS

This is logical and expected because the amount of reactive
blend is decreasing as a result of PS is an inert modifier. In
addition, the maximum of reaction peak slightly shifts
towards higher temperature when the proportion of PS
increases, indicating that PS slightly delays the polymeri-
zation reaction. This delay can be attributed to increased
viscosity in the mixing and dilution of reactive groups
[26, 27]. The same results were obtained for other epoxy-
amine systems studied. The heats of reaction for all the
PS + DGEBA/MA-DA blends analyzed were calculated
and are listed in Table 3, expressed in two ways: per gram
of sample and per mole of epoxy equivalents.

Table 3 shows that the reaction heat expressed per gram
of sample decreases with increasing proportion of PS in
the mixture. This was attributed, as mentioned above, to
the decrease in the amount of reactive blend. However, the
heat expressed by equivalent epoxy has almost the same
value in all modified systems regardless of modifier pro-
portion. It is therefore concluded that the PS did not affect
the total reaction heat in the range of compositions
analyzed.

Thermal stability

The effect of MA-DA proportion and PS modifier on the
thermal stability of the epoxy-amine system was studied in
both inert and oxidizing atmospheres.

The influence of furnace atmosphere and MA-DA pro-
portion can be analyzed from Fig. 3 where the thermo-
grams obtained by TGA for the neat DGEBA/MA-DA
systems with different proportion of MA-DA are shown
(a) in inert atmosphere and (b) in oxidizing atmosphere.
Each thermogram was characterized by measuring several
parameters: initial degradation temperature (7;, calculated
as the temperature at which 2% of the total mass is lost),
onset of degradation temperature (T,,se), temperature at
maximum rate of degradation (7p, obtained from the
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Table 3 Heat of polymerization reaction in DGEBA/ADM(MA)-MDEA(DA) systems modified with PS

%PS Proportion of MA-DA

100%MA 75%MA-25%DA 50%MA-50%DA 25%MA-75%DA 100%DA

Heat of reaction in J/gsampLE
0 379.21 381.91 388.92 394.29 399.08
3 - - - - 387.81
6 356.91 363.40 365.16 370.83 374.62
9 - - - - 363.59
12 - - - - 351.50
15 321.95 326.74 329.61 334.10 339.32
20 - - - - 319.37
25 284.96 287.31 291.04 295.53 298.96

Heat of reaction in kJ/mol equivgpoxy
0 106.04 105.45 106.03 106.11 106.00
3 - - - - 106.19
6 106.17 106.75 105.90 106.16 105.85
9 - - - - 106.12
12 - - - - 106.09
15 105.91 106.14 105.71 105.77 106.03
20 - - - - 106.03
25 106.24 105.78 105.79 106.04 105.87
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Oxygen atmosphere
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Fig. 3 Thermogravimetric curves obtained in both inert and oxidiz-
ing atmospheres for various DGEBA/MDEA-ADM (1:1) systems
with different proportions of MDEA (DA) and ADM (MA)
equivalents

derivative curve), and residual mass. Values obtained are
listed in Table 4.

Comparing graphs (a) and (b) in Fig. 3 and data from
Table 4, it is observed that the type of atmosphere affected
the degradation of systems mainly in the shape of the
thermogram, the residual mass obtained and the initial
degradation temperature. Thus, degradation in an inert
atmosphere occurred in a single step leading to a residual
mass around the 10-14% of the total mass, while the
degradation in oxidizing atmosphere mainly occurred in
two or three steps leading to total mass loss around 620 °C.
The degradation started slightly higher temperatures in
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Table 4 Characteristic parameters of the degradation in inert and
oxidizing atmosphere obtained for DGEBA/ADM(MA)-MDEA(DA)
systems

Proportion of MA-DA  Characteristic parameters of degradation

Ti/°C Tonse°C Tp/°C %R
Inert atmosphere
100%MA 286.1 337.5 360.0 13.8
75%MA-25%DA 289.6 339.6 373.3 11.7
50%MA-50%DA 310.4 356.2 378.9 13.8
25%MA-75%DA 3215 376.4 406.1 10.4
100%DA 347.2 404.2 422.8 13.8
Oxidizing atmosphere
100%MA 274.4 328.9 354.2 0
75%MA-25%DA 282.7 345.0 374.2 0
50%MA-50%DA 286.8 352.8 400.8 0
25%MA-75%DA 303.2 385.0 409.2 0
100%DA 304.8 399.4 414.2 0

inert atmosphere than in oxidizing atmosphere [18, 28],
although the temperatures of onset and maximum degra-
dation were not practically affected.

The residue from degradation in an inert atmosphere is a
consequence of the polymeric systems containing hetero-
atoms [29].

Analyzing the effect of MA-DA proportion on the
thermal stability, Fig. 3 shows that the degradation curve in
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both atmospheres shifted to higher temperatures when the
DA proportion increased, with a consequent increase of the
initial, onset, and maximum degradation temperatures.
Thus, in both atmospheres the temperature at maximum
degradation increased about 60 °C, since for the system
polymerized only with MA to system cured only with DA.

The increase in thermal stability of the epoxy-amine
system with the amount of DA is expected and is a con-
sequence of the increase occurring in the crosslinking
density of the system. By increasing the crosslinking den-
sity of polymer, the heat required for its degradation will be
higher, thus improving the thermal stability. However, the
proportion of MA-DA did not affect the last step of ther-
moxidative degradation that occurred in all systems at
similar temperatures near 575 °C, nor had a significant
effect on the residual mass obtained.

The effect of PS modifier on the thermal stability can be
analyzed from Fig. 4, which compares the thermograms
and corresponding derivative curves obtained in an inert
atmosphere for systems unmodified and modified with
different proportions of PS (3, 6,9, 12, 15, 20, and 25 wt%)
for two systems: (a) the epoxy-MA system and (b) the
epoxy-DA system. Furthermore, the thermogram of pure
PS is shown.

Figure 4 shows that the degradation occurred at similar
temperatures in unmodified systems and PS-modified
systems. The same behavior was obtained for other epoxy-
amine systems and in the presence of an oxidizing atmo-
sphere. Therefore, PS did not worsen the thermal stability
and thermooxidative of epoxy-amine systems. Figure 4

DGEBA/100%ADM DGEBA/100%MDEA
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Fig. 4 Thermogravimetric and derivative curves obtained in an argon

atmosphere for the systems a DGEBA/100%ADM and b DGEBA/

100%MDEA unmodified (solid line) and modified with various PS

proportions: 3, 6, 9, 12, 15, 20, and 25 wt% PS (dotted line). Curve

obtained for the PS is also shown (gray dotted line)

shows that the thermograms of systems polymerized only
with MA had a second step of degradation (shown circled
in Fig. 4a). This step of degradation should be attributed to
the degradation of PS because the maximum degradation
occurred at temperatures similar to that of PS, around
420 °C, and it increased with the proportion of PS in the
blend (as shown derivative curves in Fig. 4a).

This step of degradation was not observed in the system
cured with only DA probably because there is overlap
between the degradations of PS and epoxy-amine system as
a result of displacement at higher temperatures of the
degradation of epoxy-amine system.

Glass transition

The glass transitions of polymerized DGEBA/MA-DA
blends were determined by DSC. Each glass transition was
characterized by measuring the glass transition temperature
and the change of specific heat at the glass transition.

The effect of the MA-DA proportion is shown in Fig. 5,
where the glass transitions observed by DSC for the five
neat DGEBA/MA-DA systems are shown. The curves
were moved in the vertical axis for better viewing. The
corresponding values of T, and AC, are listed in Table 5.

Figure 5 and Table 5 show that by increasing the pro-
portion of DA, the glass transition temperature increased
from about 83 °C for the system polymerized only with
MA to 146 °C for the system polymerized only with DA,
while the change in the specific heat decreased showing the
opposite trend.

As in the thermal stability, variations in the glass tran-
sition temperature can be attributed mainly to the increase
occurred in the crosslinking density of the material which
causes the polymer networks are more rigid and therefore a
higher energy (or temperature) is required for molecular
segments begin to move [30, 31]. The increase in the
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P 50%DA 2
g 06 2
-
15
Z 04 —\__/ 25%DA
o
= —
02—
: — 100% MA
0 1 1 1 1 1
80 100 120 140 160
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Fig. 5 Glass transitions obtained in various systems DGEBA/
MDEA-ADM (1:1) with different proportions of MDEA (DA) and
ADM (MA) equivalents
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Table 5 Values of glass transitions (7, and AC)) obtained for
DGEBA/ADM(MA)-MDEA(DA) systems

Proportion MA-DA Glass transition

T/°C ACT g~' °eC™!
100%MA 82.9 0.424
75%MA-25%DA 91.2 0.404
50%MA-50%DA 105.1 0.391
25%MA-75%DA 120.8 0.382
100%DA 146.2 0.317

degree of crosslinking also explains the decrease in AC,
since the heat capacity of the material increases with the
number of active modes of movements and decreases with
the rigidity of material.

The effect of PS modifier on the glass transition reached
by the material will be discussed below and an analysis of
the miscibility of blends based on glass transitions will also
be performed. Figure 6 shows for each of the five DGEBA/
MA-DA systems, the glass transitions obtained for the neat
system (upper curve), the system modified with different
proportions of PS (following curves displaced to down to
increase the proportion of PS) and the pure PS (dotted line).
Compositions analyzed were 0, 3, 6, 9, 12, 15, 20, and
25 wt% PS for the DGEBA/DA system and 0, 6, 15, and
25 wt% PS for other systems. The glass transitions were
marked by a circle in Fig. 6. The corresponding values of
T, and AC,, are listed in Table 6.

Figure 6 shows that three of the epoxy-amine systems
(DGEBA/100%DA, DGEBA/75%DA-25% MA, and

Fig. 6 Glass transitions
obtained for five systems
DGEBA/MDEA-ADM (1:1)
with different MDEA-ADM
ratio, unmodified and modified
with various proportions of PS:
3,6,9, 12, 15, 20, and

25 wt% PS for the DGEBA/
100%MDEA system, and 6, 15,
and 25 wt% PS for other
systems. The glass transition for
pure PS is also shown. Glass
transitions obtained are marked

Power/mass/Wg-!
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DGEBA/100%MA) modified with larger amounts to
15 wt% PS showed two glass transitions at temperatures
located close to those the pure components (PS and corre-
sponding epoxy-amine system). This means, according to
the criterion of miscibility based on the glass transitions
[32, 33], that in these mixtures has been a phase separation,
forming two phases, one rich in PS with a T, close to that of
PS, and the other rich in epoxy-amine with a T, near that of
the corresponding epoxy-amine system. Although these T,
are close to those of the pure components, they differ
slightly coming toward the T, of the other component, as
shown in Table 6 data. This means that the separate phases
are not pure and dissolved a part of another component [34].

In these three systems modified with minor proportions
of 15 wt% PS, only a T, next to the respective epoxy-
amine system was observed. This does not indicate that
these blends are immiscible, but it was attributed to that the
proportion of the modifier-rich phase is so low that the
signal corresponding to its glass transition was not able to
be detected in the DSC.

The other two modified epoxy-amine systems (DGEBA/
50%MA-50%DA and DGEBA/25%MA-75%DA) only
had a single glass transition over the range of PS compo-
sitions. This could lead to wrongly think that they are
miscible blends. However, if the difference between the T,
of the pure components that constituted the two mixtures is
analyzed, both T are very close, in one case the difference
is 5 °C and in the other, 9 °C. It is therefore expected that
these two modified systems exist, as in the other mixtures,
phase separation generating two glass transitions, but in
these cases they are so close that come to overlap.
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Table 6 Values of glass transitions (7, and AC,,) obtained for various
DGEBA/ADM-MDEA modified with PS systems

%PS Epoxy-rich phase PS-rich phase

TJ/°C  AC/Ig™'°C™'  T/°C  AC/T g 'e°C™!

PS modifier

PS - - 100.1  0.288
DGEBA/100%MDEA

0 1462 0317 - -

3 146.1 0310 - -

6 1459 0304 - -

9 1457 0.287 - -

12 1447 0274 - -

15 1444 0257 1059 0.101

20 143.8 0246 1055 0.124

25 - - 1045 0.139
DGEBA/75%MDEA-25%ADM

0 1208 0.382 - -

6 1195 0315 - -

15 1189  0.283 - -

25 1158  0.280 1022 0.142
DGEBA/100%ADM

0 82.9 0424 - -

6 83.5 0362 - -

15 84.4 0334 - -

25 84.8 0324 99.7  0.145

T,/°C AC/y gt e

DGEBA/50%MDEA-50%ADM

0 105.1 0.391

6 104.0 0.384

15 103.4 0.377

25 103.1 0.361
DGEBA/25%MDEA-75%ADM

0 91.2 0.404

6 92.3 0.396

15 94.5 0.392

25 95.5 0.389
Conclusions

The thermal behavior of blends based on a PS modifier and
various epoxy-amine systems where the degree of cross-
linking was continually changed and controlled through the
formulation, with a MA and a DA mixed in different
proportions, was investigated. The effect of MA-DA pro-
portion (determining the crosslinking density) and the PS
modifier on the polymerization reaction, thermal stability,
and glass transition was determined and analyzed.

The heat of the polymerization reaction was not affected
either by the ratio of MA-DA in the system or by the

proportion of PS in the range of compositions studied,
obtaining a value close to 106 kJ per mole of epoxy equiv-
alents for all studied DGEBA/MDEA + ADM-PS blends.
However, the reactivity of the epoxy-amine system was
affected by these variables, resulting in the MA was more
reactive than the DA and the PS slightly delayed reaction.

The thermal stability of blends was affected by the type
of furnace atmosphere which affected the degradation
mainly in the form of the thermogram, the final residue,
and the initial temperature of degradation. Thus, the ther-
mal degradation of the neat systems occurred in one step
leading to a residual mass around the 10-14 wt%, whereas
degradation thermoxidative started at temperatures slightly
lower and occurred in two or three steps leading to total
loss mass around 620 °C. In addition, the thermal stability
and thermoxidative were considerably affected by the
proportion of MA-DA in the system, increasing with the
amount of DA. However, it did not change significantly
with the presence of PS modifier.

The glass transition temperature of epoxy-amine Sys-
tems increased with the proportion of DA in the system
from 83 °C for the system polymerized only with MA
(DGEBA/ADM) to 146 °C for the system cured only with
DA (DGEBA/MDEA). The increase in glass transition
temperature and thermal stability with the proportion of
DA was attributed to the increase occurred in the cross-
linking density.

PS-modified systems in general showed two glass tran-
sitions, indicating that the blends were immiscible and
were separated into two phases, one phase rich in epoxy-
amine system and the other phase rich in PS modifier. In
some systems (DGEBA/75%ADM-25%MDEA and DGEBA/
50%ADM-50%MDEA) and for some compositions of
modifier (<15 wt% PS) only one glass transition was
observed. This was not attributed to a miscibility of the
blends, but an overlap of two transitions in the first case,
and a lack of detectability in the second case.
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