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A diglycidyl ether of bisphenol-A (DGEBA) epoxy resin was modified with 15 wit%
of poly{methylmethacrylate) (PMMA) and cured with a stoichiometric amount of
4,4’-diamino diphenyl methane {(DDM). The reactive mixture was cured in a heated
mold with different gradients of temperature. Temperature profiles in the mold were
imposed by generation of a heat flux from the base, supported on a hot plate, and
the top, cooled with water; they were measured along the mold. Depending on the
thermal history in each position of the mold, the competition between the phase-
separation process and reaction kinetics produces opaque or transparent zones.
Phase separation can also occur in the postcure process while the gelation does not
take place before. Therefore, a thermoset plate with gradient of morphology and
properties was obtained. Mass fractions of PMMA dissolved in the matrix were cal-
culated with the Fox equation from glass transition temperatures measured along
the mold. They were related to morphologies developed during curing. The super-
position of the phase diagrams with the conversion-temperature trajectories during

cure permitted an explanation of the morphology gradients generated.

INTRODUCTION

esirable properties of cured epoxy resins such as

high modulus, creep resistance and good elevated
temperature properties are counterbalanced by the
fact that the unmodified matrices are often brittle and
show poor resistance to crack propagation. A common
method to toughen a thermoset resin is to dissolve a
modifier that becomes phase separated in the course

*Corresponding author.

of the polymerization. Rubber modification of ther-
mosetting polymers is extensively used for toughening
these matrices (1-5). Thermoplastic-toughened epoxies
have been studied as an alternative for improving frac-
ture behavior without sacrificing other useful properties
such as glass transition temperature and stiffness
(6-13). As the polymerization proceeds, there is an in-
crease in the concentration and size of the dispersed-
phase particles. When the matrix reaches gelation, this
separation is almost finished, but a secondary phase
separation may continue inside the dispersed-phase
particles (13, 14).
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The competition between phase separation and
chemical reactions during the cure of modified ther-
mosets allows us to obtain materials with several
morphology profiles and therefore with different prop-
erties (15). “Sandwich” structures consisting of sepa-
rated phase surface layers (opaque) and an homoge-
neous core {transparent) were obtained when epoxy
resins were modified with castor-oil. This system
shows an upper-critical solution behavior (UCST)
when different cure cycles are applied (16). A phase
inverted “sandwich” structure may be generated when
using modifiers showing a lower-critical solution tem-
perature behavior (LCST) (17). Also, modified cyanate
ester resins, with morphology profiles, were obtained
when they were cured in an oven with temperature
profiles (18). More recently, phase separation of a
thermoplastic polymer mixture driven by a gradient of
light intensity was reported (19).

Our previous studies on the modification of epoxy
resins with polymethylmethacrylate (PMMA) (20-22)
show that this LCST modifier can show different mor-
phologies in the cured mixtures by modifying only
molding parameters such as temperature and precur-
ing time.

The aim of this paper is to obtain materials with
morphology profiles driven by temperature profiles in
a heated mold, and to explain the resulting non-uni-
form aspect of cured samples arising from the competi-
tion between kinetic and phase separation processes.

EXPERIMENTAL
Materials

The epoxy resin used was DER-332, a diglycidyl-
ether of bisphenol-A, kindly supplied by Dow Chemi-
cal. It has an epoxy equivalent weight of about 175
and an hydroxyl/epoxy group ratio close to 0.015. The
curing agent was 4,4’ -diaminodiphenyl methane (DDM,
HT-972, kindly supplied by Ciba Geigy). The PMMA
{Altuglas GR 9E, Elf Atochem) had a Mn = 58,000
as measured by gel permeation chromatography in a
Waters 150-C ALC/GPC instrument equipped with
three columns PLGel of 500, 104 and 10° A, from Poly-
mer Labs.

Preparation of Samples

The thermoplastic-modified epoxy mixtures were
prepared in the following way: first, a weighed amount
of PMMA was dissolved in dichloromethane to give an
approximately 10 wt% solution. DER-332 was then
added to the solution and stirred until complete dis-
solution of the resin. The solvent was afterwards re-
moved by heating at 80°C in vacuum; then DDM, in a
stoichiometric amine/epoxy ratio, was added and dis-
solved by continuously stirring the mixture for 5 min.
The final amount of PMMA in the DGEBA-DDM epoxy
matrix was 15 wt%. At this stage, the blend solution
was transparent, thus indicating complete miscibililty.
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Fig. 1. Upper and lateral views of the heated mold: thermo-
couples positions are marked with numbers.

The curing process was performed in the heated
mold shown in Fig. 1, for six hours. Temperature pro-
files were applied to the metallic mold by the generation
of a heat flux from the base, supported on a hot plate,
to the top, cooled with water circulating inside at a
constant temperature of 18°C. Initially, the mold and
the sample were at room temperature. Three profiles
(A, B and C) were generated by increasing the electri-
cal power applied to the hot plate. Temperature along
the mold wall was measured with alumel-chromel ther-
mocouples installed inside it, very close to the metal-
polymer interface and connected to a multiple-channel
registration device. Postcure was achieved inside an
oven at 160°C for three hours.

Characterization Techniques

The glass transition temperature (Tg) profile was
measured in a differential scanning calorimeter (Shi-
madzu DSC 50) at a heating rate of 10°C/min. Tg was
taken as the onset point of the transition in the sec-
ond scan.

The generated morphology profile was studied by
microscopy. Cryogenic fracture surfaces were observed
in tapping mode in an atomic force microscope (AFM,
Nanoscope IIla, from Digital Instruments); the topol-
ogy and phase image were recorded in each sample.
Transmission electron micrographs (TEM) were ob-
tained in a Jeol JSM 35 CF microscope from specimens
that had been stained with osmium tetroxide and mi-
crotomed at room temperature. All micrographs corre-
spond to square samples having a length of 2 pm.
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RESULTS AND DISCUSSION

Figure 2 is a photograph of postcured samples for
each profile (A, B and C). As it was taken with light
transmitted through samples, opaqueness and trans-
parence correspond to heterogeneous and homoge-
neous zones, respectively.

Figure 3 shows experimental temperature-time pro-
files at the three-thermocouple positions shown in
Fig. 1. Stationary temperatures of the hot plate for each
profile A, B and Care 115, 155 and 206°C respec-
tively. An energy balance considering unidirectional
flux heat through the wall and the reaction term al-
lowed us to predict conversion-temperature trajecto-
ries for each thermocouple position (see Fig. 1):

dT dr + AH, dx
el _ . ax
dt dz?> cp dt

(1)

This equation relates conversion (x} and temperature
(T) as function of time (t) and the mold thickness (z)
for given constant values of thermal diffusivity (o), re-
action heat (AH,) and heat capacity (cp). The validity
of the unidirectional model proposed depends on two
factors: first there is no polymer migration induced by
the temperature gradient {23) and second, there is no
significant heat flux in the axial direction. In order to
check these assumptions, a sample was obtained by
putting DuPont Teflon separators along the mold, be-
fore introducing the polymer sample, and by applying
profile B. Neither the experimental temperature-time
profiles nor the morphology profile showed detectable
differences. It is worth nothing that although thermal
properties vary with T and x, they were taken as con-
stants as was reported previously (24). Experimental
results for similar materials shown in the literature

Fig. 2. Photograph of postcure samples for each profile (A, B
and C). Opaqueness and transparency correspond to heterog-
eneous and homogeneous zones, respectively. Numbers 1, 2
and 3 correspond to thermocouple positions.
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Fig. 3. Experimental temperature-time curves for each temperature gradient (A, B and C] at the three-thermocouple positions (1, 2
and 3).
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Table 1. Physical Properties.

AH,21 a24 cp21
[KJ/Kg] [m3/s] [KJ/Kg K]
382.3 8.2 x 1078 1.94

(25, 26) established that cp values increased with tem-
perature and decreased with conversion and that «
values did not change more than 25% from the middle
value. The kinetic model was the subject of previous
studies (21). These physical parameters are shown in
Table 1.

The boundary conditions are:

ar
dz z=0

where T, is the experimental wall temperature and L
is the sample thickness. Differential equations were
solved using an explicit method of finite differences by
dividing the sample thickness in ten parts and resolv-
ing the equation system each 0.3 second.

The x-T trajectories obtained during the cure proc-
ess, superimposed with the cloud-point curve and the
gel conversion data, previously determined (21), allow
us to explain the morphology gradient observed in post-
cure samples (see Fig. 2). Phase separation takes place
at temperatures higher than 91.5°C if this process is
not arrested earlier by gelation. Postcured samples will
be phase separated if x-T trajectory cuts the cloud-
point curve before gelation or if x-T trajectories finish

=0 and Tl,or, = T (2)

1.0

at conversions lower than the corresponding gel point.
In this last case, phase separation occurs in the post-
curing process.

Figure 4 shows the x-T curves corresponding to the
mold center for each temperature profile (A, B and C).
For profile A (Fig. 4a), it is possible to notice that for
the sample at position 1, the x-T trajectory cuts the
cloud-point curve very close to the gel point so final
appearance is translucent. At position 2, the sample is
transparent because the system gels during cure and
thus the phase separation cannot occur. At position 3,
the cure stops at a conversion level lower to gel point
and to the corresponding cloud-point, then the sam-
ple will be phase separated during postcure, taking
an opaque appearance. Similar analysis explains the
morphology profiles obtained with profiles B {Fig. 4b)
and C (Fig. 4c).

The mass fraction of PMMA dissolved in the matrix,
0°pyma. Was calculated with the Fox equation (27) de-
spite other factors, like lower crosslinking density, that
can depress the matrix Tg (20):

11— % + ©pama 3

Tg Tgmarrix Tgerma
where Tg of the pure matrix is Tgysmx = 165°C and
the Tg of the thermoplastic is Tgpp, = 104°C. In Fig.
5, results are shown as a function of the position
along the mold, for each temperature profile. Each
thermocouple position is marked with numbers 1,
2 and 3. Open symbols correspond to transparent
sections, dot center symbols correspond to translu-
cent sections and the corresponding opaque sections
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Fig. 4. x-T trajectories corresponding to the mold center (—), and cloud-point (- =) and gelation curves (- ); a) A profile,

b} B profile and ¢) C profile.
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Fig. 4. Continued.
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Fig. 5. Mass fraction of PMMA dissolved in the matrix, o g4, Us. position along the mold, for each temperature profile; A: (A), B: (0)
and C: [O). Open symbols correspond to transparent sections, dot center symbols correspond to translucent sections and the corre-
sponding opaque sections are represented by X center symbols or solid ones depending if the separation process occurs during cure

or postcure time, respectively.

are represented by X center symbols or solid ones
depending upon whether the separation process oc-
curs during cure or postcure time, respectively. For
transparent samples the remaining mass fraction of
PMMA dissolved in the matrix is higher than 0.1.
Figure 6 shows the morphology gradient for the
sample obtained with profile B through TEM and AFM
images, corresponding to positions 1, 2 and 3; mor-
phologies of intermediate positions are only shown
with AFM images. The appearance of AFM sequence
(opaque, translucent or transparent) agrees with Fox
equation results shown on Fig. 5. The micrographs
corresponding to positions 1 and 3, opaque samples,
show rows of spherical domains like brain circumvolu-
tions; while the micrograph corresponding to position
2, the translucent sample, shows very small particles.
Domain size distribution of sample at position 1, phase
separated during cure at lower temperature, is nar-
rower than that of the sample at position 3, phase
separated during postcure at higher temperature.
Figure 7 shows AFM images of samples obtained
with A, B, and C profiles at positions 1, 2 and 3. Images
for Al, B2 and C3 have a similar morphology with
small domains and consequently they are translucent.
On the other hand, it is clearly observed that opaque
images for Bl, C1, and C2 (phase separated during
the cure) and for A3 and B3 (phase separated during
the postcure) have grater domains. The image for A2

2018

shows a transparent aspect because at this point the
system gels without phase separation. These results
agree with x-T trajectories followed during the cure
(see Figs. 4a, 4b, and 4c¢) and with mass fractions of
PMMA dissolved in the matrix calculated with the Fox -
equation (see Fig. 5).

CONCLUSIONS

The miscibility of the modifier used in this study de-
creases with cure temperature and the cloud point of
the modified system is close to the gel point of the ma-
trix. If polymer gelates at temperatures lower than
91.5°C, the material will be transparent, with lower
glass transition and therefore higher mass fraction of
PMMA dissolved in the matrix.

The size and the position of the transparent zone
depend on temperature profile and curing time. There-
fore, it becomes possible to change properties along a
material with an unique chemical formulation by con-
trolling only the processing conditions.

From the viewpoint of practical applications, these
experimental results not only provide insight into
manufacturing polymeric materials with variable gradi-
ents of structure (i.e. gradients of properties), but also,
if the aim of the modifier addition is to obtain a mate-
rial with uniform properties, the cure must be carefully
considered.
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Fig. 7. AFM image (phase image) for the profiles A, B and C for the positions 1, 2 and 3.
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