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ABSTRACT: Epoxy based on diglycidyl ether of bisphe-
nol A + 4,4'diaminodiphenylsulfone blended with poly(vi-
nyl acetate) (PVAc) was investigated through differential
scanning calorimetry (DSC), dynamic mechanical thermal
analysis (DMTA) and environmental scanning electron mi-
croscopy (ESEM). The influence of PVAc content on reac-
tion induced phase separation, cure kinetics, morphology
and dynamic-mechanical properties of cured blends at
180°C is reported. Epoxy/PVAc blends (5, 10 and 15 wt %
of PVAc content) are initially miscible but phase separate
upon curing. DMTA a-relaxations of cured blends agree
with T, results by DSC. The conversion-time data revealed
the cure reaction was slower in the blends than in the neat
system, although the autocatalytic cure mechanism was

not affected by the addition of PVAc. ESEM showed the
cured epoxy/PVAc blends had different morphologies as a
function of PVAc content: an inversion in morphology took
place for blends containing 15 wt % PVAc. The changes in
the blend morphology with PVAc content had a clear effect
on the DMTA behavior. Inverted morphology blends had
low storage modulus values and a high capability to dissi-
pate energy at temperatures higher than the PVAc glass-
transition temperature in contrast to the behavior of neat
epoxy and blends with a low PVAc content. © 2006 Wiley
Periodicals, Inc. ] Appl Polym Sci 103: 1507-1516, 2007
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INTRODUCTION

Epoxy thermosetting polymers are widely used as
adhesives, encapsulants, and matrices for composite
materials. In their applications epoxy thermosets are
usually modified, incorporating a rubber or a ther-
moplastic polymer in order to improve their tough-
ness.'™ Most of the recent studies have investigated
an initially homogeneous mixture consisting of a
thermoplastic dissolved in an epoxy precursor: the
epoxy monomer and the curing agent. On curing,
the initially miscible blends phase separate, giving
rise to different morphologies as a function of the
thermoplastic content. The final properties of the cured
system depend on the curing conditions and the ther-
moplastic content.'”>*

Most epoxy/thermoplastic blends reported in the
literature have used high-performance engineering
thelrmoglasticsS_14 like poly(ether sulfone),® polycar-
bonate,® or poly(ether imide),”'" which have high
glass-transition temperatures (T,) and under certain
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curing schedules have generated an adequate mor-
phology for improving mechanical properties, mainly
toughness.

In a previous work? we reported a differential
scanning calorimetry (DSC) study of an epoxy ther-
mosetting polymer modified with poly(vinyl acetate)
(PVAc), which is a ductile thermoplastic with a
moderate T, of approximately 44°C. That prelimi-
nary study revealed that the epoxy precursor, digly-
cidyl ether of bisphenol A plus 4,4’-diaminodiphe-
nylsulfone (DGEBA + DDS), blended with 10 wt %
PVAc, formed a homogeneous solution that phase-
separated upon curing at 180°C, the T,, and conver-
sion data upon curing this blend were reported. In
this system it was feasible to follow the induced
reaction phase separation through T, monitoring
because the glass transition of PVAc was much
lower than the T, of the epoxy network. Moreover, it
was reported'” that another epoxy precursor blended
with PVAc showed reaction-induced phase separa-
tion that led to improvement in toughness.

The main aim of the present work was to examine
the influence of PVAc content on the cure kinetics
and on phase separation upon curing epoxy (DGE-
BA+DDS)/PVAc blends containing different PVAc
contents (0, 5, 10, or 15 wt %) as well as to character-
ize the materials generated. Specifically, we report
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Figure 1 Chemical structures of (a) epoxy DGEBA prepolymer, (b) DDS, and (c) PVAc.

the evolution of glass transitions and conversion on
the cure process and the morphology and dynamic-
mechanical properties of the cured materials.

EXPERIMENTAL
Materials and blend preparation

The epoxy prepolymer was based on diglycidyl
ether of bisphenol A supplied by Uneco S. A. (Barce-
lona, Spain) under the commercial name Araldit F.
The number-average molecular mass, M, was 380
g/mol, which was determined by chemical titration
of the end groups. The curing agent was 4,4'-diami-
nodiphenylsulfone (DDS) manufactured by Sigma-
Aldrich Chemical Co. (Madrid, Spain) (98 wt %).
Poly(vinyl acetate) (PVAc) with an M, of 8.6 x 10*
g/mol and a polydispersity of index 1.9 was pur-
chased from Polysciences Inc. (Eppelheim, Germany).
Acetone Panreac QP (Barcelona, Spain) (0.3 wt %
water content) was used as a solvent. Frekote from
Loctite (Madrid, Spain) was employed as a mold
release product. The chemical structures of the three
components are shown in Figure 1.

The epoxy prepolymer and DDS were always
used with a stoichiometric ratio of amino-hydrogen
to epoxy. The epoxy/PVAc blends were obtained by
mixing appropriate amounts of their respective solu-
tions in acetone. Three blend compositions with dif-
ferent percentages of PVAc (5, 10, or 15 wt %) were
prepared in addition to the neat epoxy (0 wt %
PVAc). These solutions were cast onto aluminum
pans for differential scanning calorimetry (DSC). The
acetone was carefully eliminated by degassing under
vacuum at 40°C for approximately 20 h. This sched-
ule assured the removal of the solvent without a sig-
nificant curing reaction. To obtain specimens for
dynamic mechanical thermal analysis (DMTA) mea-
surement, the reactive solutions were cast onto alu-
minum molds previously treated with Frekote. The
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blends were cured at T. = 180°C for 3 h under
atmospheric pressure; afterward, acetone was elimi-
nated by degassing under vacuum at 80°C for about
3—4 h. Specimens (2 x 10 x 30 mm) were cut from
the cured panels.

DSC measurements

A Mettler Toledo model 821e differential scanning cal-
orimeter was used to measure glass-transition temper-
atures and heats of reaction. All measurements were
done at a heating rate of 20°C/min under a nitrogen
atmosphere. The instrument was calibrated with in-
dium and zinc. Samples of 10-20 mg were used.

The samples were cured in an air oven at 180°C
for various intervals so that different degrees of cure
were achieved. Then the samples were rapidly
cooled by taking the pans out of the oven and plac-
ing them in an 18°C environment. Afterward, they
were scanned in the DSC (from —50°C to 360°C). T,
values were taken at the midpoint of the heat
capacity change.

DMTA measurements

Dynamic mechanical thermal analysis of cured sam-
ples was performed in dual cantilever bending mode
using a DMTA V Rheometric Scientific instrument.
All measurements were done at a frequency of 1 Hz,
producing a 1% bending deformation, with the tem-
perature increasing from —40°C to 240°C at a heating
rate of 2°C/min. The maxima of the tan § temperature
plots were determined in order to identify the a-relax-
ations associated with the glass transitions. Three
specimens of each blend composition were scanned.

ESEM measurements

Environmental scanning electron microscopy was
used to study the morphology of the cured samples.
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Figure 2 DSC thermograms for epoxy/PVAc blends con-
taining 15 wt % PVAc obtained after curing at T. = 180°C
for different curing time (min). The inset shows the ther-
mograms at the beginning of phase separation for blends
with different compositions cured at T, = 180°C.

Because of the nonconducting nature of the speci-
mens, the environmental SEM mode was selected. A
Phillips XL30 instrument was used with a beam
energy of 20 kV, that did not severely damage the
samples. The water vapor pressure was 0.6-0.7 Torr,
corresponding to a relative humidity of approxi-
mately 5%.

RESULTS AND DISCUSSION
DSC study: glass-transition temperatures

Blends of epoxy (DGEBA+DDS) and PVAc contain-
ing 5, 10, or 15 wt % PVAc were scanned in the DSC
after being cured at 180°C for different times (¢, in
order to determine the glass transitions and the re-
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sidual heats of reaction. Figure 2 shows some of the
thermograms obtained for blends containing 15 wt
% PVAc. The steps in the heat flow were related to
the T, values of the phases in the samples, which
were followed by a broad exothermal peak that cor-
responded to the curing reaction heat.

In the first stages of the reaction (t, < 30 min), the
presence of a single T, indicated a unique miscible
phase, whereas for samples cured for longer times
(t > 40 min), three glass transitions were detected.
The two main T, values were designated as To1, the
lowest, and Ty, the highest, and the third one, local-
ized in between, was designated as Tgs. The detec-
tion of these T, values was coincident with the
appearance of opacity in the blends, confirming that
phase separation had taken place during the curing
reaction. The thermograms for blends having 5 and
10 wt % PVAc showed similar patterns, that is, a
single T, could be identified when t. was less than
30 min; however, the intermediate Tg3 only appeared
in the range of 40 < f. < 60 min, and finally for t. >
60 min, only two glass transitions (T, and T,,) were
noticeable. The occurrence of three glass transitions
is illustrated in the inset of Figure 2, which shows
the DSC scan amplification (0°C-100°C) for blends
containing 5, 10, and 15 wt % PVAc that were cured
4045 min at 180°C. In contrast, the neat epoxy
showed a single T, over the ent1re curing process
that increased w1th curing time.”

To clearly illustrate the evolution of the glass tran-
sitions as the cure progressed, Tg versus time results
are displayed in Figure 3. The data for neat epoxy
and some of the data for the epoxy/PVAc blend
with 10 wt % PVAc were previously reported.* As
can be seen, at a f, from 0 to 30 min, the system
showed miscibility, presenting a single T, that con-
tinuously increased with time. All compositions
were phase-separated after being cured for ¢, > 30
min, and at the beginning of the phase separation,
three T, values (Tq1, Tg2, and Tg3) were detected. The
lowest T, (T41) was very close to that of pure PVAc;
therefore, it could be assigned to a phase essentially
composed of PVAc. The highest T, (T,,) increased
with reaction time and after 3 h reached the final
value (~183°C), which was very close to the final T,
value reached for neat epoxy, so this phase should
be composed basically of cured epoxy. The interme-
diate T, (T,3), detected at the beginning of the phase
separation (40 < ¢, < 70 min), revealed the presence
of a phase that evolved and disappeared as the cure
progressed. The detection of the three T,s when the
phase separation was first observed may be an indi-
cation of the influence of kinetic factors.

For epoxy/PVAc blends containing 15 wt %
PVAc, the intermediate T, observed after t. > 100
min had a small intensity, but it was even detected
after long curing times. This T, increased steadily, as

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 Glass-transition temperatures versus curing time
for epoxy/PVAc blends cured at T. = 180°C: (a) 0 wt %
PVAc* (@) and 5 wt % PVAc—Tg; (), To (O), Tes (A);
(b) 10 wt % PVAc—Tg¢ (), Te2 (O), Tgs (A); and (c) 15 wt
% PVAc—Tg1 (00), Tez (O), Tgs (A).

can be seen in Figure 3(c). Thus, for blends contain-
ing 15 wt % PVAc isothermally cured at T, = 180°C,
minor, not totally cured epoxy domains could prob-
ably remain plasticized by PVAc. In contrast, the
biphasic separation process seemed to be completed
for blends with 5 and 10 wt % PVAc [see Fig.
3(a,b)]. Table I shows the final T, values obtained af-
ter curing for ¢, > 180 min.

It can be seen that for the epoxy/PVAc blend with
5 wt % PVAc, the final Ty value was slightly less
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than the T, of pure PVAc (T, = 44°C). This could
reflect that some low-molecular-weight epoxy mole-
cules had been dragged along the PVAc and acted
as plasticizers. As will be shown later, the phase sep-
aration was detected when the conversion range was
0.3 < a < 0.6. This corresponds to high conversion
for the primary amine groups, o, specifically 0.7 <
ar < 0.95, according to the data reported by Min,
Stachurski, and Hodgkin.>> Consequently, in this
system when the phase separation was calorimetri-
cally detected, most DDS molecules would be linked
to epoxy molecules. Therefore, it was more likely
that the curing agent (DDS molecules) would be in
the rich epoxy phase and the PVAc plasticizer would
be mainly unreacted DGEBA. Moreover, it should be
also considered that strong tension stresses around
PVAc particles (see section on morphological analy-
sis) could lead to reduction in T, as in rubber-modi-
fied epoxies.*

DSC study: conversion analysis

The degree of conversion was obtained as:

AH; — AH,
o= AH, (1)
where AH, and AH; are the residual and total heats
of reaction, respectively.

As we stated in a previous article,** during the
DSC scans (from —50°C to 360°C), reactions involv-
ing PVAc took place at high temperature (>250°C).
Consequently, to calculate the curing conversions in
samples containing PVAc, it was necessary to correct
the integrated areas of the exothermic peaks. To
make this correction, longtime cured samples (180-
300 min at 180°C) were scanned. A small wide exo-
therm in the 220°C-335°C range was detected in all
the cured epoxy/PVAc blends. For blends containing
10 wt % PVAc, the reported value®* was approxi-
mately 11 J/g. Although this was very small com-
pared to the overall heat of curing (~380 J/g), it
should be subtracted from the DSC peak areas to get
H; and H,. For epoxy/PVAc blends with 5 and 15 wt
% PVAc, the correction values obtained were 4 and
20 J/g respectively, that is, the effect was more im-
portant for higher PVAc content. Nevertheless the

TABLE 1
Glass Transitions (T,) of Cured Epoxy/PVAc Blends
t. > 180 min at T, = 180°C

PVAc (wt %) Te(°C) T (°C)
0 183 —
5 180 39
10 183 43
15 183/150 44




CHARACTERISTICS OF EPOXY/PVAC BLENDS

1.0 ."._____l.'.--'l:"": o e,k . .
e -
- A%
0.8 A
1t
L)
0.6 -
L]
'y
B ® 0wl PVAC
0.4 7 A 5wi% PVAC
> ®  15wi% PVAC
0.2 - L
»
L}
00 &
T T ¥ T ¥ T ¥ T
0 100 200 300 400
t {min)

Figure 4 Conversion time plot for epoxy/PVAc blends
containing 5 and 15 wt % PVAc (T, = 180°C) together with
that previously obtained for neat epoxy.

conversion-versus-time curves did not change signif-
icantly relative to the uncorrected ones, except for a
long curing time. Figure 4 shows the conversions
calculated for blends containing 5 and 15 wt %
PVAc plotted versus time, together with the data for
neat epoxy.”* As can be seen, PVAc slowed down
the cure reaction. This could have been related to
the dilution effect of reactants. However, a clear cor-
relation between PVAc content and the delaying
effect was not found.

The phenomenological model developed by
Kamal®® was used to analyze the isothermal kinetic
data. The general equation assumed for the curing
reaction of epoxy-amine systems was:***

B + o)1 - " @

where k; and k, are the apparent rate constants, m
and n are the reaction orders, k; is the kinetic rate
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Figure 5 Plots of do/dt versus o for epoxy/PVAc blends
containing different PVAc contents (T, = 180°C) and for
neat epoxy.
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TABLE II
Kinetic Parameters for Epoxy/PVAc Blends Cured
at 180°C
PVAc (Wt %)  ky x 10571 kp x 10%s7Y) n m

0 2 1.9 1.35 0.66
5 3 1.1 1.35 0.65
10 7 1.3 1.35 0.66
15 2 1.1 1.35 0.65

constant for the reaction catalyzed by the groups ini-
tially present, and k; is the kinetic rate constant asso-
ciated with autocatalysis by the —OH groups gener-
ated in the epoxy—amine reaction.

On applying the kinetic model, all the o data
could be considered because vitrification took place
at the end of the isothermal curing (T, = 180°C). Fig-
ure 5 shows the do/dt versus o plots. As can be
seen, the curing reaction was autocatalytic, display-
ing maximum rates at conversions close to 0.32.
Although the presence of PVAc clearly decreased
the reaction rate, there was no evident correlation
with PVAc content. The values of the model parame-
ters determined by an iterative procedure are listed
in Table II. The reaction orders n and m were
approximately 1.35 and 0.65, respectively, and did
not seem to vary with the blend composition, with
the total reaction order m + n being close to 2. These
values were in accordance with those previously
reported in the literature.?®? For all blends, k; was
noticeably lower than k,. The neat epoxy showed the
highest k, value; accordingly, it had the highest reac-
tion rate.

Once the conversion has been calculated, it can be
related to the phase separation process. The T, and
conversion values for reaction times at which the
phase separation was detected are shown in Table
III. Phase separation took place between 30 and
45 min, which corresponded to 0.35 < a < 0.6, that
is, not far from gelation. According to the Flory-
Stockmayer relation,®® dget = 0.57 for this kind of
systems. Moreover, as Ty reflected the T, of the
growing network phase, it could be correlated with
the conversion. Figure 6 shows the plot of T,, versus

TABLE III
T, and Conversion Values at the Beginning of Phase
Separation for Epoxy/PVAc Blends Cured at 180°C

PVAc (Wt %) f (min) Tg (°C) Ty ('C) Tp(C) o

0 30 — — 78 065

45 — — 122 085

5 30 — — 31 037

40 33 53 65  0.60

10 30 — — 27 031

45 345 54 77 065

15 30 — — 34 033

40 36 54 71 061

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 Glass-transition temperature of epoxy-rich phase
(Tg2) versus conversion for epoxy/PVAc blends with dif-
ferent PVAc contents (T, = 180°C): experimental points
and Pascault-Williams fits.

conversion for all blend compositions. The behavior
was that usually reported for thermosets.>*>! The
dispersion of the date for o < 0.5 was a consequence
of having miscible blends with different PVAc con-
tents. In this range, 0 < o < 0.5, the T, of the neat
epoxy system was lower than the T, of PVAc; there-
fore, the T, values of the miscible epoxy/PVAc
blends were higher than those corresponding to neat
epoxy. When a approached 0.5, the T, of the neat
epoxy system would reach the PVAc T, (44°C), and
this effect should disappear. On the other hand, after
complete phase separation (neat epoxy and neat
PVAc), a unique Tg-o profile would be expected.
The dispersion observed for o > 0.5 can be attrib-
uted to not having a neat phase separation and
somewhat to experimental error. Aside from that for
the epoxy/PVAc blends containing 15 wt % PVAc,
only the data corresponding to the highest T, values
(Ty2) are plotted in Figure 6.

When the curing reaction is kinetically controlled
there must be a one-to-one relationship between T,
and o. The relationship proposed by Pascault and
Williams®, derived from the Couchman expres-
sion,® considers the thermosetting system as a mix-
ture of a fully cured network and a monomer:

T,—T9 Aot
Te—T0 1-(1- Ao

©)

where T is the glass-transition temperature of the
unreacted mixture (o« = 0) and T,° is the glass-transi-
tion temperature of the fully reacted thermoset («
=1), A =Ac”/ Ac;J (where Ac,” and ACS are the dif-
ferences in heat capacity between the glassy-rubber
and the glassy-liquid states, respectively), and it is
usually taken as an adjustable parameter. This equa-
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tion, sometimes referenced as the Di Benedetto rela-
tion,** has been successfully used to fit the Ty-o data
of thermosets.

In carrying out the curing process, no vitrification
took place until the end of curing (T. = 180°C
~ T¢°). Therefore, regardless of the phase separation
that took place on curing, we applied eq. (3) to fit
the T-o data. The lines on Figure 6 represent the fit
of eq. (3) for each composition. The A values ob-
tained were 0.46, 0.45, 0.52, and 0.62 for neat epoxy
and for the epoxy/PVAc blends containing 5, 10,
and 15 wt % PVAc, respectively, which was in
agreement with those previously reported for several
amine epoxy systems.>?*%

Morphological analysis

Environmental scanning electron microscopy (ESEM)
was used to study the morphology of cured epoxy/
PVAc blends with different PVAc contents. Figure 7
shows the micrographs obtained for cured samples
(3 h at 180°C) having 5, 10, and 15 wt % PVAc to-
gether with the neat epoxy. The micrograph of the
neat epoxy [Fig. 7(a)] shows, as was expected, no
visible phase domains; however, the micrographs
obtained for samples containing PVAc showed evi-
dence of heterogeneous morphology. For cured ep-
oxy/PVAc blends with 5 wt % PVAc [Fig. 7(b)],
small spheres (number mean diameter of 1.5 =
0.4 pum) were uniformly dispersed in a continuous
matrix. Acetone-etched samples showed spherical
holes in an unaffected matrix, confirming that the
epoxy network formed the continuous phase and
that the dispersed spherical particles were PVAc.
Samples with 10 wt % PVAc presented a combined
morphology [Fig. 7(c)] in which two types of regions
could be distinguished. There were regions [Fig.
7(d)] that showed a morphology similar to that for
samples containing 5 wt % PVAc. In these regions
the number mean diameter of PVAc spheres was 1.6
+ 0.4 pm. Other regions [Fig. 7(e)] were formed by
spherical nodules (number mean diameter 20 =*
10 pm) that occupied most of the volume and were
wrapped by a continuous thin phase. Epoxy samples
with 15 wt % PVAc [Fig. 7(f)] showed a distribution
of spheres (number mean diameter 100 = 30 pm)
that were surrounded by a continuous thin phase.
This morphology was similar to that observed in one
of the regions of the samples containing 10 wt %
PVAc, although in this case the spherical nodules
were bigger. This agrees with an inverted morphol-
ogy in which PVAc is the continuous phase. Accord-
ingly, etching of these samples in acetone dissolved
the PVAc phase and the samples disaggregated.
With using higher magnification [Fig. 7(g)], very
small spheres could be seen, which may be related
to the intermediate T, detected by DSC.
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PVAc showing combined morphology, (d) 10 wt % PVAc shown at higher magnification (e) 10 wt % PVAc shown at
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The critical point was calculated according to Pas-  where ¢7p is the volume fraction of the thermoplastic
cault® using the relation: (PVAc) at the critical point, Vrp is the molar volume of
the repeating unit of the thermoplastic, Vg is the

Vip] Y2 x(TP) molar volume of the thermoset precursor taken as a
(6°p) =14 [ﬁ] w—1/2 (4) single pseudomonomer (2/3 mol DGEBA and 1/3
Vis]  (x.(TP)) mol DDS), and x,(TP) and x,(TP) are the degrees of
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Figure 8 DMTA isochrones at 1 Hz: E' and tan & versus
temperatures for epoxy/PVAc blends cured 3 h at 180°C
with different PVAc contents: (a) neat epoxy and 5 wt %
PVAc and (b) 10 and 15 wt % PVAc.

polymerization of the thermoplastic. The molar vol-
umes were obtained from the densities and the
degrees of polymerization from GPC. A ¢“pyac of
approximately 0.06 was obtained, which was in ac-
cordance with the experimental observations, that is,
the inversion in morphology took place at a PVAc
content of around 10 wt %. In this region a variety
of morphologies may develop.' The morphology ob-
served in the system studied here was similar to that
previously reported for poly(ether imide)/epoxy
blends cured with DDS.*

Dynamic mechanical thermal analysis

DMTA measurements were performed for cured
samples (3 h at 180°C). Figure 8 shows the storage

Journal of Applied Polymer Science DOI 10.1002/app
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modulus (E') and the loss tangent (tan §) isochrones
(1 Hz) for a specimen of each blend composition
tested, which are plotted against temperature. Figure
8(a) shows the isochrones for the epoxy/PVAc blend
containing 5 wt % PVAc and for neat epoxy, and
Figure 8(b) shows the isochrones for blends contain-
ing 10 and 15 wt % PVAc. The storage modulus in
the glassy state (T < 40°C) reached an E’ of approxi-
mately 2 x 10° Pa, and as was expected, it was
almost independent of PVAc content. The E' temper-
ature of the isochrones for neat epoxy and for the
samples with 5 wt % PVAc were very similar. How-
ever, for samples containing 10 wt % PVAc, a lower-
ing of the modulus was detected in the PVAc glass-
transition zone (40°C-60°C). From this temperature
until approaching the T, of the epoxy network, the
modulus changed slightly, and the plateau between
T,s was approximately 5 x 10° Pa. In samples con-
taining 15 wt % PVAc the effect of temperature was
clearly remarkable—from 40°C the modulus dec-
reased continuously with an increase in temperature.
At 200°C both the epoxy and PVAc phases were
above their T, values, and the moduli were similar
for the neat epoxy and the blend with 5 wt % PVAc
(E' ~ 2 x 107 Pa) but E’ lowered to approximately 8
x 10° and 2 x 10° Pa for samples containing 10 and
15 wt % PVAc, respectively. The E' temperature
behavior could be related to sample morphology,
that is, the blend containing 5 wt % PVAc and neat
epoxy behaved similarly because the epoxy network
formed the matrix. However, in samples with 15 wt
% PVAc, in which the thermoplastic formed the
continuous phase, a significant E’ drop appeared
when the temperature overrode the PVAc T,. Sam-
ples composed of 10 wt % PVAc, which exhibited
combined morphology, showed an intermediate
behavior.

As can be seen in Figure 8(a), the neat epoxy
showed a unique high tan § peak (mean value for
the three specimens tested of ~198°C) corresponding
to the o-relaxation of the epoxy network. As ex-
pected, the calorimetric T, values were about 10°C-
20°C lower than the a-relaxation T, values deter-
mined from the tan 6 peak at 1 Hz. For the epoxy/
PVAc blend with 5 wt % PVAc, the pronounced tan
d peak of the epoxy network appeared (~196°C), in
addition to a small tan § peak at about 44°C, which
corresponded to the a-relaxation of the PVAc phase.
For samples with 10 wt % PVAc, the large percent-
age of PVAc made it feasible to clearly detect the tan
8 peak corresponding to PVAc, together with the ep-
oxy network tan § peak (~203°C). Tan & isochrones
for epoxy/PVAc blends containing 15 wt % PVAc
were more complex. The isochrone clearly displayed
two maxima that corresponded to a PVAc-rich phase
and the cured epoxy network. The main difference
with the isochrones of the other blends was the
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much higher tan 6 values from 50°C. This reflects
that the capability of storing energy (E’) decreased
faster with temperature than the capability of dissi-
pating it. This behavior was a consequence of the
sample morphology, which was inverted, that is,
PVAc was the matrix, and therefore when tempera-
tures overrode the PVAc T, the matrix softened,
and the sample could be seen as hard spheres (ep-
oxy phase) dispersed into a viscous liquid that had a
very low elastic response. Moreover, in this epoxy/
PVAc blend (15 wt % PVAc), the epoxy network tan
& peak (~199°C) had a wide shoulder at about
160°C, which was attributed to the a-relaxation of
the epoxy network domains with lower crosslinking
density. This was in accordance with the T, DSC
results [see Fig. 3(c)] and with the slightly minor
conversion reached in this blend composition (x =
0.98 after 3 h at 180°C). DMTA shoulders in the o-
relaxation of epoxy network have been also observed
in other epoxy-diamine thermosets'*?” and attrib-
uted to having regions of not fully cured epoxy. In
particular epoxy/polysulfone blends'* with cocontin-
uous and inverted morphologies showed this behav-
ior, whereas when the thermoplastic particles were
dispersed in the epoxy matrix, the cure process could
be completed and only one epoxy a-relaxation took
place. The behavior of the epoxy/PVAc blends
seemed to follow this pattern.

CONCLUSIONS

Epoxy (DGEBA + DDS)/PVAc blends with different
PVAc contents (5, 10, or 15 wt %) showed a single
T, at the initial curing reaction stage, reflecting mis-
cibility, but upon curing, more than one T, occurred,
indicating phase separation. Longtime cured epoxy/
PVAc blends showed two T, values, corresponding
to a PVAc-rich phase and to the epoxy network. In
the cured epoxy/PVAc blend with 15 wt % PVAc, a
small intermediate T, was detected, showing the
presence of epoxy domains of a lower crosslinking
density. The DMTA a-relaxations of cured epoxy/
PVAc blends agreed with the T, results by DSC.

The curing reaction was autocatalytic with maxi-
mum rates at conversions close to 0.32. The presence
of PVAc slowed down the kinetic, but did not mod-
ify the reaction mechanism, with a total reaction
order of about 2. T, versus conversion data could be
fitted to the Pascault and Williams relationship.

ESEM analysis showed that changing the PVAc
content from 5 to 15 wt % led to an inversion in
morphology. Cured epoxy/PVAc blends containing
5 wt % PVAc were composed of small PVAc spheres
dispersed in an epoxy matrix; however, cured ep-
oxy/PVAc blends containing 15 wt % PVAc showed
an inverted morphology (epoxy spheres surrounded
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by a continuous PVAc phase), and the intermediate
PVAc composition (10 wt %) showed a combined
morphology.

The changes in the blend morphology with PVAc
content had a clear effect on the DMTA behavior:
blends in which the thermoplastic phase was dis-
persed in the epoxy matrix (5 wt % PVAc) behaved
similarly to that of neat epoxy, whereas blends with
inverted morphology (15 wt % PVAc) showed a dra-
matic decrease in the storage modulus and a high
capability of dissipating energy from 40°C, because
of the flow of the PVAc matrix at temperatures
higher than its T,.

The authors thank the Centro de Apoyo Tecnolédgico
(CAT) of the University Rey Juan Carlos (Madrid) for its
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