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ABSTRACT: Toughened mixtures containing 15 wt % polyethersulfone were made with
diglycicdyl ether of bisphenol-A resin and 4,4*-diaminodiphenylmethane curing agent, with
amine/epoxy group stoichiometric ratios varying from 0.6 to 1.5. Fracture behavior of the
modified mixtures has been investigated as a function of the stoichiometry in the matrix.
Morphology has been analyzed by transmission and scanning electron microscopy. The
increase of amine content in the matrix results in a further increased fracture toughness.
This behavior has been related to the changes on the ductility of the matrix upon stoichio-
metric ratio, but also to the changes on microstructural features of the modified mixtures
as stoichiometric amine/epoxy group ratio increased. These morphological changes have
been interpreted in terms of spinodal decomposition during curing of the epoxy matrix.
q 1998 John Wiley & Sons, Inc. J Appl Polym Sci 69: 183–191, 1998
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INTRODUCTION Despite the modest improvements in fracture
properties obtained for the thermoplastic-modi-

Epoxy resins are the most widely used thermoset- fied mixtures, one of the most studied thermoplas-
ting polymers for high-performance applications, tics for the modification of epoxy resins is the poly-
such as matrices for fiber-reinforced composites (ether sulfones) (PESs).9,13–24 However, enhance-
and structural adhesives. They have some excel- ment of fracture behavior of the modified mixtures
lent properties for these applications, but their seems to be closely related to the generated mor-
major drawback is their brittleness. These resins phologies.13,25,26

are frequently toughened by the incorporation of Although some controversy still exists about
a secondary rubbery phase that separates from the mechanisms of phase separation, with most
the matrix during curing, leading to different of the authors claiming that the second phase sep-
morphologies.1–4 Because the addition of rubbers arates from the epoxy matrix via spinodal decom-
to epoxy resins also leads invariably to significant position.16,25 In the case of thermoplastic modifi-
drops in elastic modulus and in-service tempera- cation, the mixture usually exhibits a lower criti-
ture,5–8 in the latter years high-performance ther- cal solution temperature (LCST), which permits
moplastics have also been used to toughen ther- spinodal decomposition induced by the increase
mosetting resins9–13 because of their high modu- in the molecular weight of epoxy chains through
lus and glass transition temperature. curing. Fixation of morphology in the modified

resin will depend on the conditions of cure, the
Correspondence to: I. Mondragon. concentration of thermoplastic in the resin, and
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shown to present LCST-type phase behavior whenJournal of Applied Polymer Science, Vol. 69, 183–191 (1998)
q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/010183-09 mixed with epoxy resins,15,16,21 so their modified
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Figure 1 TEM micrographs for stoichiometric mixtures precured at 807C. (a) 807–
1107C. (b) 807–1107–1407C. (c) 807–1107–1407–2007C.

epoxy mixtures are susceptible to present micro- studies with PES,15,16,19–21 was obtained from Ciba-
structures ranging from spherical particles to co- Geigy. Mixtures were made at various stoichiomet-
continuous two-phase structures. ric ratios, r, between 0.6 and 1.5, where ‘‘r ’’ is de-

This article deals with the toughening of a bi- fined as 4A/2E, with A and E being the number of
functional epoxy resin modified with a commercial moles of diamine and diepoxide, respectively. PES
PES at a low concentration. Currently, there are was Victrex 3600P, kindly donated by ICI plc, which
ways to influence the amount of modifier in the has an Mn Å 14,500 and a polydispersity of Mw/Mn

epoxy matrix, but there are fewer ways to change Å 2.60, as measured by gel permeation chromatog-
the stoichiometric ratio in the matrix. Therefore, raphy with polystyrene standards. The blending
in this study, mechanical and fracture toughness procedure between DGEBA and PES, and further
results are related to the microstructures gener- with DDM, has been reported in a previous article21

ated as a function of the starting amine/epoxy in which temperatures and times were used in the
stoichiometric ratio in the epoxy mixture. full cure schedule to obtain completely cured

plaques of 6 mm thickness.
Dynamic mechanical analysis procedures have

EXPERIMENTAL also been previously reported.21 Transmission
electron microscopy (TEM) measurements have
been performed using a Philips CM20 transmis-The epoxy resin used in this study was diglycidyl
sion electron microscope, with an acceleratingether of bisphenol-A (DGEBA), with n Å 0.03,
voltage of 120 kV. For these studies, ultramicro-DER 332, gently supplied by Dow Chemical.
tomed films have been cut from the cured plaquesThe curing agent, 4,4 *-diaminodiphenylmethane

(DDM) , previously used in phase-separation with a diamond knife.
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chiometric ratios, the morphology of the PES-
modified stoichiometric mixture has been ana-
lyzed by TEM and dynamic mechanical thermal
analysis. The morphologies obtained for the PES-
modified stoichiometric mixture processed with
several cure schedules, all of them having as a
common feature the starting at 807C, are pre-
sented in Figure 1. There are no remarkable dif-
ferences among these micrographs, which show
almost interconnected second-phase microstruc-
tural domains and also some spherical particles.
It is worthwhile to note that small-sized epoxy
inclusions appeared within the second-phase par-
ticulate/cocontinuous microstructure for all cure
schedules used.

Phase separation in the same epoxy–PES mix-
ture has been previously studied for stoichiomet-
ric blends with different PES contents.20,21 The
system exhibited a LCST behavior that shifted to
lower temperatures as molecular weight of the
resin increased through curing. As shown in a
previous article, dynamic mechanical properties
of these PES-modified stoichiometric mixtures
cured with several cure schedules—starting from
stages with different temperatures—showed a
dissimilar behavior function of the early cure
stage temperature.21 Loss peak temperature data
from that paper are shown in Figure 2. The PES-
modified mixtures exhibited an increasing com-

Figure 1 (Continued from the previous page) patibility as a lower early cure temperature was
used. Higher cure temperatures caused phase
separation to occur much before than gelation. On

Scanning electron microscopy (SEM) studies the contrary, for the 807C early cure stage, the
have been performed with an ISI/ABT 55 scan- spinodal decomposition began around gelation,
ning electron microscope, with an accelerating thus leading to a lower degree of demixing as
voltage of 10–15 kV, by using fracture surfaces
obtained from flexural tests. Before testing, sam-
ples were coated with a gold sputterer. Epoxy-
rich mixtures were studied without etching the
samples. For amine-rich compositions, etching
was made maintaining the specimens with meth-
ylene chloride in a Soxhlet for 24 h.

Fracture toughness of these mixtures has been
determined using an Instron model 4206 mechan-
ical testing machine, under conditions specified
by the European Group on Fracture Task Group.29

The same machine was used to determine the
flexural properties by using conditions specified
in ASTM D-790 standard.

RESULTS AND DISCUSSION
Figure 2 Loss peak temperatures for the modified

Before studying the 15 wt % PES-modified epoxy mixtures precured at different temperatures, compared
with that for the loss peak of neat PES. Epo, epoxy.mixtures prepared with several amine/epoxy stoi-
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peak, with a shoulder around 1207C in the low
temperature region, but the main a-peak ap-
peared at a temperature similar to that for the
unmodified mixture (around 1587C), far away
from the one obtained for the mixtures cured with
the complete cure schedule shown in Figure 2.
Consequently, the PES phase a-relaxation would
be included in the a-relaxation of the epoxy-rich
phase, and the shoulder could correspond to less-
reacted epoxy chains, because of hindering of the
second phase, that perhaps remained in the ep-
oxy–PES interphase at the used cure conditions.
Further postcuring to 2007C21 increased the a-
peak temperatures, Ta , of the PES-rich and ep-
oxy-rich phases to 2057C and 1737C, respectively.
This indicates that, although microstructural fea-
tures were not modified, phase separation pro-

Figure 3 Dynamic mechanical behavior of the modi-
gressed in the PES-rich phase as a consequencefied and neat mixtures cured at 807–1107C.
of more crosslinking reactions at the interphase,
besides the completion of crosslinking reactions
in the epoxy phase, which conducted the increasethese mixtures showed partial miscibility during
of the crosslinking density of the matrix. An alter-the early stages of phase separation.
native, but complementary, explanation could beTherefore, after following Inoue’s studies15,16

that the epoxy oligomers trapped in the PES-richthat indicated two-phase structure develops via
phase as small inclusions, which at completion ofspinodal decomposition, it becomes clear from Fig-
the cure schedule could be as much as 52 wt % ofure 2 that the relative ratio between phase sepa-
the PES-rich phase,21 would be responsible for theration rate and polymerization rate through cur-
shoulder in the a-relaxation. This shoulder woulding governs the microstructure formation for
move towards higher temperatures, as crosslink-these mixtures leading to the almost cocontinuous
ing reactions progressed inside the epoxy inclu-structure (shown in Fig. 1) for the 15 wt % PES-
sions, thus also increasing the temperature of themodified stoichiometric mixture precured at 807C.
a-relaxation corresponding to the PES-rich phaseThis fact was due to cloud point; gelation times
as more epoxy segregated from it.were similar. Thus, fixation of the fragmented

Partial miscibility for all 15 wt % PES-modifiedstructures into spherical domains was not possi-
mixtures cured with several amine/epoxy stoi-ble for this mixture at this precure temperature.
chiometric ratios becomes evident when both theOn the other hand, the high compatibility of
Ta’s of the epoxy-rich phase and those for the un-the 15 wt % PES-modified stoichiometric mixture
modified mixtures are compared at the completion(even for the blend cured at all) can be deduced
of the cure schedule. As shown in Table I, thefrom the dynamic mechanical curves shown in
a-relaxation of the epoxy matrix in the modifiedFigure 3 for the PES-modified and neat mixtures
mixtures occurred approximately at the samecured with a 807–1107C cure schedule. The PES-

modified mixture showed a complex a-relaxation temperature than in the neat mixtures; so, indi-

Table I Dynamic Mechanical Properties in the Glass Transition Region
for Both Modified and Neat Mixtures

r 0.6 0.8 0.9 1.0 1.1 1.2 1.4 1.5 1.6

Tg (epoxy-rich phase) (7C) 96 137 166 193 188 178 159 153 —
170

Tg (neat epoxy) (7C) 98 132 168 189 186 175 149 — 120

Er (modified mixture) (N m02) 4.8 38 57 92 77 62 49 34 —

Er (neat epoxy) (N m02) 3.9 25 52 91 76 61 39 — 22
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Table II Mechanical and Fracture Toughness Properties of the Modified Mixtures

r 0.6 0.8 0.9 1.0 1.1 1.2 1.4 1.5

KIc (MN m03/2) 0.77 1.23 1.34 1.44 1.54 2.05 — —

GIc (J m02) 130 404 584 685 733 1,275 — —

E (MPa) 3,700 3,115 2,560 2,560 2,720 2,745 — 3,360

sf (MPa) — 159 145 137 142 153 — 187

R (mm mm01) (0.04) (0.09) — (0.10) (0.12) (0.13) (0.15) —
— 0.11 0.10 0.11 0.13 0.15 — 0.15

Strain values in parentheses correspond to the corresponding neat mixtures.

cating that the separated PES-rich phase practi- The increase on both flexural strength but spe-
cially deformability of the modified mixtures uponcally did not modify the crosslink density of the

epoxy matrix. This fact was also confirmed by ana- stoichiometric ratio increase had a clear influence
on the toughness behavior of the modified mix-lyzing the variation of rubber modulus, Er , mea-

sured at Ta / 407C, of the modified mixtures. tures. Thus, as shown in Figure 4, fracture tests
revealed an evident continuous increase on bothThus, modified mixtures with a Ta higher than

1657C had similar Er values to those for the corre- KIc and GIc , as the stoichiometric ratio varied from
0.6 to 1.2 for 15 wt % PES-modified mixtures. Itsponding unmodified mixtures. The slight higher

values of Er for the modified mixtures at composi- becomes evident that, at low stoichiometric ratios
(i.e., for epoxy-rich formulations), the brittlenesstions far away from stoichiometry probably arises

upon the small contribution of the elastic modulus of the matrix controlled the fracture properties.
On the contrary, for amine-rich mixtures, theof the thermoplastic at the Ta / 407C of these

mixtures. The similarity on rubber moduli of both strength increase—obtained as a consequence of
PES addition, along with the higher ductility ofkind of mixtures for stoichiometric ratios around

1.0, at completion of the cure schedule, seems to the matrix because of the plasticization effect of
the unreacted amine excess chains and, as shownindicate that both epoxy phases (that for the ma-

trix and that for the inclusions in the PES-rich herein, the microstructural changes—clearly en-
hanced the critical stress necessary to propagatephase) were crosslinked at the same extent for

each stoichiometric ratio. In addition, by applying the crack. The 10-fold increase observed in the
strain energy release rate for stoichiometric ratiosthe Fox equation30 to the Ta’s of the PES-rich

phase for different stoichiometric ratios, by taking changing from 0.6 to 1.2 outlines the importance
of using an increasing amount of amine to curethe Ta of the pure PES and that for the corre-

sponding unmodified mixture completely cured, a the resin.
As is well known for thermoplastic- or rubber-similar epoxy weight percentage in the PES-rich

phase was obtained for all stoichiometric ratios,
which indicated that the increasing molecular
weight of epoxy resin during curing, and not the
amine units, was mainly responsible for phase
separation in the crosslinked mixtures.

Furthermore, fracture behavior of the modified
mixtures cured with different stoichiometric ra-
tios was also studied. As reported in a previous
article,21 both flexural modulus, E , and flexural
strength, sf , shown in Table II, reach a minimum
at the stoichiometric ratio independently of ther-
moplastic modification, and the flexural strain in-
creasing because the addition of PES is most evi-
dent at high stoichiometric ratios. On the other
hand, the deformability, R , of PES-modified mix-
tures increased as the stoichiometric ratio of the Figure 4 Variation of fracture toughness properties

on the stoichiometric ratio.mixture increased.
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viously stated,16 these morphological changes
have to lead to toughness increasing as energy
absorption at the interphase would be enhanced.
From Figures 6 and 7, it becomes clear that the
separated PES-rich phase contained an important
amount of small epoxy domains, because those (as
segregated at the early stage of the cure process)
could have a different crosslink density to that for
the epoxy matrix, especially if the cure schedule
was not completed.

Finally, two-phase mixtures with r Å 1.2 and
1.5 have also been analyzed by SEM by using
methylene chloride-etched samples. Results are
presented in Figures 8 and 9, respectively. Figure
8(a, b) shows a practically interconnected globu-
lar structure, which in the case for the r Å 1.5Figure 5 SEM micrograph for the modified mixture

with r Å 0.6.

modified thermosetting resins,4,12,16,26–28,31 varia-
tions in fracture toughness can be directly related
to the morphologies of the cured mixtures, which
depend on the conditions used for the spinodal
decomposition. Thereby, a microstructural study
of PES-modified mixtures was conducted by scan-
ning and transmission electron microscopies.

SEM analysis without etching was made to vi-
sualize the resulting morphologies of PES-modi-
fied epoxy-rich mixtures. Micrographs for the mix-
tures with r Å 0.6 and 0.8 are shown in Figures
5 and 6, respectively. For r Å 0.6 mixtures, nearly
spherical domains of a PES-rich phase, with a size
ranging from 0.2 to 2 mm diameter, were dispersed
in a continuous epoxy phase, appearing as a well-
defined boundary between particles and matrix.
Thus, these PES rigid spherical particles were not
able to steady the fracture at the boundary of the
second phase. Microstructural features for the r
Å 0.8 PES-modified mixture were completely dif-
ferent because, as shown in Figure 6(a, b), be-
sides some nonspherical domains with sizes
between 0.5 and 6 mm, inhomogeneous regions—
possibly corresponding to zones of phase inver-
sion—containing very small spherical inclusions
(approximately 0.5 mm domain size) were also ob-
served.

TEM micrographs for r Å 1.0 (shown herein)
and rÅ 1.1 PES-modified mixtures (shown in Fig-
ure 7) indicate that microstructural features were
changing as the stoichiometric ratio increased,
first to a particulate/cocontinuous phase for r
Å 1.0, although a few spherical domains remained
and furthermore to a nearly cocontinuous two- Figure 6 SEM micrographs for the modified mixture
phase microstructure, for r Å 1.1, inside which with r Å 0.8. (a) 3,0001 original magnification. (b)

6,0001 original magnification.some phase-inverted regions appeared. As pre-
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features of the mixtures were controlled by the
amine/epoxy stoichiometric ratio on the mixtures.
In this way, a faster cure yielded nearly cocontinu-
ous two-phase structures that led to fracture tough-
ness enhancing. At low stoichiometric ratios, the
lower curing rate resulted in the development of an
almost monodispersed spherical domain structure.

CONCLUSIONS

In this study, the effect of the variation of the
amine/epoxy stoichiometric ratio of the epoxy ma-
trix on the fracture properties of mixtures con-
taining a 15 wt % PES, which showed phase sepa-
ration on curing, has been studied as a function

Figure 7 TEM micrograph for the modified mixture
with r Å 1.1.

PES-modifies mixture [Figure 9(a, b)] , was even
more complex.

The changes in morphology for these 15 wt %
PES-modified epoxy mixtures can be explained in
terms of phase separation occurring through spino-
dal decomposition. Thus, by supposing that phase
separation happened at around the same curing
time independently of the amine amount used, mi-
crostructural features for these two-phase mixtures
would be dependent on gelation times for the differ-
ent stoichiometric ratios used. To test the rheology
of these mixtures, figure 10 shows the evolution on
loss modulus, G9, as a function of curing time at
807C for unmodified mixtures cured with several
curing agent amounts. Gelation times, taken as
times at which storage and loss moduli took the
same value during curing, or with any other similar
criterium, decreased as stoichiometric ratio was
higher. Therefore, the ratio between time to phase
separation and time to gelation becomes lower as
amine content increases in the formulations used
or, in another way, the competition progress of
phase separation and cure reactions at the cure Figure 8 SEM micrographs for the modified mixture
temperature used in this study was controlled by with r Å 1.2. (a) 2,0001 original magnification. (b)

10,0001 original magnification.the rate of polymerization. Thus, microstructural
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of the microstructural features of the mixtures.
The following conclusions can be drawn:

1. The first stage of the cure schedule used con-
trolled the morphology of the resultant mix-
ture because phase separation and thereafter
gelation and vitrification took place in this
stage.

2. Fracture toughness increased as the stoichio-
metric ratio of the epoxy matrix did. This be-
havior has been related not only to the me-
chanical properties of the unmodified matrix,
but also to the changes occurring in the mor-
phology of the modified mixtures upon stoi-
chiometric ratio of the matrix.

3. Phase separation in the modified mixtures,

Figure 10 Evolution of loss modulus through curing
at 807C of the modified mixtures with different stoichio-
metric ratios.

conducting to microstructural features from
spherical particles to a cocontinuous struc-
ture as the amine/epoxy stoichiometric ratio
increased, has been explained in terms of
spinodal decomposition at the early stages of
curing.

The authors thank to Peter Logan (Cranfield Univer-
sity, UK) for the TEM measurements.
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