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ABSTRACT: The epoxy/polystyrene system is character-
ized by a poor adhesion between the constituent phases, which
determines its mechanical properties. The adhesion can be
improved via blends based on epoxy resin and random
copolymers, poly(styrene-co-allylalcohol) (PS-co-PA). In this
work, the influence of PS-co-PA content and the good adhesion
between the phases on the tensile properties and the fracture
toughness achieved through instrumented Charpy tests have
been investigated. The tensile strength and the deformation at
break showed an increase in the PS-co-PA content while the
Young’s modulus remained the same. The tensile fracture sur-
faces revealed that the improvement of these magnitudes was
mainly due to a crack deflection mechanism. Also, the fracture

toughness of the blends was superior to that of the pure epoxy
resin. The main operating toughening mechanism was crack
deflection. The fractographic analysis showed that � 80% of
the particles were broken, and the crack tended to divert from
its original path through the broken PS-co-PA particles. The
remaining particles were detached from the epoxy resin, and
the holes left suffered plastic deformation. Analytical models
were used to predict successfully the toughness due to these
mechanisms. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci 106:
3227–3236, 2007
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INTRODUCTION

Epoxy resins are highly demanded for engineering
applications in the field of structural adhesives, ma-
trix for fiber composite materials, and coatings due
to their high thermal, chemical, and mechanical re-
sistance, and good electrical properties. However,
their main drawback is their inherent brittleness,
which implies poor fracture toughness, poor resist-
ance to crack propagation, and low impact strength.
These attributes have hindered their use in structural
applications.1 Rubber toughening of epoxies is one
common method to improve the fracture toughness,
which has met some success.2–7 However, the im-
provements in fracture toughness of these rubber-
modified epoxies are accompanied by a significant
drop in stiffness and strength, and often lower Tg,
when compared with the pure epoxy resin.2,4,6,8

The way to improve their mechanical and fracture
behavior without major loss in other desirable prop-
erties is to insert high performance engineering ther-
moplastics into the high cross-link epoxy network.8

Polystyrene is a thermoplastic with high mechanical
and chemical resistance,9 but it is usually not used
as an epoxy hardener modifier due to its high ther-

modynamic incompatibility, which generates large
thermoplastic domains with poor matrix adhesion.10

Even though, recent works by Korenberg et al.11 and
Johnsen et al.12 have reported the improvements in
the fracture toughness of an epoxy polymer blended
with a semicrystalline polystyrene, which shows a
poor adhesion between the constituent phases.
Complete phase separation was undergone via two
thermal-processing histories. Three different micro-
structures were obtained depending on the thermal-
processing history and the polystyrene content. The
highest fracture toughness values were related to the
polystyrene particle phase separation (1–4 lm in di-
ameter) microstructure, and the toughening micro-
mechanism was due to polystyrene debonding, poor
adhesion between the thermoplastic phase and the
epoxy matrix, followed by plastic void growth of the
surrounded epoxy matrix.

Although there are many factors, which influence
the toughening process of thermoplastic blended
epoxies, the resin-thermoplastic interface seems to
play an important role in the toughening mecha-
nisms. With the exception of the results presented
by Korenberg et al.11 and Johnsen et al.,12 the major-
ity of the works in the literature state that a strong
interface, which can withstand the loads placed
upon it, guarantees a drawing mechanism of the
thermoplastic particles and consequently, an im-
provement in the fracture toughness of the system.
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Bucknall and Gilbert13 studied a DDS-cured, tetrafunc-
tional epoxy modified by PEI, and the fracture tough-
ness of this system increased significantly with the PEI
content. The microstructure was formed by thermo-
plastic particles (2 lm in diameter) at low PEI content,
which became large domains at higher PEI addition.
The toughening effect was related to ductile drawing
of the thermoplastic phase due to the strong epoxy-
plastic interface. Frounchi14 observed this very same
toughening mechanism operating in PADC/PEMA
blends and so Hedrick et al.15 and Hourston and
Lane16 in a DDS-cured DGEBA modified by PES and
in a DDS-cured TGPAP modified by PEI, respectively.
Cardwell and Yee17 pointed out that the important fac-
tors, which influence toughening by thermoplastic
modifiers may be hindered by the method the samples
were prepared, phase inversion, and cocontinuous net-
works with increasing amounts of thermoplastic modi-
fier. To eliminate these problems, they designed a sys-
tem using preperformed polyamide-12 particles to
keep the morphology constant over various concentra-
tions of this second phase. The matrix employed were
DDM-cured and piperidine-cured DGEBA resins. The
fracture toughness increased with the thermoplastic
content in both epoxy matrix, and this improvement
was due to a crack bridging mechanism, involving a
large plastic deformation of the second phase.

To increase the adhesion between the thermoplastic
domains and the epoxy resin, some studies have been
reported on blends with thermoset precursor and
thermoplastic copolymer modifier.18,19 In this work, a
poly(styrene-co-allylalcohol) (PS-co-PA) random co-
polymer is used as an epoxy modifier with the aim
of investigating the influence of a good adhesion
between the polystyrene and the epoxy matrix in the
mechanical and fracture properties. Prolongo et al.20

reported the presence of an interfacial layer, 150-nm
thick, in these very blends and concluded that this
layer should contribute to improve the adhesion
between the phases. The interphase was originated by
hydroxyl/epoxy interaction and its thickness seemed
to be independent of the modifier content.

This work is concerned with the investigation of
the mechanical properties and fracture toughness of
thermoset epoxy resin with a PS-co-PA copolymer as
a modifier. The mechanical response of this system
was evaluated through tensile tests. Fracture tough-
ness performances were achieved in single-edge
notched bend (SENB) specimens through instru-
mented Charpy impact tests.

EXPERIMENTAL

Materials

The studied blend was composed of an epoxy resin
modified with different amounts of random copoly-

mers of polystyrene with 40% of polyallylalcohol
(PS-co-PA). The epoxy precursor used was diglycidyl
ether of bisphenol A (DGEBA), supplied by Ciba
under the commercial name of Araldite F. Its epoxy
equivalent weight is 178 g/eqiv, which was meas-
ured by the chemical titration of the end groups. As
a curing agent, we used 4,40-diaminodiphenyl sul-
fone (DDS), acquired from Sigma–Aldrich Chemical.
A linear PS-co-PA copolymer supplied by Sigma–
Aldrich was used as modifier. It was characterized
by a low molar mass and 40 wt % allyl content. Its
number–average molecular weight was 1200 g/mol,
and presented a polydispersity index close to 1.8.

The manufacture process consisted of the follow-
ing steps. First, homogeneous solutions of different
amount of PS-co-PA (from 5 to 20 wt %) in epoxy
monomer were prepared using a magnetic stirrer at
1408C in vacuum for 30 min. The curing agent was
then added to the mixture in a stoichiometric epox-
ide/amine ratio, and mechanical mixing was contin-
ued for a few more minutes, at 1808C in vacuum.
The mixing continued until the amine hardener was
totally dissolved. Immediately after, it was poured
into a steel mold, which was previously treated with
an antiadherent demold agent, MARBOCOTE 445
ECO. Afterward, the mold was inserted into heating
plates for curing. The curing treatment consisted of a
heating at 2108C during 3 h. The specimens were
cooled down at room temperature inside the heating
plates to avoid the crack formation due to thermal
shock.

Mechanical properties

Tensile tests

The tensile tests were carried out, following the
ASTM D638 standard, to measure the tensile
strength, the Young’s modulus, and the deformation
at break in the epoxy resin, and the blends with dif-
ferent thermoplastic contents. Type I specimens with
13 3 57 3 3 mm3 in the narrow section were tested
on an electromechanical testing machine (MTS Alli-
ance RF/100), under displacement control at a cross-
head speed of 1 mm/min. The strain was measured
during the tests with an extensometer attached to
the sample (model MTS 654-12F).

Fracture properties

Fracture toughness at impact tests was carried out
on SENB specimens obtained directly from the mold
with 6 3 18 3 79 mm3 in size and an initial notch
length of 8.1 mm. A natural crack could not be
inserted by tapping at the center of the notch due to
the brittleness of the materials. Thus, a sharp crack
was generated at the center of the notch with a cop-
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Journal of Applied Polymer Science DOI 10.1002/app



per disk 0.05-mm thick mounted on a microcutting
machine Struers Accutom-5. The resulting notch was
� 9.0 mm in depth.

The fracture toughness tests were carried out on
an instrumented Charpy impact pendulum (Ceast
Resil Impactor), following the guidelines described
by ESIS TC4 Protocol for the determination of frac-
ture toughness at moderately high loading rates.21

All the materials were tested at a load-point dis-
placement rate of 0.3 m/s, and this condition was
accomplished with a 4 J striker positioned at drop
height of 4.6 mm. The associated impact energy was
of 42.9 mJ. The support span was of 72 mm for all
the materials.

After the mechanical tests, the fracture surfaces of
the broken specimens were examined by environ-
mental scanning electron microscope, ESEM (Philips
XL30), to determine the micromechanisms of failure.
The fractographic images obtained were also used
to evaluate the percentage of broken, intact, and
detached particles as well as to measure the diame-
ter of the particles and the deformation of the
matrix. These quantitative measurements were per-
formed with Image Pro-Plus 4.5 image analysis soft-
ware.

The interphase between the constituent phases of
this system was analyzed via transmission electron
microscope, TEM (Phillips Tecnai 20). The specimens
were cut at room temperature using an ultramicro-
tome (Leica EMFCS) equipped with a diamond
knife. The resulting ultrathin sections were picked
up on copper grids and stained in the vapor of an
aqueous solution of RuO4.

RESULTS AND DISCUSSION

Morphology

The micrographs associated to the epoxy resin and
the systems formed by the blends with 10 and 20 wt %
PS-co-PA are shown in Figure 1(a–c), respectively.
The microstructure consisted of PS-co-PA spherical
domains homogenously dispersed into the epoxy ma-
trix. The size of the domains scarcely increased with the
PS-co-PA content and the average diameter of the sepa-
rated phase was close to 2 lm.20

The thermomechanical response of this system has
been extensively studied in the work reported by
Prolongo et al. 20,22 The DMTA experiments carried
out in these blends revealed the presence of two a
relaxations, which confirms the heterogeneity of
these blends. Besides, while the Ta associated to the
relaxation of the PS-co-PA (� 808C) maintained con-
stant independently of the content in the blend. The
high Ta associated with the cured epoxy resin
decreased from 243.48C for the pure epoxy resin
to 217.88C in the case of the blend with 20 wt % of

PS-co-PA. This diminish was due to the partial misci-
bility of the PS-co-PA on the epoxy network.20

The chemical structure of the blends and the
appearance of the epoxy-hydroxyl reaction have
been studied in the work by Prolongo et al.22

through FTIR and 13C NMR experiments.

Mechanical properties

Tensile properties

The Young’s modulus, E, the tensile strength, r, and
the deformation at break, e, are plotted as a function

Figure 1 Micrographs showing the morphology of the ep-
oxy resin (a), blends with 10 wt % of PS-co-PA (b), and
with 20 wt % of PS-co-PA (c).
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of the PS-co-PA content in Figure 2(a–c), respectively.
The plots include the average values and the stand-
ard deviations corresponding to six tests for the ep-
oxy resin and the blends with different thermoplastic

contents. All the load-deformation curves, independ-
ently of the thermoplastic content, were basically lin-
ear and elastic till fracture. Some conclusions can be
drawn from the results. First, over the investigated
composition range, the addition of PS-co-PA did not
change the Young’s modulus of the resin [Fig. 2(a)].
The scatter obtained in the measurements of the
Young’s modulus of the epoxy resin and the blends
with a 5 and 10% of thermoplastic content was so
high that the moderate increase observed in the av-
erage value of the blend with 20% is not reliable.
The value of the Young’s modulus of the epoxy resin
is in agreement with the flexural values reported by
previous researchers,15,23–25 and the tensile module
reported by Grillet et al.26 Even so, the tendency of
the Young’s modulus with the PS-co-PA content
obtained from the tensile tests differs with that
measured via DMTA experiments in this very sys-
tem by Prolongo et al.20 There, the storage modulus
in the glassy state increased from 2.55 GPa for the
pure epoxy resin to 2.75 GPa for the blends with
20 wt % of PS-co-PA. The discrepancy in the values
obtained by these two methods is due to the inher-
ent difficulty of measuring the Young’s modulus.
Second, the tensile strength and the deformation at
break increased with the PS-co-PA content [Fig.
2(b,c)]. The maximum improvement was achieved
when the concentration of PS-co-PA is of 20 wt %,
with values 15% higher than those for the epoxy
resin.

The fracture surfaces of the broken specimens for
the epoxy resin and the blends with 5 wt % of ther-
moplastic content obtained from tensile tests are
shown in Figures 3 and 4, respectively. All the frac-
ture surfaces tested were flat. The epoxy resin and
the blends showed large pores (� 200 lm), easily
observed at low magnification, and marked with an
arrow [Figs. 3(a) and 4(a)], principally concentrated
at the corners of the specimens. These large defects
with the same dimensions are present in all the
specimens, independently of the PS-co-PA content.
These pores were originated during the sample man-
ufacture when the mixture was poured into the steel
mold. Because of the viscosity of the mixture, the
corners of the mold were not filled conveniently,
and bubbles of air were trapped at the corners of
the mold. The fracture surface of the epoxy resin
showed accentuated river markings and many ri-
dges, pointing to the defect responsible for the fail-
ure [Fig. 3(a)],27 as well as some features protruding
from the fracture surface usually named ‘‘stacked la-
mellar texture’’28,29 (indicated by a circle) [Fig. 3(c)].
Although the fracture is predominantly brittle, these
features imply the fortuitous intersection of two
planes of fracture, stating the presence of localized
plastic deformation in a highly crosslinked network.
This phenomenon was also observed by Atsuta and

Figure 2 Evolution at room temperature of the Young’s
modulus (a), the tensile strength (b), and the deformation
at break (c) with the PS-co-PA content.
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Turner,28 Robertson and Mindroiu,29 and Fiedler
et al.30

Little differences were found among the fracture
surfaces of the specimens with 5, 10, and 20 wt %
PS-co-PA content. Although the failure was also brit-
tle and the crack was nucleated by a pore, the frac-
ture surface was much rougher [Fig. 4(b)] compared
with that of the epoxy resin [Fig. 3(b)], and the river
markings were not so easy to see as the additive
content increased. So, these differences indicate that
the particles play an important role during the crack

propagation. The deviation of the crack front from
its original plane showed that the particles may act
as obstacles, changing the propagation rate and gen-
erating this sheetlike structure that is accompanied
by particles breakage and matrix yielding [Fig. 4(c)].
This crack deflection mechanism is responsible for
the increase in the tensile strength and deformation
at break of the blends as more energy is required to
enlarge the area of the crack. Although this mecha-
nism of failure operates mainly with inorganic fillers,

Figure 3 Fracture surface of the epoxy resin broken in
tensile tests: (a) low magnification micrograph where pore
is marked with an arrow and features protruding from the
surfaces are marked with circles, (b) detail of river mark-
ings, and (c) detail of the outgoing prominences from the
surface with an array of tracks.

Figure 4 Fracture surface of the blend with 5% of PS-co-
PA content broken in tensile tests: (a) low magnification
micrograph where the pore is marked with an arrow, (b)
detail of rough surface, and (c) high magnification micro-
graph showing particles breakage and matrix yielding.
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it also has an important contribution when high
modulus thermoplastic particles are used as modi-
fiers. This has been proved by Abad et al.27 in tensile
fracture surfaces of BAC-cured DGEBA resin with a
BAC modifier, by Korenberg et al.11 and Johnsen
et al.12 in the system formed by MCDEA-cured
DGEBA with syndiotactic polystyrene modifier and
by Francis et al.31 in the epoxy/PEEKMOH system.

Fracture properties

The fracture toughness is plotted as a function of the
PS-co-PA content in Figure 5. The graph includes the
average values and the standard deviations corre-
sponding to five tests for the epoxy resin and the
blends with different PS-co-PA content. The fracture
toughness increased with the PS-co-PA content. The
maximum improvement achieved at 20 wt % was
50% higher than that for the epoxy resin.

The fracture toughness of the epoxy resin is
slightly higher than that found in the litera-
ture,8,11,12,23,25,26 and so this leads to have to consider
the possible effect of the notch radius. All the frac-
ture specimens presented a notch radius of � 40 lm
via sawing as a natural crack of proper length was
difficult to grow and control via tapping in these
brittle materials. In principle, this radius can lead to
overestimate the actual fracture toughness of the
materials. To study the possible influence of the
notch-root radius on the fracture toughness measure-
ments of these blends, the guidelines reported by
Damani et al.32 and Picard et al.33 for brittle materi-
als were followed. It was checked that a notch radius
� 40 lm is below the threshold for which the frac-
ture toughness is sensitive to the notch-root radius.

The fracture surfaces of the broken specimens for
the epoxy resin and the blends with 10 wt % of
PS-co-PA content are shown in Figures 6 and 7,

respectively. The epoxy resin showed a fairly smooth
and featureless surface [Fig. 6(a)]. The only remark-
able feature was some fine cracks located next to the
notch [Fig. 6(b)]. The blends with 10 and 20 wt %
of PS-co-PA content were very similar and were
characterized by a rough surface [Fig. 7(b)], which
extended in a small area around the crack tip [Fig.
7(a)]. The study at higher magnification also
revealed the occurrence of crack deflection [Fig.
7(c)] as well as a high amount of broken particles
and matrix deformation around these broken par-
ticles via plastic void formation [Fig. 7(d)]. All the
particles presented a void, which should have been
generated during the curing process as air bubbles,
coming from the solution, were trapped inside the
thermoplastic particles.

The percentage of broken particles and detached
or intact particles as a function of the PS-co-PA con-
tent is plotted in Figure 8. The plot includes the av-
erage values and the corresponding standard errors
of the broken and detached or intact particles corre-
sponding to the measurements of five micrographs
taken at a magnification of 5000 for the blends with
5, 10, and 20 wt % of PS-co-PA. The graph indicates
that around 80% of the particles are broken. The
high number of broken particles points out the pres-
ence of a strong interphase between the matrix and

Figure 5 Fracture toughness as a function of the PS-co-PA
content.

Figure 6 Fracture surface of the epoxy resin broken in
dynamic fracture toughness test: (a) panoramic view and
(b) detail of some fine cracks next to the notch.
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the particles. The existence of an interfacial layer
� 100–150-nm thick between the matrix and the PS-
co-PA particles in this system is shown via TEM
analysis in Figure 9.

To enhance the fracture toughness, not only two
phase morphology is desirable but also a good inter-
action between the dispersed phase and the epoxy

resin is essential. This has been accomplished by the
incorporation of a copolymer to the polystyrene
modifier. The mechanical response exhibited by the
blends was improved compared with the epoxy
resin and the main mechanism exhibited was crack

Figure 7 Fracture surface of the blend with 10% of PS-co-PA content broken in dynamic fracture toughness tests: (a) pan-
oramic view, (b) micrograph taken around the crack tip, (c) high magnification micrograph in which most of the particles
are broken, and (d) detail of a broken particle surrounded by cavities.

Figure 8 Percentage of broken and detached or intact PS-
co-PA particles measured from the fracture toughness sur-
faces of the blends with 5, 10, and 20% PS-co-PA content.

Figure 9 TEM micrograph showing the interphase
between the matrix and the PS-co-PA particles for the
blend with 20 wt % of PS-co-PA. The interphase outline is
marked with arrows.
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deflection closely related to the breakage of particles.
In a lesser extent, plastic void formation due to ma-
trix deformation around the particles also contrib-
uted to the fracture toughness improvement. This
mechanism is principally related to the detached
particles as Johnsen et al.12 demonstrated that the
plastic void growth was the main operating contri-
bution when the adhesion between the dispersed
particles and the matrix was very poor.

Modeling of the toughening micromechanisms

Huang and Kinloch34 developed a model to predict
the toughening effect of a particulate thermoplastic
blend, which involves the main energy-dissipating
toughening mechanisms. This model assumes that
the fracture behavior is linear-elastic and the plastic
zone is small compared to the dimensions of the
specimens. The fracture energy in a thermoplastic
modified polymer can be expressed as

GIC ¼ GICU þC (1)

where GIC is the fracture energy, GICU is the fracture
energy of the epoxy resin, and C represents the
overall toughening mechanisms. In the particular
case of the fracture toughness experiments consid-
ered, the main toughening mechanisms are crack
deflection, which resulted in a nonplanar crack,
which induced a reduction in the driving force of
the crack, and plastic void formation due to the ma-
trix deformation around the thermoplastic particles.
In such a case, the overall toughening contribution
may be written as

C ¼ DGcd þ DGv (2)

where DGcd is the contribution to the enhancement
in fracture toughness from crack deflection, and DGv

is the contribution due to plastic void formation.
Faber and Evans35 developed a model to predict

the fracture improvement due to crack deflection
around second-phase spherical particles. In this
model, crack deflection resulted in crack fronts
growing locally under modes I and II. The relative
contribution to the energy release rate due to a por-
tion of deflected crack front is obtained integrating
over all the possible deviation angles from the origi-
nal plane, y. The energy release rate due to the entire
crack front can be derived if the volume fraction of
spheres, f, is known and is given by

G
sphere
cd ¼ ð1þ 0:87f ÞGICU (3)

where GICU is the intrinsic toughness of the matrix.
This model indicates that the fracture toughness
enhancement due to crack deflection depends only

on the volume fraction and particle shape but it is
unchangeable with particle size. This expression can
be written as a function of toughness increment:

DKcd ¼
ffiffiffiffiffiffiffiffiffiffiffi
0:87f

p
KICU (4)

where DKcd is the increment in fracture toughness
due to the crack deflection mechanism, and KICU is
the fracture toughness of the pure epoxy resin.

The contribution to the increase in fracture energy
from plastic void growth, DGv, can be calculated
using the following equation:34

DGv ¼ 1� m2m
3

� �
ðVfv � VfrÞK2

vmsycryu (5)

where lm is a material constant and is normally
taken to be 0.2 as reported in Ref. 12. Vfv is the vol-
ume fraction of voids and Vfr is equivalent to f, that
is, the volume fraction of particles. Kvm is the maxi-
mum stress concentration factor of the von Misses
stress in the epoxy resin and was found to be 2.22
around a void in an epoxy matrix.12 ryc is the com-
pressive yield stress of the epoxy resin and has been
reported to be � 100 MPa.12 The radius of the plastic
zone for the unmodified epoxy is ryu and for its cal-
culation has been assumed a circular plastic zone
using the relationship:1

ryu ¼ 1

6p
KIc

sy

� �2

(6)

where KIc is the fracture toughness of the epoxy
resin and ry is the yield stress. The calculated value
was of 5.55 lm.

The volume fraction of voids, Vfv, in the epoxy ma-
trix was calculated principally from the detached par-
ticles and in a lesser extent, from the broken particles,
which may have suffered debonding during the frac-
ture. To get this magnitude, a deformation matrix
index, k, was previously measured using the fracture
surface micrographs as the following relationship:

k ¼ 1� Ap

Av
(7)

where Ap is the area of the particle and Av is the total
area formed by the area of the void plus the area of
the particle. From this expression, it can be inferred
the volume fraction of voids, Vfv, which is related
with the volume fraction of particles, Vfr:

Vfv ¼ Vfr

ð1� kÞ3=2
(8)

Figure 10 compares the fracture toughness obtained
from the different models with the experimental
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results. It shows the experimental toughness, K
exp
IC , as

a function of the PS-co-PA, together with the corre-
sponding standard deviations, as well as the pre-
dicted fracture toughness assuming that the only
mechanism involved is crack deflection, Kcd, and the
calculated fracture toughness considering the plastic
void growth as the only toughening mechanism, Kv.
According to the fractography study, crack deflection
accompanied by particles breakage is the main impli-
cated mechanism in the fracture toughness enhance-
ment, even though the predicted values due to this
mechanism, Kcd, is slightly lower than the measured
values. This points out that another mechanism must
be acting. In a similar way, if plastic void growth
around the overall PS-co-PA particles is estimated to
be the only mechanism occurring, the predicted
toughness, Kv, is a little higher than the experimental
toughness.

Experimentally, it has been proved that the blends
formed by a polystyrene copolymer present a good
adhesion between the phases. This implies an
increase in the fracture toughness with the PS-co-PA
content because more energy is spent to divert the
crack from its original plane followed by the break-
age of the particles. The modeling of this mechanism
predicted a fracture toughness slightly lower than
the experimental values, which indicated that some
other mechanism must be operating. The analysis of
the fracture surfaces also revealed that the holes
associated to the detached particles suffered plastic
void growth and in a lesser extent, some of the bro-
ken particles. This behavior was the main toughen-
ing mechanism in the polystyrene/epoxy blends
with poor adhesion between the phases investigated
by Johnsen et al.12 The average of detached or intact

particles was of � 20% (Fig. 8), and so the necessary
energy to fit the modeling fracture toughness due to
the crack deflection mechanism with the experimen-
tal values is fulfilled with the contribution of these
detached and broken particles.

Annex

Table I gathers the volume fraction, f, and the super-
ficial factor, a, of particles for each PS-co-PA content.
The volume fraction was calculated using the follow-
ing expression:

f1 ¼ o1=r1
ðo1=r1Þ þ ðo2=r2Þ

(9)

where xi and qi are the weight percentage and the
density of the phase I, respectively. The densities of
the DGEBA/DDS and the PS-co-PA are 1.237 and
1.083 g/cm3,20 respectively. On the other hand, the
superficial factor of particles for each PS-co-PA con-
tent was obtained as the ratio between the total area
of the PS-co-PA particles and the total area of the
image. This magnitude includes the average values
and the standard deviations corresponding to the
measurements in three images. These data have not
corrected by any factor to prevent the parallax error.

As the table shows, the superficial factor of par-
ticles and the volume fraction for the specimens
with 5 and 10 wt % of PS-co-PA are in good agree-
ment. The major differences are found in the blends
with 20 wt % of PS-co-PA. Probably, these measure-
ments are affected by parallax errors as the density
of particles has increased.

CONCLUSIONS

The tensile properties and the fracture toughness at
moderate high loading rates has been investigated in
the blends formed by epoxy resin thermoset and
poly(styre-co-allylalcohol) (PS-co-PA) copolymer as
thermoplastic modifier. Apart from a two-phase
morphology, the special feature of this system is the
good adhesion between the dispersed thermoplastic
particles and the epoxy resin matrix due to the co-
polymer presence in contrast to the epoxy/polysty-
rene blends.

Figure 10 Measured values of fracture toughness, K
exp
IC ,

predicted fracture toughness due to crack deflection, Kcd,
and calculated fracture toughness from void growth mech-
anism, Kv, as a function of the PS-co-PA content.

TABLE I
Volume Fraction (f) and Superficial Factor (a) of

Particles of PS-co-PA

PS-co-PA (wt %) f a

5 0.056 0.044 6 0.011
10 0.112 0.114 6 0.015
20 0.222 0.140 6 0.030
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The tensile strength and the deformation at break
increased with the PS-co-PA content whereas the
Young’s modulus suffered no modification for this
specific configuration. The fracture surfaces study
revealed that this improvement was related to the
increase of the roughness of the surface due to a
crack deflection mechanism.

The fracture toughness at moderate loading rates
increased with the PS-co-PA content. The maximum
improvement was obtained in blends with a 20 wt %
of PS-co-PA content and was 50% higher than that of
the epoxy resin. Various mechanisms were responsi-
ble for the enhancement in fracture toughness,
although the fracture surfaces revealed that the crack
deflection was the dominant mechanism. The fracto-
graphic study also showed that � 80% of the par-
ticles were broken, which corroborated the presence
of a good adhesion between the phases. Besides, the
holes related to detached particles presented plastic
void growth and in a lesser extent, some of the bro-
ken particles. The modeling of the fracture tough-
ness due to crack deflection predicted values slightly
smaller than the experimental results. This implies
that the plastic void deformation around detached
particles must also contribute to the fracture energy
although in a much less significant way as only 20%
of the particles are detached.
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