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Abstract The mechanical properties of poly(vinyl ace-

tate) (PVAc)/epoxy thermosets as a function of the PVAc

content were investigated through dynamic mechanical

thermal analysis from -100 to 220 �C and through tensile

tests at room temperature. The morphology of the ther-

mosets was examined by scanning electron microscopy.

Cured PVAc/epoxy blends are phase separated, arising two

phases that correspond to a PVAc-rich phase and to the

epoxy rich-phase. The morphology evolves from nodular to

inverted as the PVAc content increases. Intermediate

compositions present combined morphologies, in which

nodular and inverted regions are detected. The tensile

properties at room temperature reveal that combined

morphologies present the most ductile behaviour. The glass

transition temperatures (Tg) of PVAc and of epoxy phases

in the blends are different from those of the neat polymers.

The profile of the loss modulus (E00)–temperature curves

are correlated with the change in morphology that appears

increasing the PVAc content. The storage modulus

(E0)–temperature curves are highly dependent on the mor-

phology of the samples. The E0-composition dependence is

predicted using several models for two-phase composites.

The low-temperature b-relaxation of the epoxy is slightly

modified by the presence of PVAc. The activation energies

of the a and b-relaxations are not dependent on the blend

morphology.
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Introduction

Highly cross-linked epoxy thermosets are widely used as

adhesives and matrices for fibre-composite materials

because they possess good combination of thermal and

mechanical properties, high glass transition temperature

(Tg), stiffness and chemical resistance and low shrinkage

on curing. However, they are brittle due to their high

crosslink density. Many studies have dealt with the modi-

fication of epoxies by adding an elastomeric or a thermo-

plastic polymer in order to improve their inherent

brittleness. The initially miscible blend phase separates on

curing to form a biphasic material. In these modified

thermosets the morphology, which depends on the modifier

content and curing conditions [1], is the main factor that

determines the improvement of toughness [2].

Frequently, dynamic mechanical thermal analysis

(DMTA) is used to determine the a-relaxation of the phases

in modified thermosets. The a-relaxation is related to the

segmental dynamics of the polymer chain and is associated

to the glass transition temperature (Tg). Most of the systems

studied show changes in the position of tan d, corre-

sponding to the a-relaxations of the phases, which are

attributed to a partial miscibility of the components either

to an incorrect formation of the epoxy network [3–7]. Some

works also study the activation energies of the relaxations
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relating them with the interactions [7, 8]; however, the

variation of the loss modulus and the prediction of the

storage modulus using models is rarely reported [4, 9].

Epoxy networks also present a secondary b-relaxation

which is related to local dynamics of hydroxypropylether

units [10]. In rubber-modified epoxies, the epoxy b-relax-

ation appears in the same region of the rubber a-relaxation

thus being difficult to differentiate them [3], on the other

hand few works have studied the epoxy b-relaxation in

thermoplastic/epoxy thermosets [7]. Moreover, they do not

often make a joint discussion of the dynamic mechanical

and tensile test properties, their prediction by mechanical

models and correlation with the morphology.

Poly(vinyl acetate) (PVAc) is an amorphous polymer

that features excellent adhesion to various substrates, and is

mainly produced for its use in adhesives and paints. The Tg

of PVAc is slightly higher than room temperature

(*44 �C), it behaves brittle and rigid at T \ Tg, but

blending with other polymers frequently improves

mechanical properties [11].

In previous works [12–15], we have studied the curing

of epoxy resins based on diglycidyl ether of bisphenol A

(DGEBA) blended with PVAc, using aromatic diamines as

curing agents. The initial mixture consists of a thermo-

plastic dissolved in the epoxy resin precursor (epoxy

monomer ? curing agent). On curing, the blends phase

separate, giving rise to biphasic material formed by an

epoxy rich phase and a PVAc rich phase, cured blends

show changes in morphology as the PVAc content

increases. On the other hand, it has been reported that

epoxy thermosets modified with PVAc of high-molecular-

weight have higher fracture toughness than neat epoxy

thermosets [16]. In this work, we study the dynamic-

mechanical properties of DGEBA ? PVAc blends cured

with 4,40diaminodiphenylmethane (DDM) in the compo-

sition range 5–25 wt% of PVAc, from -100 to 220 �C.

Tensile tests of the thermosets were also investigated at

room temperature. In PVAc/epoxy thermosets, the epoxy

b-relaxation does not overlap with PVAc relaxations thus

the effect of morphology on the secondary relaxation could

be clearly studied. The aim of this study is to analyse the

influence of the PVAc content on the thermo-mechanical

behaviour, to correlate it with the sample morphology and

to study the predictions of mechanical models.

Experimental

Materials and blend preparation

The epoxy resin was based on the DGEBA manufactured

by Ciba under the commercial name of Araldit F. The

number average relative molecular mass, �Mn ¼ 360 g mol�1;

was obtained by chemical titration of the end groups. The

curing agent, DDM (97 wt% purity), was supplied by

Across Organics. PVAc with �Mn ¼ 9� 104 g mol�1 and

polydispersity index 2 was purchased from Polysciences.

Frekote from Loctite was employed as a mould-release

product.

DGEBA and DDM were used with a stoichiometric ratio

amino-hydrogen to epoxy. (DGEBA ? DDM)/PVAc blends

were obtained solving appropriate amounts of PVAc in the

epoxy resin at 90 �C, then pulverized DDM was solved

during 3 min, at this stage all the mixtures were transpar-

ent, thus indicating miscibility. To prepare specimens for

DMTA, scanning electron microscopy (SEM) and tensile

tests measurements, the mixtures were poured into pre-

heated moulds at 120 �C, degassed for 6 min and cured

under atmospheric pressure. The curing protocol was

120 �C for 2 h and post-curing of 1 h at 180 �C. After

curing, the mould was allowed to cool gradually to room

temperature. This protocol conduces to totally cured sam-

ples. The PVAc content ranged from 5 to 25 wt%.

Techniques

DMTA was performed in dual cantilever bending mode

using a DMTA V Rheometric Scientific instrument.

Specimens had dimensions: 35 mm 9 10 mm 9 1.5 mm.

The measurements were done at 1, 2, 6, 10, 40 and 50 Hz

frequency, with temperature increasing from 30 to 220 �C

(high-temperature scan) and from -100 to 30 �C (low-

temperature scan) at a heating rate of 1 �C min-1. The

maxima on tan d-temperature curves were determined to

identify the a-relaxations associated to the glass transitions

and the b-relaxation of the epoxy thermoset.

A Mettler Toledo mod.822e differential scanning calo-

rimeter (DSC) was used to measure the glass transition

temperatures and to asses the full cure of the thermosets.

Measurements were done at a heating rate of 10 �C min-1,

under nitrogen atmosphere. The instrument was calibrated

with indium and zinc. Samples of 10–20 mg were used.

SEM was used to study the morphology. A Phillips

XL30 instrument was employed with beam energy of

20 kV. The fracture surfaces of the samples were coated

with gold by vapour deposition using a vacuum sputter.

The environmental mode (ESEM) was also used, with

water vapour pressure 0.6–0.7 Torr.

The tensile properties (tensile modulus, tensile strength

and elongation at break) were measured on a MTS QTest/

2L mechanical tester, with a load cell of 10 kN, using a

crosshead speed of 1 mm min-1 at room temperature

(20–22 �C). The extensometer used was MTS model

634.11F-54 (gauge length 25 mm). The tensile specimens

had dimensions: 140 mm 9 10 mm 9 1.8 mm. Seven

specimens for each blend composition were prepared.
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Results and discussion

Morphological analysis

Figures 1, 2 and 3 show the micrographs of the fracture

surfaces. Neat epoxy (Fig. 1a) presents homogeneous

morphology with no visible phase domains; however, the

fracture surfaces of the modified epoxies (Figs. 1c, 2b, d

and 3) show two different phases, this heterogeneous

morphology agrees with the opacity observed in these

samples. In the sample with 5 wt% PVAc nodular mor-

phology is observed (Fig. 1c), in which the thermoplastic

phase is homogeneously dispersed as small spheres

(*0.1 lm in diameter) in a continuous epoxy matrix.

However, samples containing 10 and 15 wt% PVAc

(Fig. 2b, d) present a combined morphology of nodular

morphology regions and inverted morphology regions in

which the epoxy phase forms spheres that are surrounded

by the thermoplastic phase. When the PVAc content

increases up to 20 wt% the morphology changes to totally

inverted, showing a packing of epoxy spheres

(*0.8–1.2 lm in diameter) surrounded by a thin continu-

ous PVAc phase (Fig. 3).

The composition at which inversion in morphology

takes place should be close to the critical point /c. The

thermodynamic description [1] based on the Flory–Hug-

gins model that takes into account the thermoplastic

polydispersity was used to calculate the critical composi-

tion, using the relation

/c�1
TP ¼ 1þ VTP

VTS

� �1=2 xwðTPÞ
xzðTPÞ1=2

ð1Þ

where /TP
c is the volume fraction of the thermoplastic

(PVAc) at the critical point, VTP is the molar volume of the

repeating unit of the thermoplastic and VTS is the molar

Fig. 1 ESEM micrographs of neat epoxy thermoset at magnification:

a 9350, and of 5 wt% PVAc/epoxy thermoset at magnifications:

b 9100 and c 95000

Fig. 2 SEM micrographs of 10 wt% PVAc/epoxy thermoset at

magnifications: a 950 and b 910000, and of 15 wt% PVAc/epoxy

thermoset at magnifications: c 950 and d 95000

Fig. 3 ESEM micrographs of 20 wt% PVAc/epoxy thermoset at

magnifications: a 91000 and b 95000
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volume of the thermoset precursor which is taken as a

single pseudomonomer (2/3 mol DGEBA and 1/3 mol

DDM), and xw(TP) and xz(TP) are the degrees of poly-

merization of the thermoplastic. The molar volumes were

obtained from the densities and the polymerization degrees

from GPC. The value obtained for the critical composition

was /PVAc
c = 0.052 (*5 wt% PVAc). The morphological

study indicated that this composition is not inverted and

that the inversion in morphology has already started in

blends with 10 wt% PVAc. These differences can be

attributed to the interactions between PVAc and epoxy [12]

that are not considered in the combinatorial model (Eq. 1).

In samples having compositions near to /c a variety of

morphologies may be developed [1]. The origin of the

combined morphology would be a primary phase separa-

tion epoxy-rich phase and thermoplastic-rich phase, fol-

lowed by a secondary phase separation occurring in both

phases [17]. This combined morphology was also observed

in samples cured after casting from acetone solutions [14].

However, when a much higher molecular weight of PVAc

(6.7 9 106 g mol-1) is used, samples with 10 and 15 wt%

PVAc show co-continuous morphologies, but the second

phase separation was not detected [16].

As it was expected, the fracture surface of neat epoxy

(Fig. 1a) is smooth. The smoothness of the fracture surface

is typical of the brittle fracture of high Tg epoxy thermo-

sets. The fracture surfaces for PVAc/epoxy samples

(Figs. 1b, 2a, c), present tortuous ridges and river marks,

the rough fracture surface indicates deflection of crack path

hence a higher energy is required for its propagation. This

behaviour agrees with the improvement of toughness

reported for high-molecular-weight PVAc/modified epoxy

[16] and with our tensile tests (see below).

In the nodular morphology regions (Figs. 1c, 2b, 2d)

holes can be observed, in which the PVAc particles are

missing thus pointing out that they have debonded from the

matrix during fracture. In combined morphologies, nodular

and inverted regions are intertwined; these regions appear

partially debonded on the fracture surfaces, although fibrils

connecting the interfaces maintain linked both regions

(Fig. 2d). This indicates that there is a significant inter-

penetration of PVAc and epoxy at the interfaces, which is

supported by the fact that none of these samples were

disintegrated when they were immersed in good solvents

for PVAc. Moreover, for inverted morphologies (Fig. 3)

the fracture proceeds without debonding of epoxy particles

that are still covered by the thermoplastic layer, thus PVAc

matrix determines the failure.

Tensile tests

The stress–elongation curves of neat epoxy thermoset and

modified epoxy thermosets with different PVAc content

were measured at room temperature (20–22 �C). From the

curves the elastic modulus, the tensile strength and the

elongation at break were determined, the mean values

taken from an average of at least six specimens are given in

Table 1. Neat epoxy thermoset and neat PVAc are at room

temperature in the glassy state, thus both behave rigid,

PVAc is weaker and more fragile than epoxy thermoset. As

can be seen for samples with nodular and combined mor-

phologies (5–15 wt% PVAc), Young’s modulus changes

very little, the tensile strength decreases and the elongation

at break increases with increasing the PVAc content,

therefore the modified PVAc/epoxy thermosets exhibit a

ductile behaviour especially for combined morphologies.

The increase in the elongation at break is usually taken as

an indication of good adhesion between phases [18], which

agrees with the fibrils observed on the fracture surfaces of

samples with combined morphology. The area under the

stress–strain curves, which is a measure of toughness, was

calculated, the results are summarized in Table 1, higher

values of the area were obtained for combined morpholo-

gies. This behaviour is well correlated with the improve-

ment of toughness reported for high-molecular-weight

PVAc/epoxy thermosets [16], the fracture toughness (KIc)

results are listed in Table 1. For co-continuous (combined)

morphologies a decrease in toughness is frequently

observed when the thermoplastic content increases [2], this

has been associated to poor interfacial bonding. Never-

theless in PVAc/epoxy thermosets the samples with com-

bined morphology show the highest toughness in

accordance with good interfacial interactions. For samples

with inverted morphology (20 wt% PVAc) the behaviour

drastically changes, modulus increases, but the tensile

strength and the elongation at break, decrease significantly.

This is a consequence of the morphology, the PVAc forms

the continuous phase (Fig. 3), the fracture occurs through

the PVAc matrix which is the weakest phase and it deter-

mines the fracture properties.

Table 1 Tensile modulus, tensile strength, elongation at break and

area under the tensile curve at room temperature (20–22 �C) and

fracture toughness, KIc, for neat epoxy and for PVAc/epoxy thermo-

sets with different contents of PVAc

PVAc/

wt%

Young’s

modulus/

GPa

Tensile

strength/

MPa

Elongation

at break/%

Area/

MJ m-3
KIc

a /

MPa m1/2

0 2.5 63 3.8 135 1.07

5 2.4 62 4.4 163 1.2

10 2.2 59 5.9 228 1.35

15 2.3 52 6.7 274 1.4

20 3.0 36 1.5 27 –

100 3.7 35 1.3 27 –

a Data from ref. [16]
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Dynamic mechanical thermal analysis

Figure 4 shows the tan d-temperature isochrones from 30

to 220 �C for samples containing 5, 10, 15 and 20 wt%

PVAc. It can be seen that the blends exhibit two a-relax-

ation peaks which are related to the glass transition of the

epoxy network and of the PVAc. The tan d peaks located at

*38–52 �C correspond to the a-relaxation of PVAc phase

and the tan d peaks located at *167–175 �C correspond to

the a-relaxation of the epoxy network. These values are

close to the ones corresponding to the neat polymers;

hence, suggesting a high extent of phase separation. The

tan d peak temperatures are reported in Table 2 together

with the Tg values obtained from DSC, as usual Tg values

by DSC are a few degrees lower than those obtained from

the maxima in tan d at 1 Hz [19].

For blends having 20 and 25 wt% PVAc, which present

inverted morphology, the temperature of PVAc tan d peak

coincides with the one of pure PVAc (52 �C), indicating

that PVAc phase in this morphology is practically a neat

phase. However, in the samples with nodular and combined

morphologies (5, 10 and 15 wt% PVAc) the tan d peaks of

PVAc phase are located at lower temperatures than the

corresponding to neat PVAc. In samples with nodular

morphology tension stresses around the PVAc small par-

ticles arise due to the differences in expansion coefficient

between epoxy thermoset and PVAc; these stresses

contribute to decrease the Tg of PVAc, like it occurs in

rubber-modified epoxies [20]. This effect could explain the

gradual increase in the PVAc tan d peak temperature with

the PVAc content, because as the PVAc content increases

the morphology gradually changes from nodular to com-

bined until the total inversion is achieved, where this effect

is not present (Table 2). To explain the lowering of the Tg of

the thermoplastic phase in modified epoxy thermosets, it has

been frequently argued that epoxy oligomers could have

been dragged in the thermoplastic-rich phase producing a

plasticizer effect. However the similar PVAc Tg obtained in

samples with inverted morphologies and neat PVAc sug-

gests that this effect is unlikely in PVAc/epoxy thermosets.

For all the compositions studied the a-relaxation peak of

the epoxy-rich phase is located at lower temperature than in

neat epoxy (Table 2). All the samples are totally cured as it

was confirmed by DSC, showing the DSC scan no residual

exotherm. Thus, the displacement of the epoxy a-relaxation

peaks may reflect that some PVAc remains mixed in the

epoxy phase. The Fox rule [21] for miscible blends was

applied to predict the composition of epoxy rich phase

1

Tg

¼ w1

Tg1

þ 1� w1

Tg2

ð2Þ

where the subscripts 1 and 2 refer to epoxy and PVAc,

respectively, and w is the weight fraction of the blend

having glass transition Tg. Using the data in Table 2, a

composition of *4 wt% PVAc was calculated for the

epoxy-rich phases independently of the overall blend

composition. The height of tan d peaks is an indication of

the damping characteristic of the material, as it was

expected by increasing the content of PVAc in the blend

the height of its a-relaxation increases (Fig. 4). However,

the heights of the epoxy a-relaxation do not decrease as the

epoxy content lowers instead when the PVAc is present the

tan d peaks become higher than in neat epoxy thermoset.

As it was discussed above in the blends, the epoxy phase

has a *4 wt% PVAc which would improve the damping of

the epoxy a-relaxation.

Figure 5 shows the loss modulus–temperature profiles

for samples with different PVAc contents, the curves show

two maxima related with the PVAc-rich phase and with the

epoxy-rich phase relaxations. The shape and size of

E00–temperature curves give information about the sample

morphology. Thus, for blends with nodular morphology the

height of the E00 peak corresponding to PVAc phase is lower

50 100 150 200

0.0

0.2

0.4

0.6
    0
    5
   10
   15
   20

ta
n 

δ

Temperature/°C

wt% PVAc

 

Fig. 4 tan d-temperature isochrones (1 Hz) for PVAc/epoxy thermo-

sets with different PVAc contents. Vertical lines indicate the maxima

in tan d for neat polymers: PVAc and epoxy

Table 2 DMTA results: tan d peaks at 1 Hz for samples containing

different content of PVAc and DSC results: Tg from scans at

10 �C min-1

PVAc/wt% Tpeak/�C Tg/�C

PVAc-phase Epoxy-phase PVAc-phase Epoxy-phase

0 – 175 – 159

5 39 168 37 154

10 44 167 39 154

15 47 169 40 154

20 52 169 44 153

25 52 170 – –

100 52 – 44 –
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than the height of E00 peak associated to the epoxy phase, but

for blends containing 15 wt% of PVAc the heights of both

E00 peaks are similar indicating that a change in the mor-

phology is taking place. Figure 5b illustrates the variation

of E00 heights with the composition for both relaxations; the

total inversion would correspond to composition beyond the

crossing of the lines (15 wt% PVAc).

The storage modulus (E0)–temperature isochrones for

samples with different PVAc content are shown in Fig. 6. In

the glassy state, i.e. below the Tg of PVAc, E0 varies with the

PVAc content in a similar way than the tensile modulus

(Table 1). Usually, the E0 modulus determined by DMTA is

lower than Young’s modulus from tensile tests, this is due to

the small size of the DMTA specimens that conduces to an

effective length higher than the length between clamps [22,

23], thus the E0 modulus of the samples at 30 �C are lower

than the tensile modulus at room temperature and this dif-

ference would not only be due to the difference in tem-

perature. As it was expected E0 decreases as the temperature

increases, a drop in E0 appears at temperatures close to the

PVAc Tg, being more important as the PVAc content raises.

Beyond the Tg of PVAc, the samples maintain the modulus

value up to *150 �C, where E0 drops two decades as result

of entering in the glass transition zone of the epoxy net-

work. The morphology has a great influence on the variation

of E0 with temperature being the drop more important for

inverted morphologies. Figure 7 illustrates the E0-compo-

sition dependence at 80 �C, similar behaviour is displayed

for temperatures between 60 and 100 �C.

Several models have been developed in order to corre-

late the modulus of a biphasic material with its composition

and morphology. The simplest expressions to predict the

elastic properties of a two-phase polymer blend are the rule

of mixtures

E0 ¼ /1E01 þ /2E02 ð3Þ

and the inverse rule of mixtures

1

E0
¼ /1

E01
þ /2

E02
ð4Þ

being E0;E01 and E02 the modulus of the composite and of

each component and /1 and /2 their volume fractions.

These equations give the upper and lower bounds for the

E0-composition dependence as it is shown in Fig. 7 in

which weight fractions were taken instead of the volume

fractions.

The Kerner equation was proposed to predict the mod-

ulus of materials formed by spherical particles dispersed in

a continuous matrix [24]

E0 ¼ E01

/2E0
2

ð7�5m1ÞE01þ 8�10m1ð ÞE0
2

þ /1

15 1�m1ð Þ
/2E0

1

7�5m1ð ÞE0
1
þ 8�10m1ð ÞE0

2

þ /1

15 1�m1ð Þ

ð5Þ

where m1 is Poisson’s ratio for the matrix and subscripts 1

and 2 refer to the matrix and the dispersed phase,

respectively.

0 10 20 100

108

109

PVAc-rich phase

b

Epoxy-rich phase/P
a

wt% PVAc

50 100 150

20 wt%

15 wt%

10 wt%

5 wt%

Temperature/°C

wt% PVAc

a

0 wt%

 

E
E

Fig. 5 a Loss modulus–temperature profiles at 1 Hz for PVAc/epoxy

thermosets with different PVAc content. (The curves were displaced

vertically for clarity). b Maximum intensity of loss modulus versus

PVAc content for PVAc-rich phase (d) and for epoxy-rich phase (m)

in PVAc/epoxy thermosets

 

50 100 150 200

106

107

108

109
c b

d

e

f

 (a) 0
 (b) 5
 (c) 10
 (d) 15
 (e) 20
 (f) 100

E
/P

a

wt% PVAc

a

Temperature/°C

Fig. 6 Storage modulus (E0)–temperature isochrones (1 Hz) for

PVAc/epoxy thermosets with different PVAc contents: a neat epoxy,

b 5 wt%, c 10 wt%, d 15 wt%, e 20 wt%, and f neat PVAc
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To calculate E0 in systems in which both components are

present as continuous phases, Davies proposed the equation

[25]:

E01=5 ¼ /1E
01=5
1 þ /2E

01=5
2 ð6Þ

The Budiansky model assumes that both components are

continuous but the material is macroscopically

homogeneous, and predicts the phase inversion in the

mid composition range [26]. The E0 is obtained by solving

the equation

/1

1þ e
E0

1

E0 � 1
� �þ /2

1þ e
E0

2

E0 � 1
� � ¼ 1 ð7Þ

e is related to Poisson’s ratio, m, through the equation

e ¼ 2ð4� 5mÞ
15ð1� mÞ ð8Þ

for the blends m is calculated using a linear rule of mixtures,

with m = 0.5 for PVAc in the rubbery state and m = 0.35

for the epoxy glass [27].

Equations 5–7 have been proposed for the shear mod-

ulus (G), in general the conversion from the shear-to-ten-

sile modulus can be done by E = 2G(1 ? m), but it has

been discussed [28, 29] that the error that is introduced

using E instead of G is small. We have used these models

to predict the experimental data in the range of tempera-

tures 60–100 �C, where the PVAc is in the rubbery state

and the epoxy is in the glassy state. This temperature range

is away from the Tg’s of the neat components, thus in that

range their storage modulus are less temperature depen-

dent. The calculated E0 values at 80 �C by Eqs. 5–7 are

shown in Fig. 7, similar behaviour is displayed for the

other temperatures between 60 and 100 �C.

The samples with nodular morphology (5 wt% PVAc)

and with combined morphology (10 and 15 wt% PVAc)

show E0 values between those calculated through Kerner or

Budiansky and Davies equations. However, the E0 values

for the samples having inverted morphologies (20 and

25 wt% of PVAc) does not fit any of the models. Indeed, it

can be seen a gap in E0 when the inversion in morphology

is completed, that is between 15 and 20 wt% PVAc. It may

be readily observed from Fig. 7 that the Budiansky model

shows a similar profile in the E0–composition curve than

the experimental data, but it is shifted to higher composi-

tions, i.e. the model predicts an inversion around 55 wt%

of PVAc and overestimates the modulus of inverted mor-

phologies, this fact has been frequently reported [9, 28–30].

Based on this observation and knowing that the inversion

in the Budiansky equation is very dependent on the e value,

it was applied taking e as a fitting parameter. The best fit

was obtained for e = 0.69 (Fig. 7). According to Eq. 10 a

value of e = 0.69 corresponds to m = 6.7, obviously this is

an anomalous result. We have also studied the E0-compo-

sition in (polybenzyl methacrylate)/epoxy thermosets [9]

and similar conclusions were reached, the values of e that

conduces to the best fit in that case was e = 0.74 that

corresponds to m = 2.7. In the Budiansky model, the

inversion depends on the modulus and Poisson ratios of

the two components, but in the thermodynamic analysis the

main factor controlling the phase separation is the combi-

natorial contribution [1]. Accordingly, taking e in the

Budiansky model as a fitting parameter implies that it

would include not only mechanical but also thermo-

dynamic contributions.

Figure 8 shows the tan d-temperature scans from -100

to 20 �C for PVAc/epoxy thermosets. The b-relaxation of

the epoxy thermoset is centred around -55 �C and it is

distributed over *100 �C. This relaxation, observed in all

epoxy–amine networks, is attributed to the motions of the

hydroxylpropylether units (–CH2–CH(OH)–CH2–O–) [10].
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It is characterized by a broad mechanical relaxation peak:

the low-temperature part should involve isolated move-

ments, whereas the high-temperature part should corre-

spond to short-range cooperative motions [10]. The

presence of PVAc does not result in significant changes in

the b-transition of the glassy epoxy phase. Only 15 and

20 wt% PVAc samples show slightly higher intensity of

the b-relaxation being displaced to lower temperatures,

likely due to residual PVAc that remains in the epoxy

phase, interacting with the hydroxyls groups.

The frequency (f) dependence of the a and b relaxations,

was also studied. Considering an Arrhenius dependence of

the relaxations processes, the activation energy, can be

estimated

Ea ¼ �R
d ln f

d 1=Tmax

� � ð9Þ

where Ea represents the activation energy for b-relaxations

and the apparent activation energy for the a-relaxations,

Tmax is the temperature of the tan d peak maximum at each

frequency. Figure 9 shows log(frequency) versus (1/Tmax)

plots for the a-relaxations. In the range of frequencies

studied (1–50 Hz) the Arrhenius plots for a and b

relaxations are linear and from the slopes the activation

energies were calculated according to Eq. 9. The values

obtained were Ea = 330 ± 20 and 620 ± 20 kJ mol-1 for

the a-relaxation of PVAc and epoxy, respectively. The

activation energy, Ea, characterizes the sensitivity of a

relaxation process to temperature, which depends on the

type of motions concerned. The difference in Ea values

between PVAc and epoxy a-relaxations is related to the

major flexibility of the PVAc chain compared to the highly

crosslinked epoxy network at their respective Tgs. The Ea

values obtained for the a-relaxations of PVAc and of epoxy

in the blends do not show any significant variation with the

thermoset composition, neither the Ea values obtained for

the b-relaxation of the epoxy (Ea = 63 ± 4 kJ mol-1)

varies with the composition. Therefore, the small amount

of PVAc that remains mixed with the epoxy phase does not

influence the sensitivity of epoxy network to temperature

changes.

Conclusions

PVAc/epoxy thermosets are phase separated, arising two

phases that correspond to a PVAc-rich phase and to the

epoxy rich-phase. The morphology evolves from nodular to

inverted as the PVAc content increases. Intermediate

compositions (10–15 wt% of PVAc) present combined

morphologies, in which nodular and inverted regions are

detected.

The fracture surfaces of the blends show less brittle

behaviour than neat epoxy thermoset. The tensile proper-

ties at room temperature indicate that the combined mor-

phologies present the most ductile behaviour, in agreement

with the data of fracture toughness previously reported. In

the samples with inverted morphology the thermoplastic

determines the fracture behaviour. There are evidences of

good interfacial interactions between PVAc and epoxy,

both in combined and inverted morphologies.

The detection of two Tgs (two a-relaxations) is consistent

with biphasic morphology. The blends that present regions

with nodular morphology show PVAc Tgs lower than the

one of neat PVAc, which is attributed to the state of stresses

around PVAc particles. The Tg of the epoxy is lower in the

blends than in neat epoxy thermosets which is related to the

presence of small amounts of PVAc in epoxy phase.

The profile of E00–temperature curves is correlated with

the change in morphology that occurs as the PVAc content

increases. The E0–temperature curves are highly dependent

on the morphology and a significant drop in E0 is detected

when the morphology becomes inverted.

E0-composition dependence is predicted using several

models for two-phase composites: samples with nodular

and combined morphologies show moduli in between
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Kerner or Budiansky and Davies models, but E0 values for

samples with inverted morphology do not fit any model.

Budiansky equation overestimates the E0 values and the

inversion composition. A good prediction is obtained

taking e in the Budiansky equation as a fitting parameter.

Small changes of epoxy b-relaxations appear in the

PVAc/epoxy thermosets which are attributed to the small

amount of PVAc that remains in the epoxy phase, inter-

acting with the hydroxyl groups of the epoxy thermoset.

The apparent Ea values of PVAc and epoxy a-relax-

ations and the Ea values of the epoxy b-relaxation do not

show significant variation with the blend composition.
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