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ABSTRACT: The architecture of an epoxy matrix was modified by curing the resin
with mono-/diamine mixtures having identical chemical structures. Both hole volume
and specific volume variations were studied by positron annihilation lifetime spec-
troscopy and pressure-volume-temperature/density measurements, respectively. The
average hole volume of the networks at room temperature slightly increased when
the monoaminic chain extender content increased. The increment in the intermolecu-
lar interactions between functional groups of the networks chains, due to the less
hindered nitrogen introduced by the monoamine, appears to be the responsible for
the observed behavior. Besides, only small variations on the specific volume were
observed on increasing the monoamine content, which points out that for a cured
epoxy system, the chemical structure of the curing agent is mainly responsible for
chain packing in the networks. On the other hand, intermolecular interactions
between chains were considered as the key factor for fixing stiffness and strength.
Thus, it was observed that the increase of the intermolecular interactions with the
monoamine content produced a decrease in the sub-Tg small-range cooperative
motions, which increased the low-deformation mechanical properties at temperatures
between b and a relaxations. This conclusion could be applied to previous investiga-
tions with epoxy matrices not fully crosslinked (nonstoichiometric or noncompletely
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cured formulations). Finally, it was found that fracture properties do not significantly
depend either on the hole volume or on the intermolecular interactions. Fracture proper-
ties are more dependent on the crosslink density and the glass transition temperature.
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Keywords: crosslink density; crosslinking; intermolecular interactions;
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INTRODUCTION

Epoxy resins are reactive monomers, which are
transformed by curing in thermosetting polymers.
Owing to their performance properties, they are
extensively used in many applications such as
coatings, adhesives, laminates, and matrices for
composite materials and structural components.
Choosing between the wide variety of curing
agents and epoxy resins available, it is possible to
tailor and improve polymer properties for specific
applications. The functionality of reactants con-
trols the development and the crosslink density of
the networks. In this way, it is possible to con-
struct networks of controlled architecture, by only
modifying the molecular weight between cross-
links. One way to achieve this modification1 is by
reacting a bifunctional epoxy resin with different
functionalities amine mixtures, one of them being
a monoamine that plays the role of a chain ex-
tender. Thus, the molecular structure of epoxy
matrices can be changed in a continuous and con-
trolled mode, from that corresponding to a linear
polymer to that for a highly crosslinked poly-
mer.1–9 Working at epoxy/amine stoichiometric ra-
tio, full reacted networks can be obtained avoiding
lateral chains and secondary reactions. Selecting
amines with a similar chemical structure, the
change in the chemical composition of the system
is minimal, and hence the chain flexibility
between crosslink points can be retained. Several
authors (see for example, refs. 1 and 10) have
reported that low deformation mechanical proper-
ties measured at a constant temperature, below
the glass transition temperature (Tg), increase
almost linearly with the crosslink density stating
that the structure affects them mainly through its
influence on Tg. Other factors such as packing
density and chain mobility, including their rela-
tionships with the volume variations at nanoscale
and their influence on the secondary relaxations
are still variables whose effects are not well-
known.

Several works have been published studying
epoxy/amine mixtures trying to understand the

effects of different variables on their final behav-
ior of this kind of polymers.1–12 However, most of
them have been focused on the effects of the net-
work architecture on their thermal and mechani-
cal behavior and not on the microstructure of the
generated networks. The chemical composition,
architecture and packing density, chemical
interactions, and local mobility of the networks
obtained after curing processes are important var-
iables to be analyzed because of their influence on
the elastic and fracture properties,4,5,7,9,11–13 and
besides, on the diffusion processes of small mole-
cules through these matrices.1,14–16 For epoxy net-
works and other glassy polymers, some works
have demonstrated the influence of the test tem-
perature in the glassy state on the nano- and
macroscale volumetric behavior using positron
annihilation lifetime spectroscopy (PALS) and
dilatometry techniques.17–21

To advance into the knowledge of the physical
facts responsible for variations in the hole volume
and specific volume of thermosetting networks,
epoxy systems obtained by modification of the
crosslink density by partial substitution of the
aromatic diamine curing agent with a mono-
aminic chain extender, with the same chemical
composition as the diamine, have been investi-
gated by positron annihilation lifetime spectros-
copy and pressure-volume-temperature (PVT)/
density measurements.

In a previous work,22 for a series of aromatic
amines with different ring substitution groups
and using PALS and PVT measurements, we
demonstrated the significant influence of the
chemical complexity of the curing agent on the
hole volume and also on the specific volume as
both clearly increased with the size of the ring
substitution groups of the amines.

In this work, trying to understand the role of
the intermolecular interactions in these systems,
we focused the attention on their effects along
with those of crosslink density, packing density,
and local mobility on the nanoscopic and macro-
scopic volumes and also on the mechanical and
fracture properties. As we have previously
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demonstrated,23 the use of a selected couple of
amines in pre-established concentrations is a reli-
able method to modify the network architecture
from a highly crosslinked network to a linear poly-
mer. In addition, chemical structures of the mono-
amine–diamine chosen in this work are similar to
ensure similar composition of the resultant pro-
ducts, thus avoiding changes in chain flexibility.

EXPERIMENTAL

Materials

Epoxy resin used in this study was a bifunctional
diglycidyl ether of bisphenol A (DGEBA), DER-
332, kindly supplied by Dow Chemical. It has an
equivalent weight around 175 g/eq and a hydroxyl/
epoxy ratio of 0.015. The diaminic curing agent
was 4,40-diaminodiphenylmethane (DDM), Ciba-
Geigy HT972, a solid bifunctional aromatic amine
with a molecular weight of 198 g/mol. A solid
monofunctional aromatic primary amine, p-tolui-
dine, Fluka, with a molecular weight of 107 g/mol,
was used as a chain extender. DGEBA was placed
in a vacuum oven at 80 �C overnight to remove
any water present and amines were used as
received without purification. Both of the amines
have a similar chemical structure to ensure simi-
lar composition of the resultant products.

Sample Preparation

Epoxy resin was mixed with amine (or amine mix-
ture) at 80 �C stirring vigorously for 5 min keep-
ing stoichiometric epoxy/amine ratio. Amine mix-
tures were carried out at the following ratios of
mono-/diamine equivalents: 100:0, 75:25, 50:50;
25:75, and 0:100 to modify the structure of result-
ant polymers in a continuous mode. One part of
the mixtures was poured into glass tubes previ-
ously treated with a demoulding agent, Frekote
44, and preheated to the curing temperature. Cy-
lindrical samples were mechanized to obtain the
specimens to be used in PVT measurements.
Another part of the mixtures was cast between
glass plates coated with Frekote 44 and preheated
to the curing temperature in an oven, using vac-
uum at the first stage, obtaining 2-mm thick sam-
ples for PALS measurements and 5-mm thick
samples for mechanical properties. Curing of each
mixture has been carried out at Tg1�30 �C until
vitrification of each system, being Tg1 the maxi-
mum Tg achievable for each system measured by
differential scanning calorimetry (DSC),23 and

then at Tg1þ30 �C during 2 h to reach full con-
version. Samples corresponding to the system
with higher Tg1 have been postcured at Tg1þ20
�C to avoid their degradation.

Techniques

Positron Annihilation Lifetime Spectroscopy
Measurements

For PALS measurements, the fast–fast timing
coincidence system described elsewhere16 was
used. A time resolution (FWHM) of 255 ps was
obtained using the RESOLUTION code.24 Posi-
tron lifetime spectra were recorded at room tem-
perature with a total number of 2–3 � 106 coinci-
dence counts using a 0.2 MBq sealed source of

22NaCl deposited on a thin Kapton foil (7.5 lm).
The source was placed between two identical sam-
ples with 20 mm square-shaped and 2 mm thick-
ness. According to the common interpretation for
PALS measurements in polymers, PALS spectra
were deconvoluted into three lifetime components
using the LT program,25 with an adequate source
correction. From the analysis, two discrete life-
times and a continuous one corresponding to the
long-lived component were obtained. Positron life-
time spectra were also analyzed using the POSI-
TRONFIT program24 giving three discrete life-
time components. The results obtained showed a
very good agreement with those obtained from
the decomposition of the PALS spectra using the
LT program. In the last series of decompositions,
a discrete lifetime component for the o-Ps compo-
nent (s3) was considered.

Lifetime data can be transformed into average
sizes of the free volume holes by using the Tao-
Eldrup semi-empirical equation.26,27 The cavity
hosting Ps is assumed to be a spherical void with
effective radius R. Such a Ps trap has a potential
well with finite depth; however, for convenience of
calculations, one usually assumes the depth as in-
finite, but the radius increased to R þ DR, DR
(0.166 nm) being an empirical parameter, which
describes the penetration of Ps wave function into
the bulk.27 The electron density is supposed to be
zero for r \ R and constant for r [ R. The rela-
tionship between o-Ps lifetime s3 (ns) and radius
R is the following:

s3 ¼ 0:5
DR

Rþ DR
þ 1

2psin
2p

R

Rþ DR

� �� ��1

(1)

The values of the radii obtained from eq 1
should be interpreted only as rough estimates,
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because real holes are irregularly shaped. Aver-
age volume of holes (mh), as obtained from eq 2, is
a key quantity to evaluate the free volume (mf):

mh ¼ 4

3
pR3 (2)

The free volume is defined as:

mf ¼ Nhmh (3)

where Nh is the number density of holes per mass
unit.

Pressure-Volume-Temperature Measurements

PVT measurements were carried out in a PVT
100 analyzer (SWO/Haake) at room temperature.
The samples were placed into the measurement
cylinder between PTFE sealings. Specific volume
measurements were carried out with a heating
rate of 10 �C/min in the range 40–250 �C for the
specimens corresponding to systems with higher
crosslink densities and 50–250 �C for other sys-
tems. 200, 400, 600, and 800 bar pressures were
employed in experiments, being 1 bar data extrap-
olated from them. Results are the average of at
least three measurements.

Differential Scanning Calorimetry

DSC measurements were carried out in a Mettler
Toledo calorimeter DSC 821e module equipped
with an intracooler, and calibrated with high pu-
rity indium and zinc standards. Samples with 5–
10 mg were used with nitrogen as purge gas. The
glass transition temperature of each system was
obtained from the second scan between 30 and
250 �C at 10 �C/min. Tg values were taken as the
middle point of the endothermic shift. Owing to
the high vapor pressure of p-toluidine, sealed alu-
minum pans were used.

Density Measurements

The density (q) of samples was measured using
the Archimedes principle in a Mettler Toledo bal-
ance, model AJ50L to obtain the density values,
pieces of 2 g obtained from the samples were
weighed in air and water, in a temperature con-
trolled environment. Results are the average of at
least five measurements.

Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) measure-
ments were carried out in a Perkin–Elmer DMA-7

analyzer using a three point bending device. Sec-
ondary relaxations of neat systems have been
studied by temperature scans in the range
between �150 and 30 �C. Specimens with dimen-
sions 24 � 3 � 1 mm3 were subjected to a static
force of 110 mN and a dynamic force of 100 mN
with a span of 15 mm. DMA was also performed
from 30 to 250 �C to determine the rubber modu-
lus (Er

0) of the systems, as it is an indicative of the
molecular weight between crosslinks. Measure-
ments were carried out on specimens of 24 � 3 �
2 mm3 maintaining a span of 10 mm and using 90
and 80 mN as static and dynamic forces, respec-
tively. Er

0 was measured at a temperature 40 �C
higher than that corresponding to the glass tran-
sition temperature, taken as the maximum value
of the loss tangent in the a relaxation. All mea-
surements were carried out at a constant fre-
quency of 1 Hz with a heating rate of 5 �C/min
using helium atmosphere.

Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR)
analysis was carried out from 4000 to 400 cm�1 in
a Nicolet Nexus 670 spectrometer. The solid was
pulverized and mixed with KBr. Twenty scans
were taken for each sample with a resolution of
2 cm�1.

Mechanical Properties

Flexural properties were determined in a three
point bending device using an Instron universal
testing machine, model 4026, equipped with a
load cell of 1 kN. Tests were carried out at room
temperature with a relative humidity of 50% �
5% using a crosshead displacement rate of 2.1
mm/min. 100 � 10 � 5 mm3 specimens were ana-
lyzed with a span of 80 mm in accordance with
ASTM D-790-93 standard. Results are the aver-
age of at least five measurements.

Fracture toughness measurements were ana-
lyzed under the same conditions for all samples
by determining the critical stress intensity factor
(KIC) in an Instron universal testing machine,
model 4026, equipped with a three point bending
device. Obtained results were analyzed in a quali-
tative mode by using the linear elastic fracture
mechanics (LEFM). 60 � 12 � 5 mm3 specimens
were notched with a saw, and a precrack was ini-
tiated at the roof of the notch with a razor blade.
The notch and crack dimensions were determined
by optical microscopy. Tests were carried out at
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room temperature with a relative humidity of
50% � 5% using a crosshead rate of 1.7 mm/min
and a span of 48 mm in accordance with ASTM
D-5045-91. Results are the average of at least
five measurements.

RESULTS AND DISCUSSION

To avoid the influence of the curing temperature
on the network packing density28 and as
described in the Experimental Section, all sam-
ples were cured at the same conditions with
respect to the Tg1 values for each system, previ-
ously obtained by DSC and reported in ref. 23.
Nonetheless, PALS measurements were carried
out at room temperature.

The different positions of the testing tempera-
tures with respect to the Tg values of each system
in their glassy states affect both the hole and the
specific volumes.17–21 It is due to the mobility of
the epoxy chains of the different systems
increases with the proximity to their own Tg.

Concerning the interpretation of the o-Ps life-
time data at temperatures different from Tg, Jean
et al.21 reported a PALS study on amine-cured ep-
oxy polymers while Consolati et al.29 studied poly-
urethanes, these authors focused their works to

the analysis of the evolution of the positron pa-
rameters with the temperature. In both papers, it
was discussed in detail the o-Ps sensitivity to the
hole presence depending on the temperature
range of measurement with respect to Tg.

Hydroxyl groups generated during epoxy/
amine reactions usually can interact with other
functional groups present in the reaction medium.
The exact nature of these associations depends
on different factors, such as amine nucleophilic-
ity,30,31 distance between polar species, presence
of steric hindrances, temperature, and so forth
[14–16,32]. The analysis of interactions is compli-
cated because they can exist between neighboring
groups, intramolecular bonds, or with more
remote groups, intermolecular bonds.

Intramolecular bonds usually are weaker than
the intermolecular ones, because they are not
direct links in the sense to preserve the normal
angles of the bonds.33 The main hydrogen bond
types that can be formed in epoxy matrices,
shown in the Scheme 1, are the association of
AOH groups with the tertiary amine located in
the crosslink points, or in the case of monoamine
connecting linear epoxy units, which can be con-
sidered as the stronger interactions taking into
account acid–base interactions,14,15 the associa-
tion with AOA groups of epoxy resin and the

Scheme 1. Schematic representation of several types of hydrogen bonds in epoxy
networks.
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association between two AOH groups, but it is
difficult to establish the relative extent of each
association in a certain system.

Figure 1 shows FTIR spectra between 4000
and 2500 cm�1 of stoichiometric epoxy systems
fully cured with different mono-/diamine ratios.
The band centered at 3555 cm�1 is attributed to
free hydroxyl groups,31 whereas associated groups
show wider and more intense bands displaced to
lower wavelength numbers as a consequence of
the weakening of the force constants of the cova-
lent bonds in which donor protons take part.

Changing the crosslink density of the systems
by increasing the monoamine content, no signifi-

cant variations in the free AOH groups position
or in the ratio between the intensities of the free
AOH groups band and associated AOH groups
band were detected, pointing out that for all sys-
tems the amount of these groups remained nearly
constant.

Being neighboring groups similar in all ana-
lyzed systems, significant variations in the intra-
molecular interactions are not expected.

On the other hand, the increase in the amount
of monoamine caused the displacement of the
associated AOH broad band to lower wavelength
numbers, which can be related to a higher
strength of the intermolecular interactions possi-
bly because of a higher bending of chains between
crosslink points.

Adding the monoamine, in some way, the pres-
ence of the nitrogen atoms in the corresponding
extended chains could enhance OHAN and also
other intermolecular interactions with respect to
the nitrogens of the diamines. The p-methyl-
phenyl groups linked to the monoaminic nitrogens
do not permit the existence of a crosslink point in
these nitrogens. As can be seen in the Scheme 1,
the nonexistence of a crosslink point causes a
lower hindering for the intermolecular interac-
tions at these points by comparison with the nitro-
gens of the diamines that crosslink the chains.

As shown in Figure 2 for the rubber modulus,
the value of this parameter increases together
with that representing the crosslink density. A
higher amount of monoamine in the curing agent
causes the increase of the molecular weight

Figure 2. (n) Hole volume, (*) rubber moduli, and (~) Tg values for epoxy sys-
tems as a function of the monoamine content in the curing agent.

Figure 1. FTIR spectra for epoxy systems with sev-
eral mono-/diamine ratios.
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between crosslinks, and therefore, the Tg values
(calculated from DSC measurements) decreased
as the monoamine acts as a plasticizer for the
networks.

In Figure 2, it is also shown the hole volume,
obtained from PALS measurements, as a function
of the chain extender content for all the systems
analyzed. As can be seen, it is worth noting that
the mh values slightly increased in a steady way
when the monoamine content increases. The
small differences in the hole volume for the epoxy/
diamine system with respect to values previously
reported22,34 can be ascribed to differences in
the curing schedule, as pointed out by Salgueiro
et al.28

For the epoxy network, the increase of the
monoamine content in the curing agent formula-
tion only produces small variations of the hole vol-
ume. Besides this effect, the monoamine acts as a
chain extender, leading to a significant decrease
in the crosslink density and also to a decrease in
the transition glass temperature. In such a way,
four factors seem to be the responsible for the
slight variation of the hole volume:

(i). an increase of the intermolecular interac-
tions through hydrogen bonding should
decrease the hole volume and its variations
on temperature;

(ii). a lowering of the crosslink density which
slightly increases the hole volume, but this
effect has reported to be not significant34;

(iii). the gradient between Tg and the test tem-
perature used, Tg—RT, which was lower
when the monoamine content increased,
should induce to the formation of higher
hole volumes for those systems with lower
Tg, that is, with higher monoamine con-
tents, In such a way, PALS results on simi-
lar polymers indicated that variations in a
certain temperature range near, but below,
Tg could be linked to a mechanism by
which Ps is trapped in regions of increas-
ing free volume hole size21; and

(iv). an increase of the added free space induced
by the p-methylphenyl groups as mono-
amine content increased. Therefore, the
slight increasing tendency of the hole vol-
ume on higher monoamine content in the
aminic formulation is possibly linked to a
compromise among all these effects.

On the basis of the arguments above presented;
in Figure 3, the hole volumes for each system

have been plotted as a function of the gradient
Tg—RT. For comparison, to quantify in an approx-
imate way, the influence of the test temperature
with respect to the Tg of each system, and by
assuming the same Tg—RT variation for the ep-
oxy cured with diamine as that corresponding to
each mono-/diamine systems, the hole volume has
also been plotted for epoxy/diamine system by
means of a straight solid line using the data pub-
lished by Monnerie and coworkers35 for this sys-
tem. A similar line can also be drawn for the spe-
cific volume values of this system assuming that
its variation follows an expansion law derived
from thermodynamics.19,36 Changes in the gradi-
ent between the test temperature and Tg had a
significant influence on the hole volume. In the
figure above described, it can be seen that the line
representing the hole volume variation on the
temperature for epoxy/diamine system goes up for
lower gradient Tg—RT values. By comparing this
variation to that shown by the formulations with
increasing monoamine content, it can be noted
that for each formulation the hole volume was
lower than that corresponding to the epoxy/dia-
mine system. Besides, from the other contribu-
tions with small effects on the hole volume, as
shown above by FTIR, the most significant differ-
ences between the formulations appear when the
intermolecular interactions increase as monoa-
mine content was higher.

Therefore, we can conclude that the small dif-
ferences observed in the hole volumes for an

Figure 3. (n) Hole volume for epoxy systems as a
function of Tg—RT. The solid line represents the
influence of the test temperature with respect to the
Tg of each system using the data published by Monn-
erie and coworkers35 for the DGEBA/diamine system.
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increasing amount of monoamine in the formula-
tions seem to be mainly related to higher intermo-
lecular hydrogen bonding interactions between
chains as a consequence of the more possible
adequate accommodation of the monoaminic
nitrogens and hydroxyl groups that interact with
similar groups of the other chains of the network.

The higher amount of intermolecular interac-
tions via hydrogen bonding for increasing mono-
amine contents allows to understand not only the
mechanical behavior at low deformations
observed for the investigated epoxy/mono-diamine
systems, shown in Figure 4(a,b), but also our pre-
vious results (higher modulus at stoichiometric
ratios lower than unity)37,38 on nonstoichiometric
epoxy-diamine formulations and for the modulus
diminution at high conversions reported by other
authors for stoichiometric epoxy systems as well.1

Consequently, both elastic modulus (E) and maxi-
mum strength (rmax) increased as the chain ex-
tender content was higher as a consequence of the
lower local mobility induced by increasing inter-
molecular interactions. Thus, the drop in the
maximum strength for a 100 wt % monoamine in
the aminic formulation may be related to the
inhomogeneity and/or the lack of crosslinks of
these low molecular weight linear chains.

On the other hand, the significance of the var-
iations mentioned on the local mobility can be bet-
ter understood when the dynamical mechanical
behavior is analyzed in the low temperature
range, where the secondary b relaxation corre-
sponding to short-range cooperative motions
involving the 2-hydroxypropylether groups
occurs.5,9,11

From Figure 5(a,b), it becomes evident that the
introduction of the chain extender in the aminic
formulation diminished this relaxation in both
temperature and strength. The onset of the b pro-
cess occurred at the same temperature for all for-
mulations,14 but this relaxation broadened toward
the high temperature side and increased in
strength when the diamine content increases.
This behavior induces a higher mobility of 2-
hydroxypropylether groups at room temperature
when the crosslink density increases. This fact
provokes a lower decrease of the storage modulus
for the systems with increasing monoamine con-
tents in the temperature range of b relaxation
leading to higher values of this property and also
of the strength at room temperature. As a result,
the introduction of the chain extender plasticizes
the system when the Tg decreases as the monoa-
mine content increases1 but it also has an anti-
plasticization effect at low temperatures.

The novelty of our contribution for understand-
ing the variation of the mechanical behavior in
epoxy systems is related to the changes of the
intermolecular hydrogen bonding interactions
between chains, and consequently, on the local
mobility, upon the molecular architecture of the
networks. This fact can be generalized to explain
the mechanical behavior of other epoxy systems,
as follows: for crosslinked systems that contain
unreacted epoxy groups (epoxy-rich systems—in
the case of epoxy-poor mixtures the plasticization
effect exerted by the amine excess has also to be
taken into account—or not fully cured stoichio-
metric systems) or for those containing a chain ex-
tender as that presented in this work, in which
the network monoamine groups not leading to
crosslink points allow a higher strength of the

Figure 4. (a) Flexural modulus and (b) maximum
strength for epoxy systems as a function of the mono-
amine content in the curing agent.
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intermolecular hydrogen bonding, their small-
range cooperative motions in the region of b relax-
ation temperatures are hindered (lower broadness
and strength of the b relaxation). Therefore, this
fact causes an increase (i.e., antiplasticization) of
the low-deformation mechanical properties at
temperatures between b and a relaxations.

On the other side, in agreement with results
reported by several authors,1,10 despite the exper-
imental uncertainty of the storage modulus data
obtained by DMA, an increasing trend in the mod-
ulus can be seen at temperatures below the b
relaxation when the crosslink density increases.
It can be assigned to the fact that the bulk modu-
lus is more dependent on the cohesive energy.

The fracture behavior of these systems, shown
in Figure 6, is more consistent with the plasticiza-
tion effect, and the decrease in the crosslink den-

sity of the networks as the monoamine content in
the aminic formulation increase. In consequence,
the critical stress intensity factor presents a sig-
nificant increase for systems with lower Tg and
with lower crosslink density indicating that the
hole volume is not a key parameter to determine
the fracture properties. Again, the significant
drop of the parameters aforementioned for the
uncrosslinked epoxy/monoamine system can be
related to its inhomogeneities and/or the lack of
crosslinks.

On the other hand, the macroscopic changes in
the specific volume (Vsp) were also studied by
means of PVT and density measurements. In
Figure 7, curves extrapolated to atmospheric

Figure 5. (a) Storage modulus and (b) loss tangent
obtained by dynamic-mechanical analysis in the
range �150 to 30 �C for epoxy systems with the
mono-/diamine ratios: (l) 0:100, (!) 25:75, (*) 50:50,
(~) 75:25, and (n) 100:0.

Figure 6. Critical stress intensity factor for epoxy
systems as a function of the monoamine content in
the curing agent.

Figure 7. Evolution of the specific volume with the
temperature at atmospheric pressure for epoxy sys-
tems with the mono-/diamine ratios: (l) 100, (!)
25:75, (*) 50:50, (~) 75:25, and (n) 100:0.
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pressure for one of the samples tested for each
monoamine contents are shown. From these
curves, specific volume values at room tempera-
ture and at atmospheric pressure can be obtained.
As can be seen, the change in the slope of
the curves, ascribed to Tg, is displaced to lower
temperatures when the monoamine content
increases. To highlight the trend and to avoid the
overlapping of the curves, other curves have been
collected separately in the top inset of Figure 7.
For all systems, these curves display a higher var-
iation of the specific volume in the rubbery region
than that in the glassy region.

To compare PVT and PALS results, specific vol-
ume data measured by both PVT (values extrapo-
lated at 1 bar) and density techniques, and free
volume values have been plotted together in Fig-
ure 8. As can be seen, increasing the chain ex-
tender content in the aminic formulation, the spe-
cific volume increased.4 The increasing tendency
observed for both types of volume data (vh and
Vsp) points out the close correspondence existing
between the macroscopic behavior and the molec-
ular packing of the polymeric chains in thermo-
setting networks.

Schmidt and Maurer39 have reported for poly
(methyl methacrylate) an excellent correlation
between the specific volume derived from PVT
measurements and the size of the free volume
cavities vh measured by PALS. In a recent work
on poly(vinyl chloride) with 10 and 30 wt % of di-

n-butyl phthalate as plasticizer, Dlubek et al.40

showed that the specific volume is related to the
number density of holes as:

Vsp ¼ Vocc þ Vfo þNh mh (4)

where Vocc is the specific occupied volume, Nh is
the number density of holes per mass unit, being
the product Nhmh the free volume, and Vfo takes
into account a possible deviation of the average
volume of the holes estimated from the o-Ps life-
time s3. In this work, we assumed that Vfo � Vocc.

In previous works,41–43 it was reported that the
Vocc is related to the scaling volume V* as follows:

Vocc ¼ 0:95V* (5)

V* can be obtained using the Simha-Somcyn-
sky equation of state for polymers41–44 at atmos-
pheric pressure, which can be approximated
by the following universal scaling relationship for
T[Tg:

ln
Vsp

V*

� �
¼ Bþ C

T

T*

� �3=2

(6)

where B ¼ �0.1033 and C ¼ 23.835 are universal
constants; V* and T* are scaling parameters de-
pendent on the specific structure of the polymer.

In Figure 9, the linear fit of the experimental
data at 1 bar, obtained for one of the samples
tested, of each monoamine content by using the
Simha-Somcynsky equation is reported. T* can be

Figure 8. Comparison between the hole volume obtained by PALS measurements
(n) and the specific volume at room temperature, obtained by PVT measurements at
atmospheric pressure (*) and density measurements (~), for DGEBA/amine systems
as a function of the monoamine content in the curing agent.
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obtained from the slope of the best-fit straight line
and V* from the ordinate:

T* ¼ C

slope

� �2=3

(7)

V* ¼ exp ðordinate� BÞ (8)

V* values so obtained for the different monoa-
mine contents are: V*(0) ¼ 0.833 � 0.003; V*(25)
¼ 0.822 � 0.013; V*(50) ¼ 0.839 � 0.007; V*(75) ¼
0.839 � 0.004; V*(100) ¼ 0.849 � 0.005.

Using the specific volume data obtained from
PVT measurements, the calculated values of the
free volume as a function of monoamine content
in the curing agent are shown in Figure 10. Tak-
ing into account the experimental error, beyond
the linear systems, a rather slight increasing
tendency of the generated free volume is
observed. The free volumes calculated from eqs 4
and 6 have similar values to those shown in Fig-
ure 10. These results agree with a previous work
where packing density did not change signifi-
cantly when the crosslink density of the networks
changed.45 However, the small variation of the
hole volume for increasing monoamine contents
only results in small changes of the free volume of
these systems. Thus, only significant variations
on the hole volumes, as those shown in a previous
work for epoxy systems cured with amines with
different chemical structures,16 result on measur-
able changes in the free volumes of these systems

obtained from macroscopic tests as is the case of
PVT.

CONCLUSIONS

The molecular structure of an epoxy matrix has
been changed in a controlled mode from that corre-
sponding to a linear polymer to a highly crosslinked
polymer, by employing pre-established concentra-
tions of mixtures of a monofunctional aminic chain
extender and a bifunctional amine stoichiometri-
cally reacted with a bifunctional epoxy prepolymer.
It is worth noting that the chemical structure was
identical for all formulations.

Both the average free volume and the specific
volume have been analyzed by positron annihila-
tion lifetime spectroscopy and pressure-volume-
temperature/density measurements, respectively.
It was found that the average hole volume of the
networks at room temperature slightly increased
when the chain extender content was higher. This
increase is produced in a less extent than that
expected if the significant change in the molecular
structure as the monoamine content increased
in the curing agent formulation is taken into
account. Accordingly, for epoxy networks with
similar chemical composition, the variation of the
intermolecular interactions between functional
groups of the networks chains, due to the less hin-
dered nitrogen introduced by the monoamine and
in some way also to the selected testing condi-
tions; appear to be the responsible for the
observed behavior. This conclusion could be

Figure 9. Linear fitting of the V-T experimental
data for T [ Tg, using the Simha-Somcynsky equa-
tion, for epoxy systems with mono-/diamine ratios:
(l) 0:100, (!) 25:75, (*) 50:50, (~) 75:25, and (n)
100:0.

Figure 10. Free volume data obtained from PVT
measurements for epoxy systems as a function of the
monoamine content in the curing agent.
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applied to previous investigations of other groups
carried out with epoxy matrices not fully cross-
linked as a consequence of the use of nonstoi-
chiometric formulations or noncomplete curing
conditions.

The increase of the intermolecular interactions
at higher monoamine contents leads to a decrease
of sub-Tg small-range cooperative motions, which
increases the small deformation mechanical prop-
erties at temperatures between the b and a relax-
ations but not at temperatures below the b relaxa-
tion.

Fracture properties do not significantly depend
either on the free volumes or on the intermolecu-
lar interactions, but they are a function of the
crosslink density and the glass transition temper-
ature of the systems.

Macroscopic specific volume also increases with
the monoamine content. However, only small var-
iations of the generated free volume have been
observed, which points out that for a given epoxy
resin the chemical structure of the curing agent is
the main responsible for chain packing in the
networks developed.

The correlation between PALS and PVT data
points out the close relationship between chain
molecular packing and the macroscopic behavior
in thermosetting networks.
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