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a  b  s  t  r  a  c  t

The  effect  of  nanoclay  on  the  non-isothermal  cure  kinetics  of  polymer  layered  silicate  nanocompos-
ites  based  upon  epoxy  resin  is studied  by calorimetric  techniques  (DSC  and  TGA)  and  by  dielectric
relaxation  spectroscopy  (DRS)  in  non-isothermal  cure  at constant  heating  rate.  The  cure  process  takes
place by  homopolymerisation,  initiated  anionically  using  3  wt%  dimethylaminopyridine  (DMAP),  and  the
influence  of  the  nanoclay  content  has  been  analysed.  Interesting  differences  are  observed  between  the
nanocomposites  with  2  wt%  and 5  wt%  clay  content.  At  low  heating  rates,  these  samples  vitrify  and  then
eywords:
ure kinetics
ifferential scanning calorimetry (DSC)
ielectric spectroscopy
poxy
lass transition

devitrify  during  the  cure.  For  the  sample  with  2 wt%  clay,  the  devitrification  is  accompanied  by  a  ther-
mally  initiated  homopolymerisation,  which  can  be  identified  by  DRS  but  not  by DSC. The effect  of  this
is  to  improve  the  exfoliation  of  the  nanocomposite  with  2  wt%  clay,  as  verified  by transmission  electron
microscopy,  with  a  corresponding  increase  in  the  glass  transition  temperature.  These  observations  are
interpreted  in  respect  of the nanocomposite  preparation  method  and  the  cure  kinetics.
anocomposites

. Introduction

The field of nanotechnology is one of the most popular areas
or current research and development in basically all technical
isciplines. This obviously includes polymer science and technol-
gy, and even within this limited field the investigations cover

 broad range of topics. The main areas of application are nano-
lectronics (critical dimension scales for modern devices are now
elow 100 nm), polymer-based biomaterials, fuel cell electrode
olymer-bound catalysts, layer-by-layer self-assembled polymer
lms, electrospun nanofibres, imprint lithography, polymer blends
nd nanocomposites [1].  Polymer layered silicate (PLS) nanocom-
osites are of particular interest because of their demonstrated

mprovements, relative to an unmodified resin, which in the
resent case is an epoxy resin. These improvements apply to a wide
ange of properties, and especially mechanical properties (modu-
us, strength, toughness), physical properties such as the thermal
xpansion coefficient, barrier properties, fire resistance, ablation

erformance and environmental stability [2,3].

The fabrication of such nanocomposites, and in particular those
ased upon epoxy resin, follows the in situ polymerisation route,
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which involves a sequence of stages. First, the epoxy resin is mixed
with the required amount of organically modified clay, in the course
of which the resin penetrates into the galleries between the sili-
cate layers in a process known as intercalation. Next, the required
amount of cross-linking agent is added to the resin-clay mixture
and the system is subjected to a cure schedule in order to achieve a
fully cured nanocomposite, in which the clay layers are, in the ideal
situation, fully exfoliated [4–7].

The nanostructure and properties of the final product can
depend significantly on the details associated with each of the
stages in the fabrication process. Optimum properties of the
nanocomposite are obtained only if the silicate layers are exfoliated
and homogeneously distributed throughout the cross-linked epoxy
matrix. In practice, what is often likely to occur is a combination
of three morphologies, namely a phase-separated microcomposite,
an intercalated nanocomposite and an exfoliated nanocomposite,
with the optimum situation being when the last of these is domi-
nant.

The mechanisms by which exfoliation occurs are not well
defined. The exfoliation is influenced by a variety of factors, includ-
ing the organic modification of the clay, the resin type, the curing
agent, the procedure for mixing the resin and clay, the reactivity of
the resin and cross-linking agent, as well as the cure temperature

and time [8].  In particular, it is often considered to be of primary
importance that the intra-gallery cure reaction rate be greater than
the extra-gallery rate for exfoliation to occur [9–11]. An impor-
tant aspect in this context is the use of pre-conditioning (storage of
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Table 1
Proportions (by weight) of epoxy, DMAP and MMT  in nanocomposite samples.

System Epoxy DMAP MMT

EM2  98 0 2
EM5 95 0  5
ED 97 3 0
F. Román et al. / Thermoc

he resin/clay mixture for a period of time before adding the curing
gent and curing the nanocomposite), when a homopolymerisation
eaction takes place within the clay galleries; it has been reported
hat this aspect of the preparation procedure for the resin/clay mix-
ure can have a very significant effect on the exfoliation process
12,13].

A further complication is that the curing reaction in polymer
ayered silicate (PLS) nanocomposites based upon epoxy resin and
ross-linked with a curing agent is very likely to occur under non-
toichiometric conditions. One reason for this is that the organically
odified clay acts as a catalyst for the homopolymerisation of the

poxy resin; another reason is that the curing agent, which is added
o the intercalated resin/clay mixture, may  not penetrate into the
lay galleries, thus creating an off-stoichiometric reaction. As a con-
equence, the curing reaction does not occur under ideal conditions,
o the detriment of the resulting nanostructure.

The objective of this work has been to investigate an alterna-
ive method for the non-isothermal cure of PLS nanocomposites
ased upon an epoxy resin, and in particular on diglycidyl ether of
isphenol A (DGEBA). This alternative approach involves an epoxy
omopolymerisation reaction using an anionic initiator. The anion-

cally initiated polymerisation of epoxy monomers is a complex
eaction exhibiting two undesirable characteristics: slow reaction
ates with long induction periods, and short primary chains due to
he high rate of chain-transfer reactions. Dell’Erba and Williams
14] made a study of the anionic polymerisation DGEBA and
ound that one particular initiator, 4-N,N-dimethylaminopyridine,
7H10N2 (DMAP), can lead to high polymerisation rates and longer
rimary chains than those generated using other initiators such
s tertiary amines and imidazole derivatives. Furthermore, these
uthors also found that a critical molar ratio DMAP/epoxy groups
as necessary in order to obtain complete conversion. Based upon

hese observations, the aim of the present work is to use DMAP
s an initiator of an epoxy homopolymerisation reaction, and to
valuate the influence of the organically modified montmorillonite
ontent on the reaction kinetics and nanostructure and properties
f the PLS nanocomposites prepared in this way.

. Experimental

.1. Materials

The epoxy resin used (DER 331, Dow Chemical Company) is a
ommercial DEGBA resin, with an epoxy equivalent in the range
82–192 g eq−1 and a viscosity in the range 11,000–14,000 mPa s.
he homopolymerisation reaction was initiated using the anionic
nitiator, 4-N,N-dimethylaminopyridine, C7H10N2 (DMAP), with a

olecular mass of 122.17 g/mol and 99% purity (Panreac). The nan-
clay used is a commercial organically modified montmorillonite
MT,  trade name Nanomer I.30E, supplied by Nanocor Inc. (Arling-

on Heights, IL) in which the organic modifier is octadecylamine.

.2. Preparation of resin/clay

Two weight percentages of clay in the resin/clay mixture were
sed: 2 wt% and 5 wt%. Initially the nanoclay was dispersed in the
esin by hand, followed by 3 h at 45 ◦C in an ultrasonic bath (Branson
510). Additionally, the samples were vigorously dispersed using a
onicator (Branson S450), in pulse mode and at 30% amplitude, for

 total of 7.5 min, with a programme of 5 separate steps of 1.5 min
ach, in which the sample was sonicated in three pulses of 30 s

uration, with 30 s between them. The maximum temperature was

imited to 45 ◦C by immersing the container, in which the sonication
as taking place, in an ice/salt bath and allowing up to 1 h between

he 1.5 min  steps for the temperature to reduce sufficiently.
EDM2 95 3 2
EDM5 92 3 5

The quality of the dispersion of the clay in the resin in the differ-
ent samples was assessed by a Leica DME  polarising transmission
optical microscope. The resin/clay samples resulting from this mix-
ing procedure are denoted EM2  and EM5  for the 2 wt% and 5 wt%
clay contents, respectively.

The anionic initiator DMAP, ground to a fine powder, was then
added in a proportion of 3 wt% to the dispersed resin/nanoclay
mixtures. Small quantities (∼100 mg)  were mixed by hand on
a watch glass and were then immediately degassed under vac-
uum, this procedure being repeated for each cure experiment. The
nanocomposites with DMAP and 2 wt% and 5 wt% clay are denoted,
respectively, as EDM2 and EDM5 and are compared with the
resin/DMAP system without any clay, denoted as ED. The detailed
compositions for all the samples are listed in Table 1.

2.3. Thermal analysis

The curing reactions were studied using a Mettler-Toledo DSC
821e differential scanning calorimeter (DSC) equipped with a
sample robot and Haake EK90/MT intracooler. All DSC curing
experiments were performed with a dry nitrogen gas flow of
50 mL  min−1. The data evaluation was performed with the STARe

software. The DSC was  calibrated for both heat flow and tem-
perature using indium. The initiator was  added to the epoxy-clay
mixture, stirred by hand to ensure a homogeneous mixture, and
a small sample of about 8–10 mg  was  weighed into an aluminium
pan, sealed, and immediately inserted into the DSC furnace, where-
upon the curing experiment was immediately started.

Non-isothermal scans were made at rates between 2 K min−1

and 20 K min−1 (2, 5, 10, 15 and 20 K min−1) over a temperature
range from 25 ◦C to 280 ◦C, and followed by a second scan at
10 K min−1 to determine the glass transition temperature, Tg.

Experiments were also performed using a Mettler-Toledo
TGA/DSC1 equipped with a sample robot and Huber cryostat (preci-
sion ±0.1 ◦C), which allows the simultaneous measurement of heat
flow, by DSC, and weight change of the sample, by thermogravi-
metric analysis (TGA). The TGA/DSC was calibrated using indium
with a dry air flow of 200 mL  min−1 and the experiments were per-
formed with a dry nitrogen flow of 200 mL  min−1 at heating rates
of 2 K min−1 and 10 K min−1 over a temperature range from 40 ◦C
to 600 ◦C.

2.4. Transmission electron microscopy

A Jeol-2011 HRTEM electron microscope was used with an accel-
erating voltage of 200 kV to characterise the nanostructure of the
nanocomposites, which had previously been cured for 3 h at 70 ◦C
and post-cured for 3 h at 120 ◦C before the preparation of the sec-
tions by ultra-microtomy.

2.5. Kinetic analysis
The rate of the reaction in the kinetic analysis can be described
as:

da

dt
= k(T)f (˛) (1)
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here k(T) is a temperature-dependent reaction rate constant and
(˛) is a function that depends on the kinetic model and  ̨ is the
egree of cure. The temperature dependence of k(T) follows an
rrhenius model:

(T) = A exp
(

− E

RT

)
(2)

here A is a constant called the pre-exponential factor, E is the acti-
ation energy, R is the universal gas constant and T is the absolute
emperature. In the DSC experiments, the heat flow  ̊ is assumed
o be proportional to the rate of cure:

 = da

dt
�Htot (3)

here �Htot is the total heat of cure of the reaction, which is
etermined from the area under a non-isothermal DSC curing
can. In this work the empirical two-parameter autocatalytic model
Sesták–Berggren equation) is used:

 (˛) = ˛m(1 − ˛)n (4)

here m and n are the kinetic exponents of the reaction. The activa-
ion energy E can be determined by the Friedman iso-conversional

ethod [15]. For any given value of ˛, Eqs. (1)–(3) can be combined
s:

n[˚] = ln[Af (˛)] + ln[�Htot] − E

RT
(5)

q. (5) shows that the activation energy can be calculated, for a
iven value of ˛, from the slope of the logarithm of the heat flow
ersus the reciprocal temperature, for either isothermal or non-
sothermal cure. Once the activation energy has been determined,
he other kinetic parameters can be obtained from DSC curves by
he method proposed by Málek [16]. This procedure consists of
he evaluation of two functions, y(˛) and z(˛), applicable to both
sothermal and non-isothermal experiments, and is used to distin-
uish between some specific kinetic models. These functions are
efined as follows for non-isothermal experiments:

(˛) = �HtotAf (˛) (6)

(˛) = Cf (˛)g(˛) (7)

here E/RT is a dimensionless quantity later referred to as x,

 = �Htotˇ
(

E

RT

)
(8)

nd

(˛) =
∫ ˛

0

d˛

f (˛)
(9)

The functions y(˛) and z(˛) are invariant with respect to the
emperature or the heating rate and are sensitive to small changes
n the kinetic model f(˛). In practice, both y(˛) and z(˛) are nor-

alized in the interval 0,1 for convenience. The function y(˛)
s directly proportional to f(˛) and the shape of the y(˛) function
lotted against  ̨ provides a direct means for identifying the most
ppropriate kinetic model. For example, if the maximum in y(˛)
ccurs at 0 < ˛M < ˛P, where ˛P is the value of  ̨ at the maximum in
he heat flow curve, then the appropriate function is the autocat-
lytic model given in Eq. (4).  It is found in our curing experiments
hat the autocatalytic model is the most appropriate for the samples
tudied in this work.
. Dielectric measurements

A dielectric analyser DEA 2970 from TA Instruments was used
o measure, in real time, the dielectric signals as a function of
 Acta 541 (2012) 76– 85

frequency during the cure of the epoxy samples. The complex
dielectric constant, ε*, may  be expressed by a general equation:

ε∗ = ε′ − iε′ ′ (10)

tan ı = ε′ ′

ε′ (11)

where ε′ is the dielectric permittivity and ε′′ is the dielectric
loss factor. For epoxy resins with a low ionic concentration, ε′ is
determined only by the dipolar orientation polarization and ε′′ is
determined by both the ionic conduction and the dipolar reorien-
tation [17]:

ε′(ω, Tc, tc) = ε′
d(ω, Tc, tc) (12)

and

ε′ ′(ω, Tc, tc) = ε
′′

d(ω, Tc, tc) + ε′′
i (Tc, tc) (13)

where ε′′
d is the dipolar contribution to ε′′, ε′′

i represents the con-
tribution of the dc conductivity to ε′′, ω is the angular frequency
(ω = 2�f) of the electrical field applied, f is the measuring frequency,
and Tc and tc, are the curing temperature and time, respectively. The
conductivity is related to the dielectric loss factor by the relation
� = ε′′e0ω, where e0 is the permittivity of free space (8.85 pF m−1).
This relation allows the conductivity to be expressed by the con-
tribution of the direct current component �dc, which is attributed
to the pure conductive process, and the alternating current com-
ponent �ac, which is related to the dipolar relaxation:

�(ω, Tc, tc) = �dc(Tc, tc) + �ac(ω, Tctc) (14)

Alternatively, ε* may  be expressed in the following form:

ε∗(ω, Tc, tc) = ε
′
d(ω, Tc, tc) − i

[�dc(Tc, tc) + �ac(ω, Tc, tc)]
ω�0

(15)

Dielectric measurements were performed using a ceramic
single-surface cell with dimensions 20 mm × 25 mm  based on a
coplanar inter-digitated comb-like electrode design. The values of
ε′ and ε′′ were calculated from the resulting current and the induced
phase angle shift. The interval of data sampling was  5 s per point.
The mixture of epoxy-amine was  spread on the electrode surface,
covering the entire inter-digitated area. The non-isothermal cur-
ing measurements were performed at temperatures from 30 ◦C to
270 ◦C in a nitrogen atmosphere with a gas flow of 500 mL  min−1.
The heating rate was 2 K min−1. The dielectric permittivity and the
dielectric loss factor were measured at frequencies in the interval
from 1 Hz to 100 kHz. The time taken to scan the different frequen-
cies was  1.2 min.

4. Results and discussion

As regards the mixtures of resin and clay, there are two aspects
to consider: the intercalation of the resin in the clay, and the dis-
persion of the clay in the resin. Small angle X-ray scattering (SAXS)
gives clear evidence that the resin penetrates into the clay galleries,
the d-spacing increasing from about 2.1 nm for the organically
modified clay to about 3.7 nm when the epoxy resin is intercalated,
essentially independent of the clay content [18]. On the other hand,
the dispersion does depend on the clay content. The quality of the
dispersion of the 2 wt% resin/clay mixture is shown in Fig. 1 at var-
ious stages in the procedure: (a) initially, after simply mixing the
resin and clay by hand; (b) after 3 h in the ultrasonic bath at 45 ◦C;
(c) after 7.5 min  sonication with the temperature always less than
45 ◦C. It can be seen that the quality of the dispersion improves

with each step of this preparation procedure, but that nevertheless
there remain some significant agglomerations of clay in the final
mixture. Furthermore, the quality of the dispersion is better for the
2 wt% mixture than it is for the 5 wt%  mixture, which is shown in
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The total heat of reaction �Htot for the three different samples
and for the different heating rates is plotted in Fig. 4. The total
heat of reaction is obtained from the heat of reaction evaluated
ig. 1. Optical micrographs of the dispersion of the clay in the epoxy resin at variou
 h in the ultrasonic bath; (c) after 7.5 min  sonication; (d) preparation of the 5 wt% 

ig. 1(d). These agglomerations play an important role in the kinet-
cs of the cure reaction, and in the final nanostructure, as will be
een later.

.1. Simultaneous TGA/DSC

In order to understand the thermal behaviour of the different
omponents of the nanocomposites, simultaneous TGA/DSC exper-
ments have been carried out. In Fig. 2 the comparative results
f three samples are plotted: the first sample is the epoxy resin
lone, the second one is the mixture of epoxy resin with 2 wt%
MT,  denoted EM2, and the third is the mixture of epoxy resin,

he initiator DMAP and 2 wt% MMT,  denoted EDM2. The exother-
ic  peaks observed in the DSC curves are associated with the

omopolymerisation reaction. In the case of the epoxy resin alone,
he homopolymerisation reaction appears at temperatures over
00 ◦C and is produced thermally [19]. In the sample with epoxy
esin and MMT  (EM2), the homopolymerisation reaction occurs
round 250 ◦C, and is attributed to the catalytic effect of the organ-
cally modified clay [18]. And finally, in the sample EDM2 the
omopolymerisation reaction can be seen to take place at even

ower temperatures as a consequence of the effect of the anionic ini-
iator, DMAP. At the same time, the TGA curves show that the effect
f homopolymerisation in EM2, which begins at around 200 ◦C, is
o stabilise the sample thermally in comparison with the epoxy
lone, while the anionically initiated homopolymerisation in EDM2
s even more effective in this respect. Finally, there is evidence of
egradation of sample EDM2 at around 430 ◦C.

.2. Differential scanning calorimetry (DSC) data

The cure kinetics studies are based on DSC experiments. Fig. 3

hows the non-isothermal DSC thermograms of ED, EDM2 and
DM5 at different heating rates. The temperature (Tp) at which the
eak of the heat flow occurs is lower for EDM2 than for both ED
nd EDM5. On the other hand, Tp for EDM5 is higher than that
s in the preparation of the 2 wt% clay mixture, EM2: (a) after hand mixing; (b) after
ixture, EM5, after 7.5 min  sonication. The scale bar is 1 mm [100× magnification].

for ED except at the highest heating rates of 15 and 20 K min−1

(EDM2 < ED ≤ EDM5). In all these systems, at heating rates lower
than 15 K min−1 an intense peak is observed followed by a shoul-
der at the end of the exothermic process. At higher heating rates,
the exothermic peak has a slightly asymmetric shape.
Fig. 2. Simultaneous TGA/DSC at 10 K min−1 of epoxy alone (. . .), EM2  (—), EDM2
(  ).
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ig. 3. Non-isothermal DSC thermograms of ED (dashed line), EDM2 (thick line)
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0  K min−1.

uring the first scan, because no residual heat of cure during the
econd scan was observed. It can be seen that in all samples the total
eat of reaction decreases as the heating rate increases. This effect

s not uncommon, and has previously been reported, for exam-
le, for thermosetting polyesters [20], amine cured epoxy resins
21,22] and catalysed epoxy-anhydride systems [23], as well as
eing observed earlier in amine cured epoxy PLS nanocomposites
nalogous to the system studied here [12]. In this last work it was
ypothesised that the reduction in the heat of reaction as the clay
ontent increased might be attributable to the difference in the
eat of reaction for those reactions occurring via the primary and
econdary amines compared with those occurring via homopoly-
erisation, as has been reported by other authors [14,24].  Our

ypothesis here is that an increased amount of thermally induced
omopolymerisation occurs at the higher heating rates, and that
his reaction involves a lower heat of reaction in comparison with
hose involving the secondary amine. For a given heating rate, it
an be seen that EDM5 has the lowest total heat of reaction, while
D and EDM2 have similar values.

In the subsequent second scan at 10 K min−1, the glass transition
emperature of the cured nanocomposite is determined. In Fig. 5 the
lass transition temperature of the three different nanocomposites
s plotted as a function of the heating rate. It can be observed that
he glass transition temperature increases slightly with increas-
ng heating rate for EDM2, whereas it decreases significantly for
DM5. In the sample without clay, ED, the value of the glass tran-
ition temperature is intermediate between those for EDM5 and

DM2. This suggests that the cured EDM2 system could have a
igher cross-linking density than for EDM5, probably due to a bet-
er dispersion of the clay in the resin, as shown in Fig. 1 [1],  or it

ay  be intrinsically due to the clay dispersion, leading to decreased
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ig. 4. Total heat of reaction versus the heating rate for three systems: ED (©), EDM2
�),  EDM5 (�).
Fig. 5. Glass transition temperature versus heating rate obtained from the second
scan  for ED (©), EDM2 (�) and EDM5 (�).

mobility of the resin; similar dispersion effects on the glass
transition temperature have been reported for thermoplastic
nanocomposites [25,26],  while a decrease in Tg with increasing
clay content has been reported for other epoxy/clay nanocompos-
ites [27]. The value of Tg of about 160 ◦C for the cured epoxy in
the absence of any clay (sample ED) is in good agreement with the
results reported by Dell’Erba and Williams [14].

It is interesting to speculate why  a higher cross-link density
(chemical network) might be associated with a better dispersion
of the clay. We  believe that, within the agglomerations which pre-
ponderate in the higher (5 wt%) clay content sample, EDM5, the
epoxy resin does not have easy access to the DMAP initiator, and
thus must react by a thermally initiated homopolymerisation pro-
cess. Furthermore, these agglomeration regions are confined within
the bulk of the sample, which cures more readily by a DMAP initi-
ated homopolymerisation, and which shrink on cure, resulting in
not only a confinement but also a compression of the agglomer-
ations; evidence for this is available from Transmission Electron
Microscopy, where the d-spacing of numerous clay layers is found
to be less than that of the intercalated clay after the resin-clay
mixing process [12]. The implication is that the cross-linking is
inhomogeneous in samples such as EDM5 in which there is a signif-
icant number of large agglomerations: dense cross-linking within
the agglomerations and hence less dense cross-linking in the bulk.
The corollary of this is that samples with a better dispersion, such
as EDM2 here, have a higher density of cross-linking in the bulk,
and hence a higher value of Tg.

4.3. Activation energy and kinetic analysis

In order to perform the kinetic analysis, it was necessary first
to deconvolute the asymmetric peaks or the peaks with high tem-
perature shoulders, shown in Fig. 3, using the Peakfit program. In
the EDM2 and EDM5 systems, the exothermic curves have been
deconvoluted into two peaks for all the heating rates used here;
the first peak is more intense than the second peak, as illustrated in
Fig. 6 for the cases of EDM2 and EDM5 cured at 10 and 20 K min−1,
respectively (Fig. 6b and c). On the other hand, in the ED system,
the first peak is present for all heating rates while the second peak
was  observed only for the lower heating rates, below 15 K min−1, as
shown in Fig. 6(a) for a heating rate of 2 K min−1. The second peak
can be attributed to a devitrification effect of the system [28,29].
Vitrification occurs when Tg increases up to the cure temperature.
While continuing the heating, the Tg will keep increasing, following
the continuous increase in reaction temperature. When the con-
version approaches unity, the reaction and the Tg increase slow

down, and as the cure temperature passes Tg, the system devitrifies.
During the vitrification process the cure reaction is dramatically
slowed down, but then will proceed again to completion after the
system devitrifies at higher temperature. The occurrence of these
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Fig. 6. Deconvolution of the exothermic peak for samples cured non-isothermally:
(a) ED at 2 K min−1, (b) EDM2 at 10 K min−1, (c) EDM5 at 20 K min−1. Experimental
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Fig. 7. Homopolymerisation reaction based on the first peak at heating rates of 2, 5,
ata (©), fit (full line), first peak (dark line), second peak (thin line).

rocesses of vitrification and devitrification is favoured at slower
eating rates, hence their observation here only for rates below
5 K min−1.

The similar attribution of the second peak in samples EDM2 and
DM5 to a process of devitrification might seem appropriate, but
t must be borne in mind that there may  be other processes occur-
ing in these systems in which there is organically modified clay
resent. In particular, there may  be two homopolymerisation reac-
ion mechanisms: the first one could be attributed to a reaction
nitiated by the DMAP, while the second one could be due to a
hermally induced reaction which is catalysed by the ammonium
on content in the organically modified clay [19]. These possibil-
ties are reflected in the DSC thermograms in Fig. 6, showing the
omopolymerisation due to the DMAP occurring at significantly

ower temperature than that catalysed by the MMT.  Furthermore,
t the slower heating rates, between 2 and 10 K min−1, the second
eak is much more significant in EDM5 than in EDM2, implying a
reater degree of thermal homopolymerisation in the former. An
xplanation for this could lie in the nanostructure: the poorer dis-

ersion of the clay in sample EDM5 would result in there being a
reater proportion of epoxy resin intercalated in the clay galleries
nd without access to the DMAP, and hence for which the only
10, and 20 K min−1: (a) exothermic peak (in order from bottom to top); (b) evolution
of the degree of conversion (in order from left to right) for the EDM5 system.

reaction possible is thermally induced homopolymerisation. This
explanation is consistent with the observation (Fig. 4) that the heat
of reaction is reduced for sample EDM5.

As the nanostructure of the nanocomposite is influenced by the
reaction kinetics, it is important to establish precisely what is the
nature of these two peaks. From the above discussion, it is apparent
that DSC is not able to distinguish clearly between devitrification
and homopolymerisation processes. On the other hand, we show
later that Dielectric Relaxation Spectroscopy can be illuminating
in this respect, after first describing the kinetic analysis of the DSC
data.

The kinetic study was based on the first peak, which is associated
with the homopolymerisation catalysed by the DMAP. The degree
of conversion (˛) was  determined by considering only the heat of
reaction of this first peak, obtained by deconvolution of the cure
curves in Fig. 6. Fig. 7(a) shows, for the EDM5 system, the exother-
mic  reaction attributed to the homopolymerisation reaction due
to the effect of the initiator DMAP at different heating rates, while
Fig. 7(b) gives, for the same system, the degree of conversion as a
function of temperature during the cure.

The activation energy calculated by the isoconversional method
[30] from the non-isothermal cure data is obtained from the plot
of the logarithm of the heat flow, corresponding to fixed values
of ˛, usually in the intervals from 0.1 to 0.9, versus the recip-
rocal of the temperature (at which the sample has achieved a
given value of  ̨ at any selected heating rate ˇ)  [15]. The values
of activation energy are calculated from the slopes of these plot-
ted lines, according to Eq. (5),  for which a fair linear relationship
is obtained. In Fig. 8, the resulting values of the isoconversional
activation energy for each of the systems studied are plotted as
a function of the degree of cure. It can be seen from this figure
that the activation energies for ED and EDM2 display both very
similar values and also a similar trend as a function of the degree

conversion, while the EDM5 exhibits somewhat higher values and
a different behaviour. We  take the following average isoconver-
sional activation energies, determined over the range of  ̨ from 0.2
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Table 3
Kinetic parameters evaluated for ED, EDM2 and EDM5 samples.

System m n n + m ln[A/s−1]

ED 1.0 1.7 2.7 14.2
ig. 9. Normalized y(˛) and z(˛) functions in the interval 0,1 , as a function of
 during non-isothermal cure at 2 (♦), 5 (*), 15(+), and 20 K min−1 (©)  for sample
DM2.

o 0.8, with the uncertainty calculated for a 70% confidence inter-
al based upon the Student t distribution: ED 56.2 ± 6.7 kJ mol−1;
DM2 56.3 ± 6.8 kJ mol−1, EDM5 66.8 ± 8.0 kJ mol−1.

Once the activation energy has been evaluated, both y(˛) and
(˛) can be calculated from Eqs. (6) and (7).  As an illustration, Fig. 9
hows the normalized y(˛) and z(˛) functions for one of the samples
tudied here, namely EDM2, at the different heating rates used. The
alues of ˛M and ˛P

∞, which are the values of  ̨ when y(˛) and
(˛), respectively, pass through their maximum values, together
ith ˛p, which is the value of  ̨ at the maximum of the DSC cure
xotherm, are listed for all three samples in Table 2. The values of
M are lower than those of ˛P, whereas ˛P

∞ exhibits values lower
han 0.632. This indicates that all the studied curing systems can be

able 2
alues of ˛P, ˛M and ˛P

∞ determined from DSC data for ED, EDM2 and EDM5
amples.

System Heating rate [K min−1] ˛P ˛M ˛P
∞

ED 2 0.508 0.389 0.508
ED  5 0.511 0.408 0.512
ED  10 0.509 0.332 0.510
ED  15 0.506 0.332 0.510
ED  20 0.506 0.290 0.506
EDM2 2 0.498 0.385 0.46
EDM2 5 0.499 0.394 0.482
EDM2 10 0.503 0.389 0.523
EDM2 15 0.503 0.357 0.503
EDM2 20 0.498 0.369 0.525
EDM5 2 0.499 0.409 0.499
EDM5 5 0.477 0.391 0.477
EDM5 10 0.505 0.357 0.505
EDM5 15 0.507 0.350 0.508
EDM5 20 0.496 0.345 0.496
EDM2 1.2 2.0 3.2 14.9
EDM5 1.2 2.0 3.2 15.0

described with a two-parameter autocatalytic kinetic model given
by the Séstak–Berggren Equation (4) [31,32].

The parameters n and m are the kinetic exponents. The value of n
is obtained from the slope of the linear dependence of ln[(d˛/dt)ex]
versus ln[˛P(1 − ˛)] where x = E/RT and p = ˛M/(1 − ˛M), and then
the value of m is determined from the relationship m = pn.  The
kinetic parameters m and n for the autocatalytic model have been
evaluated for all systems studied and for each heating rate, and the
averages are presented in Table 3.

The suitability of the kinetic model proposed, based on the
autocatalytic equation, is verified by comparing the experimental
results for d˛/dt as a function of temperature with the theoretical
curves, which have been obtained with the help of TAS software
[16]. Fig. 10 presents this comparison for all three systems studied.
It can be seen that theory and experiment are in good agreement,
implying that the autocatalytic kinetic model is well suited for the
kinetic analysis of all these curing systems.

4.4. Dielectric relaxation spectroscopy (DRS) results

In the samples EDM2 and EDM5, two  peaks are observed in the
deconvoluted DSC exotherms at different heating rates (e.g. see
Fig. 6): the first one, more well-defined and larger, is due to the
homopolymerisation of the epoxy, initiated by the DMAP; the sec-
ond peak could result from a devitrification process or it might be
associated with a thermally induced homopolymerisation, catal-
ysed by the ammonium ion of the organically modified clay. In
the system ED (without clay), the second peak, which occurs for
heating rates below 15 K min−1, can be ascribed to a phenomenon
of vitrification–devitrification of the system [28,29].  In order to
explain the origin of the second peak in the exotherms for the
nanocomposite samples in which the homopolymerisation was
initiated by DMAP, a dielectric analysis has been carried out on
the samples ED and EDM2 with the purpose of comparing their
responses.

For both the ED and EDM2 samples, in the tan ı curves at tem-
peratures below 50 ◦C, a first peak can be observed in Fig. 11 for
the frequency of 100 Hz, while only the high temperature flank
of such a peak is observed for the lower frequencies of 1 and
10 Hz. This peak, whose nature is dipolar, shifts to higher temper-
ature with increasing frequency as a consequence of the decrease
of the characteristic relaxation time for molecular segments 〈�0
(〈�0 = (2�f)−1) [33–35],  and corresponds to the ˛-relaxation, asso-
ciated with the glass transition of the uncured epoxy. It finishes
when the cross-linking reaction begins at about 50 ◦C, as shown in
the relaxation map  in Fig. 12.

Immediately following the ˛-relaxation, the phenomenon asso-
ciated with the cross-linking reaction of the system takes place
in the wide region between 50 ◦C and 230 ◦C, again for both ED
and EDM2 samples. Within the narrower range of temperatures
from 50 ◦C to 100 ◦C, the permittivity ε′, the loss factor ε′′ and
the ionic conductivity all pass through a maximum (these signals
are not shown here, for simplicity, but will be analysed sepa-
rately in more detail in a subsequent publication), which decreases

in intensity as the frequency increases, but which is invariant in
position at approximately 70 ◦C. This maximum corresponds to
a degree of conversion of approximately 7% (  ̨ ≈ 0.07), as found
from the results for the degree of conversion determined from DSC
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Fig. 10. Comparison of experimental and theoretical curves for the three systems
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Fig. 11. Variation of tan ı, during the curing of (a) ED and (b) EDM2 at a heating rate

system (3,3′-dimethyl-4,4′-diaminodicyclohexyl-methane, 3DCM)
[33] and accords also with the earlier interpretation of the DSC
results (Fig. 3). The tan ı signal for EDM2 is similar to that of the
tudied: (a) ED, (b) EDM2 and (c) EDM5. Data points represent experimental results
or heating rates (K min−1) of 2 (♦), 5 (�), 10 (©), 15 (�) and 20 (*); the full lines
epresent fit of theoretical model.

xperiments at a heating rate of 2 K min−1. On the other hand,
s can be seen in Fig. 11(a) for sample ED, in the tan ı signal a
econd dipolar relaxation peak, denoted ˛1, appears in the range
etween 70 ◦C and 100 ◦C, for frequencies lower than 0.5 kHz, the
aximum of this peak shifting to higher temperatures when the

requency decreases. It is remarkable that the temperature at which
he maximum of tan ı occurs for f > 0.5 kHz coincides with that of
he minimum of tan ı observed between the ˛-relaxation (associ-
ted with the glass transition) and the ˛1-relaxation for f < 0.5 kHz,
s seen in the relaxation map  of Fig. 12.  The shift of the peak temper-
ture of the ˛1-relaxation to higher temperatures as the frequency
ecreases is a consequence of an increase of the relaxation time
0 resulting from a higher degree of conversion. At the same time,
s shown earlier [33], ε′ decreases with increasing temperature and
ith increasing degree of conversion, indicating that this relaxation
s associated with the vitrification phenomenon.
After the maximum of the ˛1-relaxation, tan ı decreases

owards a minimum value which is reached at about 100–105 ◦C,
nd which corresponds to a degree of conversion of 0.90–0.95 as
of  2 K min−1 and frequencies measured in the range between 1 Hz  and 10,000 Hz.
Relaxations ˛, ˛1, and ˛2, associated with the glass transition, vitrification and
devitrification, respectively, are indicated.

determined by DSC studies at a heating rate of 2 K min−1. With a
further increase of temperature, a wide shoulder denoted as the ˛2-
relaxation is observed in the tan ı signal for the ED sample, as seen
in Fig. 11(a). This shoulder shifts to higher temperatures as the fre-
quency increases (112 ◦C for f = 1 Hz, 119 ◦C for f = 10 Hz, 129 ◦C for
f = 100 Hz and 180 ◦C for f = 1 kHz, and remains invariant for higher
frequencies), and is plotted on the relaxation map  in Fig. 12.  Tak-
ing into account that the characteristic relaxation time �0 of this
dipolar relaxation decreases with increasing frequency when the
temperature increases, this shoulder can be associated with the
devitrification of the system. This observation is in agreement with
the non-isothermal curing of a diepoxy-cycloaliphatic diamine
Fig. 12. Temperatures of the relaxation peaks ˛, ˛1 and ˛2 measured at different
frequencies in the tan ı spectra of samples ED (�)  and EDM2 (©)  for the heating
rate of 2 K min−1.
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Fig. 13. Nanostructure of sample EDM2 observed by TEM.

D sample in the range from 30 to 100 ◦C, as shown in Fig. 11(b):
he dipolar relaxation peak ˛1 shifts to higher temperatures when
he frequency decreases, this relaxation being associated with the
itrification of the resin, in the same way as for the ED sample.

For temperatures up to 100 ◦C, therefore, the relaxation
ehaviour of the sample EDM2 is similar to that of the sample ED.
here are significant differences between ED and EDM2, however,
t higher temperatures. Most importantly, for the sample EDM2,
he ˛2-relaxation associated with devitrification is not observed in
he tan ı signal. The reason for this is that, in sample EDM2, the
evitrification results in an increase in the resin reactivity, occur-
ing simultaneously with the devitrification, and being associated
ith a homopolymerisation reaction catalysed by the ammonium

on of the clay. A consequence is that the resin remains longer in the
itrified state, since devitrification shifts closer to Tg∞. This further
eaction continues until a conversion degree of 100% is reached.
or temperatures higher than 180 ◦C in the sample EDM2, a peak
ppears in tan ı. This peak shifts (202 ◦C at 1 Hz, 236 ◦C at 10 Hz)
o higher temperature with increasing frequency, indicating that it
as a dipolar nature, and is associated with (though not an accu-
ate measure of) the glass transition of the fully cured material.
or the reason stated above, the devitrification shifts close to Tg∞,
nd hence this peak is some convolution of the devitrification and
he glass transition, which may  explain why the shift with fre-
uency, about 30 K for one decade difference in frequency, is some

 times greater than normally observed for a glass transition. In the
alorimetric measurements performed at the same heating rate of

 K min−1, a glass transition can be observed at 170–175 ◦C for the
ully cured material (Fig. 5). These DSC and DRS results are therefore
n qualitative agreement; the DRS glass transition occurs at higher
emperatures than for DSC because the frequency is higher.

The DRS measurements therefore detect, for the sample EDM2
ontaining 2 wt% clay, a homopolymerisation reaction, thermally
nduced, which is superimposed on the devitrification process,
nd which does not appear for the sample ED without clay. This
omopolymerisation, which takes place at temperatures much
igher than those associated with the homopolymerisation reac-
ion catalysed by the DMAP, occurs within the clay galleries of

he agglomerations of clay that persist after the mixing process
see Fig. 1), which are regions to which the DMAP has not been
ble to penetrate. This relaxation is therefore associated with the
uality of the dispersion of the clay. Indeed it is found, from our
 Acta 541 (2012) 76– 85

DSC cure experiments, that the magnitude of this second peak
in the deconvoluted heat flow curve, is greater for sample EDM5
than for EDM2 at low heating rates, which is consistent with the
observation that the dispersion is better for sample EDM2 than
for sample EDM5 (see Fig. 1). Furthermore, this would imply that
more thermally induced homopolymerisation is occurring for
sample EDM5, which is consistent with the lower heat of reaction
found for this system (see Fig. 4).

The important implication of these observations is that a bet-
ter nanostructure would be anticipated for EDM2 than for EDM5,
and this is exactly what is observed from Transmission Electron
Microscopy (TEM) observations. Fig. 13 shows a TEM micrograph
of the nanostructure within one of the agglomerations of sam-
ple EDM2, where it can be seen that, although there remain some
clay layers with spacings of about 4 nm,  there is clear evidence of
substantial exfoliation and disorganisation of the layer stacking,
particularly at the outer limits of the agglomeration, corresponding
to the region at the top of Fig. 13.

5. Conclusions

The non-isothermal reaction kinetics for the cure of polymer
layered silicate nanocomposites based upon epoxy resin with an
anionic initiator DMAP have been studied by means of differential
scanning calorimetry (DSC) and dielectric relaxation spectroscopy
(DRS). The DSC results indicate that the organically modified clay
catalyses the curing reaction. A kinetic model based upon an
autocatalytic reaction mechanism provides a good fit to the non-
isothermal DSC data. The presence of montmorillonite in epoxy
resin does not change the autocatalytic nature of reaction, but the
activation energy of the curing process increases as the montmo-
rillonite content increases.

The addition of 2 wt% clay (EDM2) advances the reaction com-
pared with the system without clay (ED) while 5 wt%  (EDM5) delays
the reaction. The glass transition temperature, Tg, of the fully cured
system EDM2 is significantly higher than that of ED, while that of
EDM5 is significantly lower. Additionally, the comparison of the
heats of reaction in these systems indicates that complete reaction
of the epoxy occurs for 2 wt% clay, whereas the reaction is inhibited
for the system with 5 wt% clay.

In all systems, the cure curve shows the existence of a second
relaxation, which has the appearance of a devitrification process.
This is particularly evident at low heating rates, but the cure curve
can be deconvoluted into two peaks for all heating rates.

The DRS results associated with the molecular mobility of the
polymeric chain during the curing process reveal the relaxation
attributed to the vitrification–devitrification effect for both sys-
tems. This effect is clearly evident in the system ED, while in the
system EDM2 the devitrification is masked by the simultaneous
occurrence of a thermally induced homopolymerisation reaction
of the epoxy resin, catalysed by the onium ion of the clay. This
implies that the second peak or shoulder observed by DSC is asso-
ciated with devitrification in sample ED but is predominantly due to
homopolymerisation of the intra-gallery epoxy resin in the samples
containing clay, and is more pronounced in sample EDM5 than in
EDM2, leading to a reduced heat of reaction in the former. From this
we conclude that the nanostructure of the sample containing 2 wt%
clay should be the better, and this is confirmed by Transmission
Electron Microscopy observations.
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