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This paper is about the study of catalytic effect of nanolayered montmorillonite- (MMT-) based organoclays (OCs) in epoxy
polymer by directly monitoring their exothermic temperature versus time during curing. Untreated clays (UCs) of MMT were
also filled in the epoxy polymer for comparative study. OCs and UCs were individually filled in epoxy polymer from 0 wt.% to
5 wt.%, and the curing characteristics were examined. The cure behavior of epoxy-OC composites changes as a function of OC
concentration. Among the epoxy-OC systems, improved curing reaction was observed at 3 wt.% OC-filled epoxy composites.
Addition of OC above 3 wt.% in epoxy reduces its catalytic effect due to presence of two types of cross-linking, namely, intergallery
and extragallery cross-linking reactions. The curing behaviours of epoxy-UC composites were almost similar to those of pure
epoxy polymer, and hence the results suggest that UC does not act as catalyst in epoxy polymer. The cured composite series was
examined by studying their structure and morphology using X-ray diffraction (XRD), transmission electron microscopy (TEM)
analysis, and the Fourier transform infrared (FTIR) spectroscopy.

1. Introduction

In polymer nanocomposites, polymer filled with montmor-
illonite- (MMT-) based clay is an important area of research
interest in the recent past. These polymer clay nanocompos-
ites (PCNs) show improved mechanical (tensile, hardness,
impact, etc.), thermal (thermal stability, reduced weight loss
at higher temperature, Tg, etc.), and physical properties
(optical, dimensional stability, damping, barrier properties,
etc.) at a very low clay concentration (∼5 wt.%) in the
polymer. Their unique phase morphology, clay polymer
interactions, compatibility with most of the polymers, low
clay concentration, low cost, and easier processing methods
had tempted researchers to gain significant interest in these
polymer clay nanocomposites.

The nanolayered silicate clays that are used as reinforce-
ment fillers in polymer are generally MMT-based alumino-
silicate clays. MMT clays are hydrophilic and hence do not
provide proper reinforcing/filling effect to the hydrophobic-
based organic polymer matrices. Therefore, before reinforc-
ing MMT clays in polymer matrix, MMT clays have to be
converted from hydrophilic to hydrophobic. This conversion

can be accomplished by replacing the exchangeable ion (Na+)
present in the interlayer space of the MMT clay with the
organic cations. Commonly used organic cations for MMT
clay modifications are onium- or quaternary-ammonium-
based salts, and such type of organo modified clay is
known as organoclays. When these organotreated MMT-
based organoclays are filled into the host polymer matrix,
two types of morphologies will form, namely, intercalated
and delaminated/exfoliated nanocomposite structure. The
intercalated structure is a well-ordered multilayered struc-
ture of silicates, where the polymer chains are just inserted
into the interlayer spaces (intergallery region). On the other
hand, in the exfoliated/delaminated structure, the polymer
chains separate individual silicate layers well apart, for
example, 80–100 Å or more, and no longer close enough
to interact with each other’s layers. Sometimes in exfoliated
structure, nanolayers are randomly dispersed in matrix
polymer. The aspect ratio (length/thickness) of individual
nanolayer of clay is very high in the order of several
hundreds to thousands and therefore contributes to the
improved mechanical properties in polymer system along the
loading direction and also serves as an impermeable medium
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when the host polymer is exposed to the gas/moisture
medium. The maximum utilization of this aspect ratio is
fully exploited by an exfoliated structure of PCN composites
rather than an intercalated structure. Hence, achieving an
exfoliated structure is a real challenge in this PCN system,
even though various polymers are used in recent years [1–7].

Epoxy-clay nanocomposites (ECNs) are an important
area of research interest in the thermoset-based polymer
nanocomposites. Several literature reports are available on
epoxy-clay nanocomposites showing improved water barrier,
mechanical, and thermal properties [8–14]. These properties
in ECN are based on some important parameters, namely,
clay concentration in matrix polymer, intercalated and
exfoliated nanocomposite structures. These parameters are
governed by curing characteristics. Hence understanding the
curing behaviour is important as it controls the properties
and structure of nanocomposites. In addition to this, the
literature also states that the organoions of the organoclays
that were present in the intergallery regions of clays will
readily react with the epoxide monomer by ring open-
ing polymerization of onium ions with the epoxy ring.
These organoclays act as catalysis and hence control the
curing characteristic of ECN. This shows that the curing
of organoclays with epoxy resin, clay concentration, epoxy
curing with hardener, and so forth controls the structure
(intercalation or exfoliation) of composites’ interaction and
exfoliation structures in epoxy-clay nanocomposites, and
hence understanding the cure behaviour of ECN is an
important phenomenon.

In the literature, very few articles are available dis-
cussing the curing studies and characteristics of ECN.
The curing characteristics are studied by using differen-
tial scanning calorimetry (DSC) [15], dynamic mechan-
ical analysis (DMA) [16], Rheology [17], and electrical
measurements [18]. Chen and He [19] studied the curing
behaviour of epoxy-clay nanocomposites using cure meter
which measures torque during gelling with respect to time.
Xu et al. [20] studied the cure behaviour of epoxy-clay
nanocomposites using Flory’s gelation theory. This paper
is about the direct online study of curing behaviour of
epoxy-clay nanocomposites by measuring the exothermic
temperature with respect to time. Epoxy polymer starts
curing or cross-linking after the addition of hardener (or
curing agents). During this curing reaction, the temperature
of resin increases rapidly due to exothermic reaction and
also resin becomes more viscous and eventually becomes
harder. The addition of clay in epoxy-hardener system
will change the temperature-time curing behaviour from
the unfilled epoxy curing. Hence, studying the changes in
temperature versus time for nanocomposite series during
curing will provide more insight about the role played by the
organoclays in epoxy polymer, concentration of clays, and
intercalation-exfoliation structures in nanocomposites.

2. Experimental Details

2.1. Materials. The matrix material used in this system is
DGEBA epoxy resin system, and the curing agent is triethy-
lene tetramine (TETA), both obtained from CIBA Ltd, Basle,

Switzerland. The reinforcement fillers in matrix are Na+

montmorillonite-untreated clay (UC) and an organoclay
(OC). The organoclay is alkyl-ammonium-treated MMT clay
obtained from Southern Clay Products Ltd, Gonzalez, Tex,
USA, supplied under the trade name Cloisite 30B.

2.2. Nanocomposite Preparation. Initially the desired amount
of epoxy resin was taken, and then the clay was gently added
in to the resin bath. Mixing of clay and epoxy was carried
out by mechanical shear mixer. The mixer rotates at 500 rpm,
and mixing was carried out for 2 h. After uniform mixing
of clay and resin, TETA hardener was mixed into the resin-
clay solution. The resin to hardener ratio was maintained
at 3 : 1 and then cast in the mold. The nanocomposite
specimens synthesized by this method are tested for various
characterizations.

2.3. Characterization. Curing characteristics of epoxy and
epoxy-filled OC and UC series were studied by directly
monitoring the exothermic cure temperature at regular time
intervals. The resin and hardener contents were maintained
unchanged for all the composite series during curing
temperature-time measurements. The temperature of the
curing reaction was monitored at regular intervals, and
the time-temperature graph was plotted for all the curing
sample series. The room temperature was maintained at
23◦C ± 2◦C. XRD was performed to evaluate the degree
of intercalation/exfoliation of nanocomposites. XRD was
carried out with a scanning rate of 2◦/min with Cu Kα
radiation (λ = 1.5401 Å) operating at 30 KV and 15 mA.
Thin sections of sample were made for TEM-Philip elec-
tron microscopy operating at 200 KV. Tensile testing was
carried out using Instron machine at a cross-head speed of
1 mm/min according to ASTM D638. FTIR (Nicolet) was
performed using an attenuated total reflectance (ATR) mode
to study the functional group of epoxy and was also used to
measure the degree of cure using the peak value of epoxy
oxirane ring as measured elsewhere [21].

3. Results and Discussions

3.1. Structure and Curing Characteristics. Figure 1 shows the
time-temperature curing curve of epoxy and UC-filled epoxy
composite series. The result shows that the maximum curing
temperature and time for unfilled epoxy is at 76◦C and 95
minutes, respectively. Addition of UC clays to epoxy polymer
did not change the curing time and curing curve patterns;
however, the peak curing temperature was less than that
of epoxy polymer. The peak curing temperature of epoxy
resin continuously decreased as UC content continuously
increased in epoxy polymer. The reduction in curing tem-
perature of epoxy-UC series is due to the lesser concentra-
tion of epoxy polymer due to increasing concentration of
clay content in it. This low-epoxy-polymer-matrix-content
composites release low amount of heat during curing which
in turn gives reduced exothermic curing peak temperature.
Figure 2 shows the time-temperature curing curve of epoxy
and OC-filled epoxy series. The curing curves of OC-filled
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Figure 1: Time-temperature curing curves of epoxy-UC composite
series.
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Figure 2: Time-temperature curing curves of epoxy-OC composite
series.

epoxy series show different curing curve patterns than those
of epoxy and UC-filled epoxy polymer composites.

In epoxy with 1% OC, the maximum curing temperature
and time was observed at 116◦C and 60 minutes, respectively.
This result shows that the curing occurs at much faster
rate than that of epoxy polymer. The onium ions of the
organoclay can readily participate in curing reaction of
epoxide group along with TETA hardener. This increases
the degree of cure as observed by FTIR studies. As OC
reduces the curing time of epoxy polymer, it acts as a catalyst
due to the presence of onium ions. Epoxy with 3 wt.% OC
shows, further reduction in the cure time, and the maximum
curing temperature and time were observed at 130◦C and
30 minutes respectively. The degree of cure is higher for
epoxy-3% OC composites due to the presence of higher
concentration of onium ions (Table 1). Higher addition of
OC above 3 wt.% in epoxy polymer shows different curing
behaviour. Epoxy-5 wt.% OC shows two different curing

Table 1: Degree of cure (α) of epoxy clay series.

Material E + OC series E + UC series

Epoxy 0.71 0.71

Epoxy + 1% clay 0.74 0.72

Epoxy + 3% clay 0.79 0.71

Epoxy + 5% clay 0.81 0.69

peak curves, one peak curve at reduced temperature and
another curing peak curve at the epoxy curing temperature.
The low curing temperature took more time (35 minutes)
and low peak temperature (120◦) than that of 3 wt.% OC-
filled epoxy composites. This shows reduced catalytic effect
of OC at higher concentration (5 wt.%). The two distinct
curing peaks for 5 wt.% OC-filled epoxy composites are
possibly due to the two types of curing reactions occurring
in the composites, one at intergallery regions of clays
where onium ions react with intercalated epoxy resin and
another at the extragallery regions (matrix) where epoxy and
hardener react with each other to form a cured polymer.
The imbalance in these two reactions (intergallery and
extragallery) in higher OC content (5 wt.%) causes two
distinct time-temperature curing patterns (Figure 2). The
UC addition in epoxy polymer does not alter the curing time
or the degree of cure, and this suggests that the UC does
not show catalytic effect in polymer matrix system. Similar
trends in OC- and UC-filled composites were observed in
our earlier studies which were examined using DSC and
rheology studies [22, 23]. Furthermore, the effect of OC and
UC clay addition on composites’ structure is examined by
using XRD and TEM methods.

The structure and morphological distribution of OC and
UC in the epoxy matrix polymer were examined using XRD
and TEM methods. Figure 3 shows the XRD patterns of clay
and clay-filled composite series. XRD pattern of OC shows
a sharp reflection peak at 2θ = 4.92◦ that corresponds to
an interlayer spacing (d) of 17.5 Å (calculated from Bragg’s
diffraction method using the formula 2d sin θ = nλ). The
XRD pattern of OC-filled epoxy polymer show different
patterns. For 5 wt.% OC in epoxy, the reflection peak shifted
to lower angle of 4.42◦, and hence the interlayer spacing (d)
of clay increased to 21.5 Å. This result shows that the matrix
polymer has entered into the interlayer spacing of nanoclay
and increased the d-spacing. Such type of structure is called
an intercalated nanocomposite structure. XRD patterns of
epoxy with 1 wt.% and 3 wt.% OC do not show any
reflection peaks. The absence of reflection peak in 1 wt.% and
3 wt.% OC-filled composites suggests staked arrangement of
nanolayers that are well apart from diffraction or randomly
dispersed in polymer matrix (exfoliated structure) or may be
due to the lower clay concentration in polymer matrix so that
XRD reflection is absent. Na+ Cloisite clay (UC) shows the
diffraction peak at 7.58◦ and corresponds to the interlayer
spacing of 11.68 Å. XRD patterns of epoxy with 5 wt.% UC-
filled composite also show the reflection peak at 7.58◦, and
this suggests that the matrix polymer has not entered the
interlayer spacing and hence did not form an intercalated or
exfoliated structure. This result further suggests that the UC
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Figure 3: XRD pattern of organoclay (a), epoxy with 5 wt.% (b),
3 wt.% (c), and 1 wt.% (d) OC, respectively, Na+ clay (UC) (e), and
epoxy with 5 wt.% UC (f).

acts as a microscale filler in epoxy polymer and does not form
nanolayer dispersions like OC.

Figure 4 shows a bright field TEM picture of the
composite series. In the TEM picture, the bright region is
the matrix phase, while the dark region is the particle (clay)
phase. Composite with 3 wt.% OC shows well separated and
random arrangement of clay nanolayers which is an exfoli-
ated structure. However, composite with 5 wt.% OC shows
the staked or parallel arrangement of nanolayers in epoxy
polymer matrix, and this structure is called intercalated
nanocomposite structure. TEM with 5 wt.% UC does not
show any nanolayer dispersions in epoxy polymer, and hence
UC acts as a microparticle filler in the epoxy polymer matrix.
The structural analysis of composites by XRD and TEM
methods correlates well to each other. The optical image
analysis of 5 wt.% OC-filled epoxy TEM pictures shows that
the average separation of nanolayers of clays is 2 nm, and this
result also well correlates with the XRD result.

When the curing characteristics of composites were
examined with respect to their structure (XRD and TEM), a
good correlation between structure and curing was observed.
In epoxy-OC series, for OC at 5 wt.%, the nanocomposite
forms intercalated structure. If we observe the curing curve
of 5 wt.% OC-filled epoxy composites, it shows two distinct
curing peaks, one at low temperature and another one at
higher temperature (epoxy curing). This result further shows
that intergallery polymerization occurs quicker than that of
extragallery polymerization. As the curing was completed
in intergallery polymerization, the clay nanolayers cannot
separate each other apart in matrix which restricts their
dispersion as well as the formation of exfoliated structure.
However, in the composites with low OC content (<5 wt.%),
the curing curve shows single peak which suggests that the
curing occurs uniformly throughout the composite system,
and hence there is good balance among clay nanolayer
separation (exfoliation), curing, and clay concentration
which leads to the formation of exfoliated nanocomposite
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Figure 4: TEM pictures of epoxy with (a) 3 wt.% OC, (b) 5 wt.%
OC, and (c) 5 wt.% UC.

structure. To further understand the curing characteristics of
epoxy and epoxy clay series, FTIR spectrum was taken and
studied.

Figure 5 shows the FTIR spectrum of epoxy and epoxy-
OC composite series. Epoxy shows absorption peak val-
ues at 4679 cm−1 (phenyl ring), 4621 cm−1 (phenyl ring),
4528 cm−1 (oxirane), and 3050 cm−1 (CH stretching vibra-
tion of oxirane). Oxirane peak intensity values decrease as
the degree of cure of epoxy-OC composites increases. It was
observed that the oxirane peak intensity value continuously
reduces when the OC clay content continuously increases in
the epoxy polymer matrix. In epoxy-OC composite series,
the new peak was observed at 3521 cm−1 which corresponds
to the characteristic group of onium ions of organoclays.
Table 1 shows the degree of cure of the composite series; it
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Table 2: Tensile properties of epoxy and epoxy-clay composite series.

Material
Epoxy + OC series Epoxy + UC series

Modulus, GPa Strain at break, % Strength, MPa Modulus, GPa Strain at break, % Strength, MPa

Epoxy 1.00 4.2 37.0 1.0 4.20 37.0

Epoxy + 1% clay 1.20 4.6 38.0 1.1 4.35 38.5

Epoxy + 3% clay 1.91 5.1 40.5 1.2 4.42 40.2

Epoxy + 5% clay 1.51 4.7 39.0 1.3 4.73 41.3
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Figure 5: FTIR spectrum of epoxy and epoxy-OC series.

shows that the degree of cure continuously increases as the
OC clay content continuously increases in the epoxy matrix,
whereas no change in degree of cure was observed when
UC was filled in epoxy composites. The degree of cure is
measured by measuring the fraction of peak intensity value
of oxirane ring of uncured epoxy resin and cured epoxy
resin. As the OC content increases in the epoxy polymer,
the organoions of OC react with epoxy oxirane rings and
reduce the peak intensity values of oxirane rings due to less
concentrations of oxirane rings in epoxy-OC cured system.
The fraction of this reduced intensity values of oxirane rings
of epoxy-OC composite series to that of uncured oxirane
value of epoxy resin results in high degree of cure. This result
shows that the onium ions of the organoclay reacts with
oxirane ring of epoxide group and hence increases the degree
of cure.
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Figure 6: Tensile stress-strain curves of epoxy and epoxy-OC
composite series.

3.2. Tensile Properties. Figures 6 and 7 show the tensile
stress strain curves of epoxy and epoxy filled with OC and
UC composite series. The result shows that the addition
of OC increases the tensile modulus, and elongation and
strength of epoxy polymer. However the addition of UC
in epoxy polymer resulted in moderate improvement in
modulus, elongation and strength values. The tensile values
are shown in Table 2. The result shows that the maximum
increase in properties has been observed at 3 wt.% OC-
filled epoxy composites. The addition of OC above 3 wt.%
shows reduction in tensile properties, due to the formation
of intercalated nanocomposite structure. Exfoliated structure
provides improved properties than intercalated structure
due to the large nanolayer clay surface exposure. Exfoliated
structure provides increased aspect ratio (length/thickness)
of nanolayered clay than that of intercalated structure at
same clay volume concentration in matrix. The increased
aspect ratio and surface area interaction could have caused
improved strength at 3 wt.% OC-filled epoxy composites due
to exfoliated structure.
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Figure 7: Tensile stress-strain curves of epoxy and epoxy-UC series.

4. Conclusions

In this work, the catalytic effect of organoclays in epoxy
polymer was examined by directly monitoring the curing
temperature and time patterns of unfilled and clay-filled
epoxy resins. The catalytic effect of organotreated montmo-
rillonite clay in epoxy polymer was studied by varying the
clay content and observed that maximum catalytic effect
was observed at 3 wt.% OC content. Higher addition of
OC (5 wt.%) in epoxy matrix reduces the catalytic effect
and shows the formation of intercalated nanocomposite
structure due to improper curing at intergallery and extra-
gallery region of epoxy polymer. The addition of untreated
montmorillonite clay in epoxy polymer does not show
any catalytic effect and acts as micron-scale filler in epoxy
polymer. An improved tensile property was observed in OC-
filled composites when compared with unfilled epoxy and
UC-filled epoxy composites.
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