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Abstract: Three different methods of fabricating polymer layered silicate (PLS) nanocomposites based
upon a tri-functional epoxy resin are compared in respect of the nanostructure and impact energy of the
cured nanocomposites. The three methods are designed to maximise the amount of intra-gallery reaction
that takes place during cure, and this paper examines separately the effects of: (i) increasing the isother-
mal cure temperature; (ii) preconditioning the resin/clay mixture; and (iii) incorporating an initiator of
homopolymerisation within the clay galleries. It is shown that each of these methods increases the degree
of exfoliation in the cured nanocomposite, and that this improved nanostructure correlates also with an
increase in the impact energy.

Keywords: PLS nanocomposites, exfoliation, epoxy resin, homopolymerisation, differential scanning
calorimetry.

Porownanie wysoko eksfoliowanych nanokompozytow zywicy epoksydowej
z krzemianami wytwarzanych trzema metodami

Streszczenie: Trzema réznymi metodami wytwarzano nanokompozyty na bazie tréjfunkcyjnej zywicy
epoksydowej napetnianej warstwowymi glinokrzemianami (PLS). Analizowano ich strukture i wytrzy-
matos¢ na uderzenie. Poréwnano efekt uzyskiwany na drodze: (i) zwigekszania temperatury izotermicz-
nej reakdji sieciowania zywicy, (ii) wstepnego kondycjonowania sporzadzonej mieszaniny zywicy z gli-
kazda z ww. metod prowadzi do wzrostu stopnia eksfoliacji usieciowanych nanokompozytéw, a zmiany
w strukturze znajdujq potwierdzenie w zwiekszeniu ich udarnosci.

Stowa kluczowe: nanokompozyty PLS, eksfoliacja, zywica epoksydowa, homopolimeryzacja, rézni-

cowa kalorymetria skaningowa.

The idea of obtaining significant reinforcement of
polymers at low filler contents by the incorporation of
nanoclays has been rather widely investigated since the
original conception by the Toyota research group in the
early 1990’s [1]. In order to accomplish the desired im-
provement in mechanical properties of these nanocom-
posites, it is necessary for the clay layers to be separated
and dispersed homogeneously throughout the polymer
matrix, in a process referred to as exfoliation, which
creates a very large polymer-clay interfacial area [2]. For
epoxy-clay nanocomposites, this process of exfoliation
begins with the intercalation of the resin monomer into
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the clay galleries, and the subsequent crosslinking reac-
tion is supposed to lead to the desired exfoliated nano-
structure. However, achieving a highly exfoliated nano-
structure in these epoxy layered silicate nanocomposites
has proven difficult, and it is common to refer to , partial”
exfoliation or to consider the nanostructure to be exfolia-
ted when the d-spacing of the clay layers cannot be de-
tected by Small Angle X-ray Scattering (SAXS), which
normally implies layer separations greater than about
8 nm. One problem is related to the relative rates of reac-
tion of the resin in the intra- and extra-gallery regions of
the clay. It is generally recognized that, in order to maxi-
mise the degree of exfoliation, the intra-gallery reaction
should occur before the extra-gallery reaction [3, 4], but
this does not occur naturally for nanocomposites based
upon DGEBA epoxy and organically modified montmo-
rillonite (MMT) cured with a diamine [5]. One possibility
for overcoming this problem is to precondition the inter-
calated epoxy-clay mixture [6, 7] before adding the cur-
ing agent and effecting the crosslinking reaction; this pre-
conditioning procedure results in a homopolymerisation
reaction taking place within the clay galleries. On the
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other hand, it transpires that, during the isothermal cure
of such nanocomposite systems based upon a tri-func-
tional epoxy resin cured with a diamine, two distinct re-
actions occur: the first is the epoxy homopolymerisation
reaction taking place within the clay galleries, while the
second is the bulk crosslinking reaction in the extra-gal-
lery regions [8]. This system therefore affords a mecha-
nism for improved exfoliation in these epoxy-clay nano-
composites, and we present here the results of three diffe-
rent ways in which the intra-gallery reaction can be
promoted. These are:

(a) preconditioning of the resin-clay mixture;

(b) selection of the isothermal cure temperature;

(c) incorporation of an initiator of cationic homopoly-
merisation within the clay galleries.

The procedures involved in each of these protocols
and the nanostructures and properties obtained are the
subject of this paper.

EXPERIMENTAL PART
Materials

The epoxy resin was triglycidyl p-aminophenol,
TGAP (Araldite MY0510, Huntsman Advanced Mate-
rials), with diaminodiphenyl sulphone, DDS (Aradur
976-1, Huntsman Advanced Materials), as the curing
agent. The organically modified clay (MMT) was Nano-
mer L.30E (Nanocor Inc.). The initiator was a boron tri-
fluoride monoethylamine complex, BF;sMEA (Sigma
Aldrich), which is known to be an efficient initiator for
the homopolymerisation of epoxy resins [9].

Preparation of samples

For the ,standard” preparation of the epoxy-clay
nanocomposites, mixtures of TGAP and 2 wt % or 5 wt %
MMT were first mixed mechanically for approximately
4 h. For the preconditioning procedure, these mixtures
were then stored either at room temperature (RT) or at
higher temperatures (40 °C, 60 °C, 80 °C) using a thermo-
static bath. After storage for selected periods of time at
each temperature, the epoxy equivalent (EE) was deter-
mined by titration and the glass transition temperature,
T,, of the mixture was determined by differential scan-
ning calorimetry (DSC). For the curing of the final nano-
composite, the required amount of DDS was added to the
TGAP/MMT mixture, according to the measured EE of
the resin and to give an excess epoxy ratio (1:0.85 molar).

To incorporate the initiator into the system, BF;-MEA
and MMT were first mixed together in various propor-
tions (to give 0.5 wt % and 1 wt % for BF;-MEA, and 2 and
5wt % for MMT, both with respect to the TGAP content in
the final nanocomposite) using acetone as a solvent,
which was subsequently removed by evaporation at
room temperature over a period of about one day. The re-
sulting mixture, ground to a fine powder, was then dis-

persed in the TGAP by high shear mechanical mixing
(Polytron, PT1200C, Kinematica AG) at room tempera-
ture. This TGAP/MMT/BF;-MEA mixture was then
heated on a hot-plate to 80 °C and the DDS was added.

Methods of testing

All samples were degassed under vacuum at room
temperature for 10—15 min before scanning them in the
DSC. The calorimetric experiments were carried out
using a conventional DSC (DSC821e, Mettler-Toledo)
with a flow of dry nitrogen gas at 50 cm®/min.

The impact tests were performed using a Zwick Izod
impact tester 5110 according to ASTM D4508-05 (2008) on
rectangular samples, 25 x 12 x 2.5 mm, with a hammer of
energy 0.545 J.

The nanostructure of the cured samples was observed
by Transmission Electron Microscopy (TEM) on ultra-
-microtomed sections using a Jeol JeM-2010 high resolu-
tion transmission electron microscope. The fracture sur-
faces of the impact samples were observed using a Scan-
ning Electron Microscope (SEM, Jeol 5610).

RESULTS AND DISCUSSION
Preconditioned samples

Samples of TGAP/MMT/DDS prepared according to
the standard procedure described above and then cured
isothermally display two peaks in the DSC curves, as
shown in Fig. 1. The first peak, which is very rapid, is as-
signed to the intra-gallery homopolymerisation reaction
of the epoxy resin catalysed by the onium ion of the
MMT, while the second peak is associated with the
crosslinking reaction of the TGAP with the DDS. The rea-
son why the first peak can be assigned to the intra-gallery
reaction is evident when the cure curve for the precondi-
tioned sample is compared, as shown also in Fig. 1. Here
it can be seen that the effect of preconditioning, in this
case for 112 days at RT, is to eliminate the first peak and
reduce the heat of reaction, measured as the area under
the cure curve. This is because a homopolymerisation re-
action occurs within the clay galleries during the precon-
ditioning process, in which both the EE and the T, of the
mixture increase [6, 7]. Consequently, for preconditioned
samples no further intra-gallery reaction will occur when
the DDS is added and the sample is cured isothermally at
150 °C, and the heat of reaction will be reduced because
some epoxy groups will have already reacted during pre-
conditioning.

The occurrence of the intra-gallery reaction before the
crosslinking reaction is important for exfoliation. It is
clear, therefore, that preconditioning the TGAP-clay mix-
ture before adding the curing agent helps to promote the
intra-gallery reaction and hence should be beneficial for
exfoliation. TEM images show that the preconditioning
procedure does indeed improve the final nanostructure
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Fig. 3. DSC scans for a TGAP/MMT(5 wt %)/DDS mixture pre-
pared by the standard procedure and cured isothermally at the
temperatures indicated

Fig. 1. Isothermal cure of TGAP/MMT (5 wt %)/DDS at 150 °C,
with and without preconditioning, as indicated, exothermic

direction is upwards

a)
a)

Fig. 2. TEM micrographs of cured TGAP/MMT(5 wt %)/DDS
nanocomposites: a) without preconditioning, b) with precondi-

Fig. 4. TEM images for TGAP/MMT(5 wt %)/DDS nanocompo-
sites cured isothermally at the different temperatures indicated:
a) cured at 120 °C for 16 h, b) cured at 180 °C for 1.5 h

tioning

by producing a greater layer separation and a more ran-

dom dispersion of the clay layers, as illustrated in Fig. 2.
method has been investigated, and is illustrated in Fig. 3.

It can be seen that, in each case, there is a very rapid first
(intra-gallery) reaction, followed by the broader bell-

The effect of the isothermal cure temperature for -shaped peak corresponding to the crosslinking reaction.
TGAP/MMT/DDS mixtures prepared by the standard  As the isothermal cure temperature increases, the cross-

Isothermal cure temperature
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linking reaction moves to shorter times, as expected,
while the magnitude of the intra-gallery reaction in-
creases. This latter effect can be quantified by deconvo-
lution of the overall curve into two peaks and determin-
ing the area under the first peak, which corresponds to
the amount of homopolymerisation reaction that has
taken place [10]. For example, for the samples and cure
schedules in Fig. 3, the approximate extent of reaction
within the clay galleries at the different cure tempera-
tures is as follows: 33 % at 150 °C, 50 % at 165 °C, and 76 %
at 180 °C.

The greater extent of the homopolymerisation reac-
tion that takes place at the higher cure temperature
would imply that a greater degree of exfoliation would be
expected for cure at 180 °C in comparison with cure at
120 °C. This is indeed the case, as illustrated in Fig. 4,
where the TEM micrographs show significantly greater
layer separations for the higher cure temperature. The
same effect was observed by Becker et al. [11] for both
DGEBA- and TGAP-based nanocomposites.

a)

Initiator of cationic homopolymerisation

The intra-gallery homopolymerisation reaction can
also be promoted by the inclusion of BF;MEA as an ini-
tiator within the clay galleries. Firstly, the BF;-MEA is
intercalated into the clay galleries by the procedure de-
scribed earlier. The presence of the BF;-MEA within the
clay galleries is verified by SAXS, which in fact shows
that the d-spacing decreases, from 2.1 nm for the organi-
cally modified MMT to 1.3 nm, which is attributed to the
interchange of the monoethylamine of the BF; complex
with the octadecyl ammonium salt of the MMT. This
should be compared with an increase in the d-spacing to
3.5 nm when the TGAP is intercalated into the MMT [8].

The curing agent, DDS, is then added and the system
is cured. Here, the cure schedule must be selected care-
fully in order to separate the two reactions: the intra-gal-
lery homopolymerisation reaction, now initiated by the
BF;:MEA, and the extra-gallery crosslinking reaction
with the DDS. This involves a two-stage schedule. First,

b)

Fig. 5. Comparison of TEM micrographs at low magnification for
TGAP/MMT(5 wt %)/DDS samples, with and without BF,-MEA
initiator: a) sample with 1 wt % BF,-MEA, cured at 100 °C for 2.5 h,
post-cured at 150 °C for 2 h, b) sample without initiator, cured at
180 °C for 1.5 h, ¢) sample without initiator, preconditioned at RT
for 112 days then cured at 150 °C for 3 h
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the system is cured isothermally at a relatively low tem-
perature, 100 °C or 110 °C, during which the intra-gallery
reaction proceeds, allowing the clay layers to separate
without any significant crosslinking occurring in the
extra-gallery regions. This is followed by an isothermal
post-cure at a higher temperature to allow the cross-
linking reaction to proceed.

An illustration of the effect of this procedure on the
nanostructure can be seen in Fig. 5. Here, TEM images at
low magnification are shown in order to demonstrate
how the incorporation of the BF;-MEA into the system re-
sults in a significantly better dispersion of the clay in the
matrix of epoxy resin. Only a single aggregate can be seen
in Fig. 5a for the sample with initiator, whereas several
agglomerations, often somewhat larger, can be seen for
the other samples in Figs 5b and 5c.

Fig. 6. TEM micrograph of TGAP/MMT(5 wt %)/DDS/BF, nano-
composite post-cured at 150 °C

The low magnification TEM images in Fig. 5 serve to
illustrate the improved dispersion of the clay when the
procedure involving the BF;-MEA initiator is used.
Nevertheless, within the small agglomeration of Fig. 5a,
for example, there still remains some layer stacking in the
clay, as shown in Fig. 6, though this occurs to a much
smaller extent than in the other preparations. Here it is
evident that there are some regions in which the d-spac-
ing is as small as 1.3 nm, the spacing of the clay inter-
calated with BF;-MEA before the addition of the TGAP.

Impact tests

Although it can be deduced from the TEM images
shown above that these three preparation procedures
lead, to a greater or lesser extent, to an enhanced degree
of exfoliation in the final nanostructure of the cured
nanocomposite, these images each nevertheless repre-
sent only a small selected part of the overall nanostruc-

ture. In this respect it is interesting in addition to deter-
mine a bulk property, such as the impact strength, which
is strongly dependent on the nanostructure. To this end,
the effects of the preparation procedures described above
on the impact energy of cured nanocomposites with
2 wt % MMT are collected in Table 1.

Table 1. Values of the impact strength of epoxy-clay nanocom-
posites with 2 wt % MMT

Formulation [mpact Standard

strength, kJ/m? | deviation
Reference 1.40 +0.18
TGAP/MMT/DDS, 150 °C 1.60 +0.20
TGAP/MMT/DDS, 180 °C 1.70 +0.38
giﬁ%&iﬁiﬁ’w °C 210 +0.33
TGAP/MMT/DDS/BF; (0.5 wt %) 2.34 +0.24

The reference material is TGAP cured with DDS with-
out any clay reinforcement; it is evident that the addition
of clay increases the impact strength for all the prepara-
tion methods used, but that the increase is greater for
some than for others. For the standard preparation, iso-
thermal cure at 180 °C increases the impact strength
slightly more than does isothermal cure at 150 °C, as anti-
cipated from both the DSC and TEM results, the former
showing that more intra-gallery reaction occurs (ref.
Fig. 3) while the latter shows that the d-spacing is greater
(ref. Fig. 4) the higher is the isothermal cure temperature.
An even greater increase in the impact energy, 50 % rela-
tive to the reference, is obtained when the TGAP/MMT
mixture is preconditioned, in this case for 56 days at
40 °C, before curing with the addition of the DDS. This
procedure ensures an extensive amount of intra-gallery
reaction, which leads to an improved degree of exfolia-
tion (ref. Fig. 2), in accordance with these impact results.
The greatest increase in impact energy, by nearly 70 %
relative to the reference, is afforded by the procedure
involving the incorporation of BF;:-MEA, in this case in
a proportion of 0.5 wt %, into the clay galleries. This pro-
cedure promotes the intra-gallery reaction, which was
shown to lead to fewer and smaller aggregates in the
cured nanocomposite (ref. Fig. 5), in accordance with
these impact results.

The fracture surfaces after impact, for the same sam-
ples as those for which the impact energies were pre-
sented in Table 1, have been observed by SEM, and the
results are shown in Fig. 7 at a magnification of x50. The
reference sample, TGAP/DDS without any clay (Fig. 7a),
shows the typical rather brittle fracture surface, with only
a few striations where the crack velocity has increased.
The amount of striations in Fig. 7b, for the
TGAP/MMT/DDS sample cured isothermally at 150 °C, is
significantly greater, and the characteristic parabolic
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a)

shape associated with the divergence of the crack from
one plane to another can be seen. The overall appearance,
though, is of an essentially planar fracture in both Figs 7a
and 7b. On the other hand, the fracture surfaces seen in
Figs 7c and 7d, for the preconditioned sample and the
sample in which the BF;-MEA initiator was used, respec-
tively, both show a generally much rougher surface. This
is consistent with the significantly higher values of
impact energy listed in Table 1 for these samples.

CONCLUSIONS

The effect on the nanostructure and properties of
three different preparation procedures for the fabrication
of polymer layered silicate (PLS) nanocomposites based
upon a trifunctional epoxy, TGAP, has been investigated:
preconditioning of the resin-clay mixture before curing;
isothermal cure at different temperatures; incorporating
an initiator of cationic homopolymerisation into the clay
galleries before intercalation of the epoxy resin and cur-
ing. All these procedures promote the occurrence of the
homopolymerisation reaction within the clay galleries,
which occurs before the bulk crosslinking reaction, and
which hence leads to improved exfoliation. The im-
proved nanostructure is observed by TEM and results

SO 500 um
Fig. 7. SEM micrographs of the fracture surfaces of 2 wt % MMT nanocomposite samples after impact testing: a) reference, TGAP/DDS
without any clay, b) TGAP/MMT/DDS cured at 150 °C, c) TGAP/MMT/DDS preconditioned 56 days at 40 °C, d) TGAP/MMT/DDS/BF;

also in an increase in the impact energy of the cured
nanocomposites. The most effective procedure is to incor-
porate the initiator, a BF;-MEA complex, into the clay gal-
leries, and represents an important protocol for the
achievement of highly exfoliated PLS nanocomposites.
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