The Effects of Promoter and Curing Process on Exfoliation
Behavior of Epoxy/Clay Nanocomposites
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ABSTRACT: The effects of a catalyst and coupling agent as well as a curing process on
exfoliation behavior of CH;(CH,),;NH;+-montmorillonite clay in an anhydride-cured
epoxy—clay system have been investigated by XRD, DSC, and TEM. The results have
shown that the organoclay is easily intercalated by the epoxy precursor during the
mixing process, and the clay galleries continue to expand during the curing process, but
the Na*—montmorillonite clay is not intercalated during either the mixing or the curing
process. The results also suggest that in the cured system without any promoter
although partial exfoliated clay layers have already formed, an amount of the interca-
lation structure still remains. Although addition of a promoter or coupling agent into
the cured system significantly lowers the maximum reaction temperature, and during
the curing process the layered organoclay can be gradually broken into nanoscale
structures, in which no d,; diffraction peaks are observed, the complete exfoliation is
achieved at gel time or before. The possible mechanism for the complete exfoliation is
discussed on the thermodynamic and kinetic point of view. © 2000 John Wiley & Sons, Inc.
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INTRODUCTION

The dispersed phase in conventional composites
is on a macroscopic (um)-length scale, while for
nanocomposites it is on a nanometer-length scale.
Owing to this structural aspect, the dispersed
phase has a large specific surface area and strong
interaction with the matrix. Also, owing to the
two-dimensional homogeneity and the high as-
pect ratios of the nanoscale clay layers, typically
in the range 200-2000, nanocomposites can ex-
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hibit lighter weight dimensional stability and a
certain degree of strength, stiffness, heat resis-
tant, and barrier properties with far less clay
loading than that used in conventional filled poly-
mer composites. Hence, they have attracted con-
siderable attention from both the scientific and
practical point of view.

The in situ polymerization of monomer in the
clay galleries, or so-called intercalate polymeriza-
tion, is one of very useful methods to prepare
high-performance properties of polymer—clay
nanocomposite materials.!~* This approach has
been successfully employed to prepare thermo-
plastic nanocomposites.> 1% Thereafter, this revo-
lutionary nanocomposite chemistry has also been
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extended to the thermosetting systems, such as
polyimide and epoxy.'3¢ Due to several influ-
ences, two types of nanocomposites would possi-
bly be formed: intercalated, exfoliated, or some-
times a combination of both hybrids. However,
only the exfoliated state, in which silicate nano-
layers are delaminated and individually dis-
persed in the polymer matrix, may maximize in-
terfacial contact between the organic and inor-
ganic phases, and leads to a dispersion
homogeneously; as a result, the nanocomposite
with optimum performance properties can be ob-
tained. The epoxy—clay nanocomposites can be
readily prepared from either solution mixing or
directly mixing without any solvent as a swelling
agent.'®15-1° Pinnavaia et al.'” have shown that
the extent of organoclay layer exfoliation in the
epoxy matrix is mainly determined by the chain
length and the acidity of the gallery organic cat-
ions. Long-chain alkylammonium ions allow more
epoxy precursors to be accommodated in the gal-
lery that may be a prerequisite to achieve layer
exfoliation upon an intragallery reaction. Onium
ions with bronsted acidity catalyze an intragal-
lery curing reaction at a rate that is comparable
to the extragallery reaction. Therefore, the clays
with acidic onium ions facilitate clay exfoliation
and the formation of an exfoliated nanocomposite.
Not long after, they'® have noted that even if by
using onium ion chain lengths as short as three
carbon atom, exfoliated clay nanocomposites can
also be formed as long as all of the inorganic
exchangeable cations have been replaced by al-
kylammonium ions after being subjected to sev-
eral ion exchange reactions. Those results should
manifest that the nature of organoclay including
the ability to accommodate reactants and intragal-
lery catalytic polymerization, plays an decisive role
for balance of the intra- and extragallery polymer-
ization rates and for exfoliation behavior; therefore,
selecting a suitable catalyst that can be adsorbed by
intergallery surfaces may be favorably reactive to-
ward nanocomposite formation. Moreover, the cur-
ing processes of the thermosetting resins involve a
multistep proceeding from a reaction fluid, elas-
tomer (gelled rubber), and finally crosslinking solid,
and at various stages the reaction mechanism
changes from kinetic to diffusion control and the
material vitrifies from an elastic gel to gelled glass.
Due to the complexities involved that might influ-
ence the exfoliation behavior of the clays in the
thermosetting matrix, work in this area must be
deeply studied, especially the question of at which
stage a complete exfoliation will be taken place

must be clearly understood. For this reason, in this
article, the effects of curing process and addition of
a catalyst and coupling agent into anhydride-cured
epoxy—clay systems on exfoliation behaviors of
CH,4(CH,),;NH; —montmorillonite are investigated
by XRD, DSC, and TEM. The possible mechanism
for complete exfoliation is also discussed as to the
thermodynamic and kinetic point of view.

EXPERIMENTAL

Materials

Epoxy resin E-51, the diglycidyl ether of bisphe-
nol A (denoted EP) with a molecular weight of
390, used in this study was a commercial product
and purchased by Tianjin Synthesized Resin Fac-
tory (China). Methyltetrahydrophenolanhydride
(MeTHPA), used as a curing agent, was produced
by Shanghai Reagents Third Factory (China), CP.
N,N-dimethylbenzylamine (DMBA) was used
as a catalyst or promoter. y-Glycidoxypropyltri-
methoxysilane (denoted 560) was a coupling
agent. Source clay Na'—montmorillonite (Na™-
Mont) was obtained from China. Organoclay (16-
Mont) was prepared by an ion-exchange reaction
of Na"-Mont with n-hexadecyllammonium chro-
mide containing a small amount of onium ions
with a shorter alkyl chain.

Preparation of Clay/EP Mixtures and Composites

To a 250-mL three-necked round-bottom flask the
stoichiometric mixtures of epoxy resin and clays
were added and magnetically stirred at 75°C for
30 min, then the temperature was raised to 225°C
and stirred for another 1 min. The resulting mix-
tures still maintained at a liquid state during the
mixing processes.

The curing agent (MeTHPA) with or without
any catalyst (DMBA) was added into the clay/EP
mixture in a beaker at 50°C, mixed thoroughly by
stirring, then degassed in a vacuum desiccator,
and cast into a Teflon mold. The composite sam-
ples were cured by a two-stage method as a re-
ceived curing process (unless stated otherwise),
i.e., first precured at 80°C for 2 h, followed post-
cured at 160°C for 3 h. The concentration ratio of
EP and MeTHPA was fixed at 100 : 80 by weight
for composites without any catalyst, and EP :
MeTHPA : DMBA = 100 : 80 : 2 for composites
with a catalyst. For composites with a catalyst
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Figure1 XRD patterns of epoxy containing 3% Na™—
montmorillonite clay mixtures and composites: (a) pris-
tine clay, (b) mixed at 225°C, (c) b mixture cured at
80°C 50 min, (d) b mixture cured at 80°C for 2 h, then
160°C for 3 h.

and coupling agent, the coupling agent was 2% of
the total epoxy resin weight.

Measurement

The changes in basal spaces of the layered clays
in mixture and composite samples were detected
by XRD. X-ray diffraction patterns were recorded
by monitoring the diffraction angle 26 from 1.5° to
40° on a Japan D/max-RB 12-kW diffractometer
using Cu Ka radiation at a generator voltage of 40
kV and a generator current of 100 mA. The scan-
ning speed and the step size used were at 2°/min
and 0.02°, respectively. The cured block samples
embedded in a capsule were microtomed with a
glass knife. The resulting ultrathin sections sup-
ported on a copper grid were observed with a
Hitachi H-800 transmission electron microscope
(TEM) operated at an acceleration voltage of 100
kV. Differential scanning calorimeter (DSC) were
conducted on Perkin-Elmer DSC-7 thermal ana-
lyzer at a heating rate of 20°C/min for dynamic
scanning.

RESULTS AND DISCUSSION

Figure 1 represents the XRD patterns of epoxy/
Na*—montmorillonite pristine clay mixtures and
their composites. It can be seen that the [001]
diffraction peak of the pristine clay appears at 20
= 7.06°, with basal spacing of 1.25 nm. Although
there is no change at any of the diffraction posi-
tions, either in the mixtures or in the cured sys-

tems with the clay loading of 3 and 5%, indicating
that even if the heat release by crossling reaction
of extragallery has taken place, epoxy monomers
hardly overcome the electrostatic attraction be-
tween the negatively charged silicate layers, and
replace the exchangeable ions on clay layers,
where no interlayer expansion is observed and
only a conventional particle composite is formed.

By treating the clay with alkylammonium ions,
however, the organic cations replace the inor-
ganic cations and the original hydrophilic clay
becomes an oilphilic organoclay; hence, the epoxy
precursors can be absorbed by intragallery and
pushes the layers apart. As shown in Figure 2, the
diffraction peak of organoclay is located at 26
= 4.66°. The basal spacing of 1.9 nm is about 0.9
nm large than that observed with a dry montmo-
rillonite. By comparison, with a sharp diffraction
peak of pristine clay, an additional shoulder peak
appears at 260 = 6.1° near the main peak, corre-
sponding to an interlayer separation of ~0.45 nm.
Because the van der Waals diameter of a methyl
group is about 0.4 nm,?° it then can be deducted
that the organoclay used is mainly a double-layer
complex with the alkyl chain lying parallel to the
silicate surface, while a small part of it is a single-
layer complex with a short-alkyl chain. Also, the
results in Figure 2 clearly show the diffraction
peaks appearing at the same location with the
same basal spacing of 3.5 nm for all of the mix-
tures, with loading in the range of 1-7%, and the
secondary reflections are at about 5.0°, suggest-
ing the clay tactoids have been expanded or inter-
calated by epoxy resin when mixed ether at 80°C
or at elevated temperature of 225°C. As is well
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Figure 2 XRD patterns of epoxy mixtures with load-
ing in the range 1-9% CH,(CH,),sNH3-montmoril-
lonite clay mixed at different temperatures for various
periods of time: (a) organoclay, (b) 1%, 1 min at 225°C,
(c) 3%, 1 min at 225°C, (d) 5%, 1 min at 225°C; (e) 7%,
1 min at 225°C; (f) 9%, 2 h at 80°C.
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Figure 3 XRD patterns of acid-cured epoxy without

any BDMA nanocomposites containing 1-7% organo-

clay.

known, the extent of clay expansion upon an or-
ganic molecule adsorbed is determined by the mo-
lecular size or chain length and the spatial ar-
rangement of that in the silicate layer. For the
n-hexadecyllammonium ion used in this example,
assuming the chain adopts an trans-trans config-
uration, then the basal spacing (or the extent of
clay expansion) may be calculated from the follow
equation: dgy; = (n — 1) X 1.26 + dec + dm (in
A), where n is the number of carbon atom, 1.26 is
a length per carbon bond in the chain direction,
and dc and dm are the basal spacing of dry clay
and the van der Waals diameter of the methyl end
group (0.4 nm), respectively. Clearly, the ob-
served basal spacing (3.5 nm) nearly agree with
the corresponding calculated values (3.2 nm) for
epoxy/organoclay mixture systems. This indicates
that the alkyl chain is completely extended per-
pendicular to the silicate surface and an interca-
lation complex with a “brush” configuration is
formed. This is owing to the affinity of organoclay
with the epoxy resin. Even with the steric hin-

drance of alkyl chains absorbed on opposite inter-
layer surfaces, the entropy repulsion may occur.
This will lead layered clays to expand further;
thus, additional diffraction peaks may appear at
lower angles with basal spacing of ~5 nm, corre-
sponding to a distance of the order of twice the
alkyl chain length, as observed in the mixtures at
loading or below 3%.

Figure 3 shows the XRD patterns of epoxy/
organoclay-cured systems without any promoter
DMBA. It can be seen that by a two-stage curing
process, the composite containing 1% clay does
not exhibit a diffraction peak. The absence of
Bragg scattering indicates that the clay tactoids
have been completely exfoliated by the curing pro-
cess and the composites with loading in the range
3-7%; however, they still retain an amount of
intercalation clays, although there are dramati-
cally decreases in the intensity of clay reflections
when compared to the XRD of the corresponding
mixtures, indicating that only an appropriate
amount of intercalation clays have been trans-
formed into exfoliation clays. A possible reason
for this is that as the mixtures are cured at 80°C
in the first stage, the curing rate for the systems
without any promoter is too slow (the gel time is
of 280 min, as shown in Table I), and within a
period of 2 h, with the help of the protonated
onium ions alone, the reaction extent or the re-
lease of the reactive heat in the gallery is too low
to overcome the van der Waals attractive energy
between the silicate layers and alkyl chains. This
then restricts a large amount of silicate layers to
continue to expand, while at the second stage
curing process at 160°C the viscosity of the sys-
tems (which have been subjected to curing pro-
cess at the first stage), increases rapidly to inhibit
more epoxy and curing agents to migrate into the
gallery space and then extragallery reaction will
be faster than the intragallery reaction. As a re-

Table I Gelling Time of Epoxy and Epoxy/Organoclay Composites with Promoter

Sample t, at 80°C t, at 100°C t, at 120°C t, at 140°C t, at 185°C Activation Energy
(clay wt %) (min) (min) (min) (min) (min) (kd/mol - K)

0 71.17 17.55 5.98 1.75 17.66

1 61.67 14.43 4.80 1.30 18.49

3 48.33 11.52 3.30 1.00 18.67

5 41.13 10.82 2.82 1.00 17.88

7 14.53 4.75 1.48 0.45 16.75

5 280.0 1.68

Without BMDA
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Figure 4 DSC curves of various acid—epoxy—5%
CH,(CH,),sNH; —montmorillonite clay mixtures: (a)
without any BDMA, (b) with BDMA, (¢) with BDMA
and a coupling agent.

sult, some of the clay layers cannot be completely
exfoliated, and intercalated clay nanocomposite
structures tend to form. From DSC curves in Fig-
ure 4 it also can be seen that in cured epoxy—clay
systems without any promoter, the temperature
at which the maximum reaction heat arrived is
186°C, which is 30°C higher than in the systems
with a promoter. If the mixtures with loading
clays of 3 and 5% are cured at nearly the peak
maximum temperature, 185°C for 1 h, the exfoli-
ation behavior can be greatly improved, as shown
in Figure 5.

Figure 6 illustrates the XRD patterns of cured
epoxy—clay systems with a promoter, DMBA. The
composites with 1-5% clay loading exhibit no

Relative intensity

Diffraction angle (28)

Figure 5 XRD patterns of epoxy nanocomposites
with 3 and 5% clay cured by acid without any BDMA.

(—) cured by received curing process, (- + *) cured at

185°C for 1 h.
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Figure 6 Comparison of XRD patterns for acid—
epoxy/clay nanocomposites cured with and/or without
the coupling agent.

Bragg scattering, indicating that the clay layers
have been completely exfoliated by the catalyza-
tion curing process and exfoliated nanocompos-
ites are formed. This is true, as can be revealed by
TEM observation for the composite with loading 5
wt % of organoclay (shown in Fig. 7). The clay
layer separation is of 8.0 nm, even up to 15.0 nm.
Thus, the addition of a suitable promoter will
lower the peak maximum temperature and

Figure 7 TEM photography of an epoxy—5%
CH,(CH,),;NH; —-montmorillonite clay nanocomposite.
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quickly release the reaction heat of the intergal-
lery, although the gelling time of the extragallery
resin is simultaneously shortened, maybe a large
amount of heat has been released at 80°C before
resin hardening, where then an exfoliated nano-
composite will be formed. The gelling times, as a
function of curing temperatures, are listed in Ta-
ble 1. It can be shown that for each system with
the same loading, the greater the temperature,
the shorter the gelling time, which follows the
Arrhenius equation. In addition, the gelling time
decreases with increasing the clay loading. Ap-
parently, when the gelling time of a cured system
is significantly shortened, the reaction may heat
release before the gel point is enough for complete
exfoliation to occur. As observed for the 7 wt %
composite sample, the gelling time is relatively
shorter (about 15 min at 80°C). Although the in-
tensity of clay dramatically reflects a decrease
compared with the corresponding mixtures, the
amount of the clay still retains an intercalated
structure. It should be noted, however, that the
addition of a promoter is provided, which must be
adsorbed by the intergallery; otherwise, complete
exfoliation may not occur. DMBA is a nucleophilic
reagent that can be adsorbed by the intragallery
due to an affinity of organic cations with it.

The results of cured epoxy—clay systems with a
promoter and coupling agent are included for
comparison in Figure 6. Because the coupling
agent can also be adsorbed by clay surfaces, and
further lowers the peak maximum temperature
(Fig. 5), it favors the cyclic anhydride to open and
reacts with the epoxy. Consequently, the exfolia-
tion behavior can be improved. As observed in
Figure 6, the diffraction peak for a 7 wt % com-
posite with a coupling agent shifts toward a
slightly lower angle when compared to that in the
composite without a coupling agent.

The catalysts can accelerate more reaction
heat of the intragallery to release, and the poly-
merization can occur at a rate that is comparable
to extragallery polymerization, which thus favors
a complete exfoliation formation of the clay. But
the curing processes of the thermosetting resins
are more complexed than that of thermoplastics.
During the curing proceeding the resin transfor-
mation from a reaction fluid to a crosslinking
solid, the viscosity of the system will significantly
increase. This might make the intragallery diffu-
sion more restrictive, and it becomes more diffi-
cult to achieve a complete exfoliation of the clay
tactoids. Therefore, the studies of the curing pro-

cess on exfoliation behavior, especially at which
stage the organoclays are completely exfoliated,
are important to prepare exfoliated nanocompos-
ites. Figure 8(a) and (b) represent the XRD as a
function of curing time at 80°C for epoxy—clay
systems with a loading of 3 and 5% clay, respec-
tively. It can be found that the diffraction peaks of
intercalation still remained within a period of 20
min, while after 50 min the clays are completely
exfoliated. The results indicate that the complete
exfoliation of clay tactoids occurs at gelling time
or before, as shown by Table I. This is consistent
with the results of epoxy-18 alkylammonium
montmorillonite systems, as reported previ-
ously.'®

From the discussion above, for thermosetting
nanocomposites there are two principles for pre-
dicting to the complete exfoliation of clay tactoids.

The first is thermodynamic principle: the free
energy change, AG, for complete exfoliation is
separable into independent enthalpy (AH) and
entropy (AS) terms. They both are the sum of
terms contributed by polymer and silicate clay,
respectively, as following

AG, = AH, — TAS,,

for polymer matrix

AG, = AH, — TAS,

for silicate clay
The total free energy change, AG,, is

AG, = (AH,, + AH,) — T(AS,, + AS,)
— AH, — TAS,

When monomers or polymers penetrate into
the gallery, they are situated in a restrained
state, which inhibits intercalation, where the con-
figurational or entropic change term, AS,,, is neg-
ative, namely entropy loss. In contrast, the expan-
sion of the gallery by monomers or polymers
causes the entropic change term of the clay gal-
lery to be positive, namely entropy gain, which
will compensate the entropy loss associated with
the monomer or polymer confinement. If the en-
tropy gain is large or equal to the entropy loss, the
total enthalpy will determine whether or not ex-
foliation takes place, that is, as long as the release
heat produced by intragallery polymerization,



814 KE ET AL.

Relative intensity

5 6 7 8 9 10
Diffraction angle (20)

Relative intensity

5 7
Diffraction angle (20)

Figure 8 (a) XRD patterns of epoxy—-3% clay nano-
composite cured with different curing processes: (a)
mixture; (b), (¢), and (d) cured at 80°C, for 20 min, 50
min and 80 min, respectively; (e) the received curing
process. (b) XRD patterns of epoxy—5% clay nanocom-
posite cured with different curing processes: (a) mix-
ture; (b), (¢), and (d) cured at 80°C, for 20 min, 50 min
and 2 h, respectively; (e) d sample postcured at 160°C
for 1 h; (f) cured by the received curing process.

AH,, (at constant pressure), is larger than the
van der Waals attractive energy (endothermic
AH,) at a distance above 8 nm (no Bragg scatter-
ing can be exhibited in XRD pattern), the com-
plete exfoliation of the clay layers will take place
spontaneously, which is the necessary condition
for complete exfoliation. This can be shown in the
instance of many composites with a promoter, on
the contrary, as in the conventional composites
with pristine clay and intercalated composites
without any promoter.

The second is kinetic principle: when the reac-
tion rate of the intragallery is comparable to the
extragallery, but the gelling time of the system is
significantly shortened, as long as the gel point is

arrived at the viscosity increases rapidly to in-
hibit more epoxy, and the curing agent migrates
into the gallery space. Then the release heat is
not large to enough, and as a result, some of the
clay layers cannot be completely exfoliated, and
then the intercalated clay nanocomposite struc-
tures tend to be formed. This is the fulfilled con-
dition. As shown in the instance of intercalated
nanocomposite containing 7% organoclay with a
promoter.

In other words, the complete exfoliation condi-
tion is that the heat of the intragallery polymer-
ization released before the gel point requires
larger than the van der Waals attractive energy
between the interlayer, i.e., AH,, (t = t,) > AH,.
This consideration must be confirmed in further
studies.

CONCLUSION

The organoclay is easily intercalated by the epoxy
precursor during the mixing process, but the pris-
tine clay is not even through the curing process.
Addition of a suitable catalyst and coupling agent
provided that it can be adsorbed by intergallery
surfaces may be a favorable reaction toward the
nanocomposite formation. The complete exfolia-
tion is achieved at gelling time or before. The
possible condition for complete exfoliation is that
the heat of the intragallery polymerization re-
leased before the gel point requires larger than
the van der Waals attractive energy between the
interlayers.
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