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ABSTRACT: The research on polymer-layered silicate
nanocomposites is currently an expanding field of study
because they often exhibit a wide range of improved prop-
erties over their unmodified starting polymers. Epoxy/
organoclay nanocomposites have been prepared by inter-
calating epoxy into the organoclay montmorillonite. The
intercalation and/or exfoliation of the clay within the
nanocomposite were monitored using X-ray diffraction
and transmission electron microscopy. Diffusion was stud-
ied through epoxy samples containing up to 10 phr of
organically treated montmorillonite following the gravity
method. The water and sulfuric acid diffusion within the
epoxy-based nanocomposites were evaluated in terms of
diffusivity, weight change and penetration depth of the
sulfuric acid element S as function of immersion time and
immersion temperature. An investigation of the resistance

of epoxy nanocomposite to a corrosive environment by
immersion into sulfuric acid at elevated temperature was
performed. The effect of the degree of exfoliation of the
clay on moisture barrier effect and corrosion resistance is
specifically studied. The data has been compared to those
obtained from the neat epoxy resin to evaluate the diffu-
sion properties of the nanocomposites. It was found that
the diffusion of water and that of acid do not obey Fick’s
law, and that the higher the organoclay content the higher
weight change was obtained. The presence of the organo-
clay enhanced the diffusivity and delayed the penetration
of the sulfuric acid. © 2009 Wiley Periodicals, Inc. ] Appl Polym
Sci 112: 1021-1029, 2009
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INTRODUCTION

Polymer nanocomposites are a new emerging class
of composite materials derived from nanoparticles
with at least one dimension in the nanometer range.
The research on polymer-layered silicate nanocom-
posites is currently an expanding field of investiga-
tion, this is mainly due to the large potential to
achieve property enhancement significantly greater
than that attainable using conventional fillers or
polymer blends.'™

A wide range of layered silicates are available,
however; only few have found real applications.*
The most commonly used ones is montmorillonite
(MMT) because it is mainly a cation-poor layered sil-
icate, in which layers can be easily separated or
delaminated.! Organic modification of MMT occurs
by ion exchange of the sodium ions present on natu-
ral MMT with organic alkyl ammonium ions."*?
The thermal stability of the organic moiety is of im-
portance, as many composites are melt blended or
cured at high temperature to yield the final product.
Mainly, as the alkyl onium ion is thermally instable
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at temperature of 200°C or less.”® When this decom-
position occurs, the silicate layers become hydro-
philic again and their ability to affect the properties
positively are reduced.

Nanocomposites based on epoxy and organoclay
have attracted considerable interest because epoxy is
one of the most widely used and fastest growing
class of thermosetting materials.”'® However, the
ability to process epoxy/organoclay into useful
forms depends upon the ability to control the ingre-
dients of the thermoset composition ie., curing
agent, catalyst, nanoparticles, etc.

Understanding and controlling the various factors
that govern the making of exfoliated thermoset/lay-
ered silicate nanocomposite is rather complex, many
researches have focused on and made contribution
to the understanding of some of these issues.'' ™"

Nanocomposites have the ability and the potential
to reduce the permeability of polymer composites
against ingress of corrosive substances and to
enhance a variety of other mechanical properties.'*'

The reduction in permeability that can be attained
from the exfoliation of layered silicates into
polymers depends on the permeating agent being
investigated. The permeability reduction achieved
depends also upon the specific aspect ratio of the
clay being used.'” Few studies have been carried up
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to now on the effect of moisture on the barrier prop-
erties of layered silicates-based nanocomposites,'>”
but very limited ones have treated the corrosive
environment on theses materials.'®"”

Epoxy-based thermosetting polymer resins are
widely used in the industry due to their superior
characteristics such as high thermal resistance, good
resistance to chemical and low shrinkage at elevated
temperature.”?*** Despite their inherent advantages,
such composites are highly susceptible to environ-
mental liquid, primarily due to the degradation of
epoxy matrix.

Hence, there are concerns regarding their overall
long-term durability, especially as related to the
capacity for sustained performance under harsh, cor-
rosive environment.®**0%!

The main goal of this article is to determine if spe-
cially modified clay could be incorporated and well
dispersed with epoxy resin, and to investigate the
improvement of the durability of the epoxy when in
contact with water or with corrosive environments.
Incorporating such clays into organic polymers has
been shown to improve barrier properties mainly for
gas permeation. This is believed to be a result of an
exfoliated structure as the individual clay layers sep-
arate and become well dispersed within the polymer
matrix generating a tortuous path for penetrant
molecules.

EXPERIMENTS
Materials and sample preparation

The epoxy resin and the curing agent used in this
study were a bisphenol, a type Epoxy Epomik R140
from Mitsui Chemical (Japan); Jeffamine D230, a dia-
mine curing agent from Huntsman (USA). The
montmorillonite-based organoclay used to prepare
nanocomposites was Nanomer [.30E purchased from
Nanocor (USA).

The following steps were involved in the prepara-
tion of Epoxy/organoclay'®: First, epoxy resin was
mixed with the desired amount of the organoclay
(2-10 phr) at 80°C for 5 h; the mixture was then sub-
jected to sonication for 30 min and then degassed
under vacuum. After cooling to room temperature,
the corresponding curing agent (32 phr) was added
to the mixture stirred and degassed again before
curing. The resin mixture was cured at 80°C for 5 h,
followed by postcure at 120°C for 10 h. The cured
plate were cut to specimens with the dimensions of

6 x 2.5 x 2 mm°.

Characterization

X-Ray diffraction (XRD) experiments were per-
formed on a Philips Xpert MPD PW3050 X-ray
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diffractometer with a CuKa as a radiation source (A
= 1.54), operated at 40 kV and 30 mA. Samples were
scanned at diffraction angles (26’s) from 2 to 10 at a
scan speed of 0.016°/s.

Transmission electron microscopy coupled to
energy dispersive X-ray spectrometer (TEM/EDS)
photographs were taken with a JEOL JEM 2010F
using an acceleration voltage of 200 kV. A sample
mechanical measurement was performed at ambient
temperature.

A JEOL JSM-5310LV scanning electron microscopy
(SEM) coupled to energy dispersive X-ray spectrom-
eter was used to investigate the penetration depth of
sulfuric acid element S by analyzing the cross sec-
tion of the immersed samples.

Sorption test of water and sulfuric acid

All samples were dried at 60°C for about 75 h and
their initial weights and dimensions were measured
before the test. Sorption test was performed by
immersion of the samples, held by a teflon tube, in a
beaker containing the specific investigated solution
either deionized water or sulfuric acid (10 mass %).
The beaker was sealed with a plastic film to avoid
evaporation of the solution. It was immersed in a
thermoregulated water bath oven. Immersion tem-
peratures were set to 40, 60, and 80°C. An average
of at least three specimens for each composition was
used for one point data.

The specimens were periodically removed, wiped
with filter paper to remove excess solution, and then
were kept for 1 h at room temperature before they
were weighed. Solution content was determined
using the following equation:

Mt(%) = (Wt - Wo)/wo x 100 1)

where M;, W,;, and W, are the solution content at a
given time, weight of the sample at the time of the
measurement, and initial weight, respectively.

RESULTS AND DISCUSSION
Nanocomposite morphology

Figure 1 shows the XRD pattern of the pristine orga-
noclay and that of the cured epoxy/organoclay com-
posites at different organoclay loading. The d-
spacing was calculated using the Bragg’s equation:

A = 24 Sind )

The pristine organoclay has a single sharp peak at
26 = 3.9°, which corresponds to a d-spacing of 22.6
A. However, in the case of the composite, it was dif-
ficult to find a prominent peak in all prepared
samples. This result can be interpreted by the fact
that epoxy resin diffused into the organoclay
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galleries and formed intercalated or exfoliated nano-
composite. However, if the nanocomposites were
disordered; peaks are not also observed in the XRD
due to loss of the structural registry of the layers,
the large d-spacing (>10 nm), or both.*

The cured nanocomposites at high organoclay con-
tent 8 and 10 phr showed a broad shoulder around
20 = 3°. This is due to a possible agglomeration of
the particles, as the organoclay content increases it
becomes more difficult to mix mainly due to an
increase in the viscosity.

These XRD patterns indicate that the clay particles
have been either highly intercalated or exfoliated in
epoxy to greater than 44 A (20 = 2°, the wide angle
XRD detection limit).

The change observed in the XRD can be explained
by polymer entering the clay galleries pushing the
platelets apart (i.e., intercalation). As more polymer
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chains enter the galleries, two possible changes can
occur. First, the platelets can loose their ordered, crys-
talline structure and become disordered with the pla-
telets no longer parallel without pushing the platelets
apart. The result is that the XRD peak broadens into
the baseline (intercalated disordered). Secondly, the
polymer that enters the galleries pushes the platelets
far enough apart that the platelet separation exceeds
the sensitivity of XRD (exfoliation).

Figure 2 shows the TEM micrographs of epoxy
nanocomposite containing 2 phr organoclay as an
illustration. TEM picture at low magnification
showed that the clay particles are reasonably dis-
persed, uniformly distributed, and randomly ori-
ented. At higher magnifications (>100,000x), it was
found that the clay particles existed in both as clus-
ters or aggregates and as individual platelets in the
form of dark lines. The presence of clay in the form
of both aggregates and individual platelets suggests
that the organoclay are not completely exfoliated
within the epoxy matrix, improvement in the prepa-
ration process by adding high shear mixing device
or longer time would help to have higher degree of
exfoliation and also better dispersion of the
organoclay.

The morphology of the investigated epoxy nano-
composite is revealed to be a combination of highly
intercalated structure with minor exfoliated zone
and stacked structure.

Mechanical properties

Mixing clay nanoparticles in an epoxy matrix is
expected to improve mechanical properties. Nano-
scale clay particles offer a larger surface contact area
with the matrix polymer.

Figure 2 TEM micrograph of 2 phr epoxy/organoclay nanocomposite at: (a) low magnification, (b) high magnification.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 (a) Flexural modulus and (b) flexural strength
as function of organoclay content.

Three point bending test was done according to
ASTM D790 using a Shimadzu Autograph AGS-
1KN]J machine.

Figure 3 shows the flexural modulus and flexural
strength respectively, at different clay contents. As
clay amount increases, the flexural modulus
increases, in contrast the flexural strength decreases.
An improvement of the elastic modulus is more evi-
dent at low concentration before it levels of at higher
clay loading. This is similar to the decrease in the
flexural strength before leveling off. This is attrib-
uted to the intercalation/exfoliation and good dis-
persion of the nanoscale clay particles that restricts
the plastic elastic deformation of the polymer chains
under loading as the good interfacial adhesion
between the particles and epoxy matrix. At higher
clay concentration, agglomeration may occur which
may decrease the elasticity and also create crack
propagation zone yielding a decrease in whole me-
chanical properties.

The SEMs micrographs of the fractured surface
are shown in Figure 4. The neat epoxy represents a
smooth flat surface [Fig. 4(a)] compared to that of
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the nanocomposite. This indicates that the crack re-
sistance of the unfilled materials is lower compared
to the filled ones and leads to a brittle failure; how-
ever; the surface becomes rougher as the organoclay
content increases. The roughness of the surface indi-
cated that the crack propagation is more difficult in
the case of the filled epoxy. This could increase the
tortuous path and leads to higher strength.

Sorption test

Diffusion behavior of deionized water

Postcured samples were immersed in deionized
water at different temperatures: 40, 60, and 80°C.
The analysis aimed at finding the dependence of dif-
fusivity on concentration difference and tempera-
ture. The sample thickness was about 2 + 0.15 mm.
Figure 5 shows the weight change as function of
square root time of neat epoxy resin at 80°C that the
diffusion of water may be considered as a Fickian
diffusion. It is observed that initially the curves are
linear with square root time and this suggests that
in the respective initial time interval the absorption
process is diffusion controlled. However, as the time
passes, the specimens begin to fill with water, lead-
ing to a decrease in water absorption rate. As the
equilibrium moisture content is approached, the rate
becomes extremely low, so that actual equilibrium is
not reached even after very long time.

A small tendency of the weight uptake increasing
remains still after the observed equilibrium was
reached around 100 h at 80°C, this behavior could
be attributed to the physical ageing of the resin dur-
ing the experiments. Even though, at 60 or 40°C it
needs longer immersion time for such deviation to
be observed.

Figure 6 illustrates the water uptake of epoxy
organoclay nanocomposite at different organoclay
concentration immersed in deionized water at 80, 60
and 40°C.

At 80°C [Fig. 6(a)] epoxy nanocomposite weight
uptake continue to increase as function of immersion
time, without reaching equilibrium even after 4000 h.
It is noticed that the increase is more apparent in
the case of higher organoclay concentration than in
the case of low concentration where a tendency to
level off is observed at longer time. The physical
aspect of the transport process below glass transi-
tion (Tg) is postulated to occur on three stages, in
which the absorbed water first occupies the free
volume. In the second stage, swelling and finally
water enters the densely crosslinked regions.

This deviation from the Fickian type may be
explained by means of a Langmuir-type diffusion
process in which the absorbed water can be divided
into mobile and strongly bounded types.** Various
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Figure 4 SEM micrographs of (a) neat epoxy, (b) 2 phr, (c) 4 phr, and (d) 8 phr organoclay.

propositions have been made concerning this dual
sorption invoking, such as the existence of voids
within the polymer, hydrogen bonding, heterogene-
ous morphology of the epoxy resin system, changes
in free volume, degradation of epoxide material and
the formation of clusters, crazes, and microcracks
during hydration.®

As discussed, the deviation from the Fickian
behavior is more clearly observed for the case of ep-
oxy nanocomposites at high loading concentration
and becomes more pronounced as the clay content
in the resin was increased. As the clay is hydro-
philic, water molecules adsorbed onto the surface of
clay platelets i.e., moisture is present in two forms
inside the polymer: (1) free moisture and (2)
bounded moisture. The bounded moisture certainly
affects the results of transient experiments.
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Figure 5 Weight changes of neat epoxy in deionized
water at 80°C.
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Figure 6 Weight change of epoxy organoclay nanocom-
posite in deionized water at (a) 80°C, (b) 60°C, and (c)
40°C.

Concerning the two-stage of water uptake
observed, the first one began from the starting of the
immersion up to around 100 h in the case of immer-
sion at 80°C and may take longer time at lower
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immersion temperature; in this stage the slops of the
weight change as function of square root immersion
time of epoxy and that of epoxy organoclay are
almost identical®® It is assumed that water first
move through the neat epoxy matrix, which is
described as free water, then it starts penetrating the
clay galleries where the rate of diffusion within these
galleries is lower than that within neat epoxy mainly
due to the tortuous path created by the intercalation
of the clay layers. This means that the clay platelets
were preferentially absorbing water molecules and
not allowing them to diffuse ahead. Water molecules
kept on getting absorb until the clay platelet com-
pletely saturated with water. Once the platelet was
saturated, the additional water molecules encounter-
ing the platelet followed the tortuous path to diffuse.

A similar behavior was observed at lower immer-
sion temperature that are 60°C [Fig. 6(b)] and 40°C
[Fig. 6(c)], however; at 40°C the process was not
long enough to express clearly the same trend (even
immersion time was longer than 4000 h). It is
believed that longer immersion time will yield a
similar trend that is binary mode of saturation will
occur.

Diffusion behavior of sulfuric acid

Figure 7 shows the weight change of samples
immersed in 10 mass% sulfuric acid solutions at dif-
ferent temperature. An important difference between
the behavior of the diffusion in the neat epoxy and
that in the epoxy/organoclay is observed. In the
case of nanocomposite the increase in weight of
immersed samples reached a maximum value before
it start to decrease as immersion time increases. This
observation is clearly observed at high temperature
80°C [Fig. 7(a); however; at 60°C [Fig. 7(b)] the
increase in the weight change is not fully achieved.
Similarly for the sorption test at 40°C [Fig. 7(c)] equi-
librium was not also reached after an immersion
time of more than 4000 h, the weight uptake is still
in its first linear increase, therefore the data were
not discussed in this article.

The increase in the weight uptake as function of
immersion time is believed to be caused by various
factors such as rearrangement of polymer chains fol-
lowing plasticization induced by a penetrant, a slow
relaxation of polymer chains due to a more compact
structure, and a release of indigenous components of
polymer matrix after contact with the penetrant lig-
uid. As the T, of the resin is around 80°C i.e., the
same as the test condition, thus one possible reason
is the hydrolytic degradation.

Non-Fickian diffusion is generally considered to
occur when the relaxation of the polymer influences
the uptake behavior. Such responses are convention-
ally divided into two groups. One is known as Case
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Figure 7 Weight change of epoxy organoclay nanocom-
posite in 10%mass sulfuric acid at (a) 80°C, (b) 60°C, and
(c) 40°C.

II (Case I is being Fickian Diffusion) and generally
occurs when the relaxation, rather than the diffusion
rate, controls the uptake. In these cases, the uptake
often increases linearly with time. The other group
is termed anomalous uptake and generally occurs
when diffusion and relaxation have comparables
rates. A common moisture uptake profile within this
group is dual stage uptake. This exhibits initial Fick-
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ian diffusion uptake followed by reduced uptake
rate, finally reaching a saturation level at extended
exposure times.

The equilibrium mass uptake for neat epoxy is
around 3% for immersion into water at 80°C and it
is around 35% in the case of sulfuric acid which is
almost 10 times higher in the case of acid solution as
compared to the in immersion water, this can be
explained simply by the fact that the molecular
weight of the dissociated sulfuric acid molecule is
approximately five times higher than that of the
water molecule. An increase in concentration of sul-
furic acid (decrease in pH) likely provides a larger
number of dissociated sulfuric acid molecules within
the diffusing solution to diffuse into the materials,
resulting in an increase in the maximum weight
uptake. Also, the higher mass uptake in acid solu-
tion than in water is due to the formation of tertiary
amine salt amine group.”” The increase in the weight
change continue in this case till all the amines in the
resin were converted to amine salt, therefore the
weight gain reaches the equilibrium level.?®

Higher increase in the case of the nanocomposite
materials is attributed to additional reactions of the
sulfuric acid with the alkyl ammonium amines.
Thus, higher organoclay content shows higher
weight increase. However, the decrease in the
weight change after the equilibrium is probably
attributed to a possible dissociation of the formed
amine salt from the clay itself and a possible desorp-
tion of this later outside the immersed samples.
Hence, weight decrease reaches the level of the
weight change of the neat epoxy. Further decrease
may be expected at longer immersion time, mainly
due to the additional formation of cracks and physi-
cal degradation. A physical observation of the sam-
ples along the immersion time revealed that the
nanocomposite starts loosing its transparency few
hours after immersion. At extended immersion time
(>500 h) small white spot appeared and at longer
time visual crack were seen.

Acids diffuse quite easily into amine cured epoxy
resin. The reaction between the resin and the pene-
trating acid cannot be excluded as already explained.
The acid corrosivities are dependent rather on the
chemical reaction running between the acidic group
and that of the amine present in the epoxy as a cur-
ing agent. These chemical reactions run in parallel
with a purely physical diffusion processes.

To confirm and measure the penetration of the
sulfur (S) element, observation using SEM coupled
with an energy dispersive X-ray spectrometer SEM/
EDS was performed; analysis was carried on the
cross section of the immersed samples. The penetra-
tion depth was calculated to be the distance from
surface to level off the profile of the sulfuric element
S as detected by EDS.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 Penetration depth of sulfuric acid element S at
(a) 80°C and (b) 60°C.

At short lap immersion time i.e., before saturation
occurred an insignificant effect of the organoclay
was noticed as pointed up by the penetration depth
of the sulfuric acid element S measured by EDS
shown in Figure 8. It reveals that nanocomposites
have a lower penetration depth as compared to the
neat resin for both systems investigated. Globally
the penetration depth is lower at low organoclay
content for the reason that at low clay content better
dispersion and higher degree of exfoliation were
achieved which may act as a barrier property for the
diffusion of acid.

A deeper investigation of the diffusion of the sul-
furic acid into the epoxy/organoclay nanocomposite
was performed using a TEM/EDS analysis. It is
shown in Figure 9 as an illustration of the immersed
sample containing 2 phr organoclay in which two
points were selected for the EDS analysis: First
beside the organoclay and second inside the organo-
clay layers themselves. It was observed in point “1”
[Fig. 9(b)] that Si element corresponding to the clay
structure is present which means that even if most
clay was stacked and remained intercalated some
individual sheet or exfoliated layers may be present

Journal of Applied Polymer Science DOI 10.1002/app

ABACHA ET AL.

within the bulk of the matrix and higher magnifica-
tion is needed to check the presence of such single
layer. Sulfuric acid element S is also detected corre-
sponding to the diffusion of the sulfuric acid within
the bulk of the matrix.

Similar to point “1” the second selected point “2”
[Fig. 9(c)] i.e., within the clay layers shows a higher
value of Si element, which is as expected due to a
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Figure 9 TEM/EDS Analysis of epoxy organoclay nano-
composite (2 phr) (a) TEM micrograph, (b) EDS patterns
analysis for areal, and (c) EDS patterns analysis for area 2.
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higher concentration of the organoclay, however, ele-
ment S was also found which confirms that the sul-
furic acid may also penetrate the clay layers and
because it may not cross directly the layers and have
to penetrate from the edge of the gap between the
clay layers thus the tortuous path is confirmed. This
behavior may explain the delay to reach the maxi-
mum weight change in the case of the epoxy orga-
noclay nanocomposite where the penetration among
the clay layers will take longer time as compared to
the bulk matrix.

CONCLUSIONS

In this article, the water barrier characteristic and
the resistance to corrosive environment influenced
by solution absorption were studied for epoxy nano-
composites containing different amount of organo-
clay. A number of observations and conclusions can
be drawn from the investigation:

* The materials prepared were found to have in-
homogeneous degree of exfoliation with some
agglomerates observed. Exfoliation of the clay
depends mainly on the system used and also the
processing conditions and curing process.

* Under the present processing conditions, the
additions of nanoclay can significantly improve
the barrier properties against corrosive acid.

» Diffusion behavior of water and acid do not
obey Fick’s law.

* The higher the organoclay content the higher the
maximum weight change was obtained.

o At first, water diffuses within the neat resin; with
constant diffusivity. Then water diffuses within
the organoclay; with decreasing in diffusivity.

* Diffusion behavior of sulfuric acid showed an
increase in the weight uptake as function of the
organoclay content followed by salvation of the
amine salt.

* Penetration depth and diffusivity were reduced
for nanocomposites.
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