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ABSTRACT: Mechanically reinforced and thermally en-
hanced smectite/epoxy nanocomposites were synthesized
using “direct” (without solvent) and “solvent” processing
techniques. The molecular dispersion of smectite clay in the
epoxy resin was investigated for its role in the rheology,
structure formation, and properties of nanocomposites. The
effects of three types of organic modifiers on the dispersion
structure were compared. The use of solvent during process-
ing assists in the enhancement of clay exfoliation. Rheology
was used as a method to compare the degree of clay del-
amination in the resin matrix, as well as to estimate the
suspension structure. The critical volume fraction (®*) and
maximal packaging of smectites were determined and used
for prediction of the viscosity. The qualitative changes in the
nanostructure of suspensions above ®*, due to flocculation
of exfoliated clay layers, were compared with the alteration
of the properties of nanocomposites, related to the structure

formation and morphology. The curing kinetics were found
to depend on both the organic modifier and solvent, but the
extent of curing was roughly equivalent for the pure epoxy
resin and the nanocomposites. The structure of the nano-
composites, either intercalated or exfoliated, produced by
the direct processing technique was controlled by the or-
ganic modifier. By using solvent processing, the effect of the
solvent dominates that of the organic modifier, presumably
leading to exfoliated nanocomposites. The mechanical and
thermal properties are strongly enhanced above the ®* of
smectites, and they are significantly dependent on the type
of nanocomposite structure and the use of solvent. © 2005
Wiley Periodicals, Inc. ] Appl Polym Sci 97: 2499-2510, 2005
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INTRODUCTION

A number of studies have been published on the
synthesis and characterization of thermosetting lay-
ered silicate hybrids.'~® Three types of structures are
achievable by direct intercalation of the monomer into
the organically modified clay galleries following in
situ polymerization: immiscible (conventional) com-
posites, intercalated hybrids, and delaminated (exfoli-
ated) hybrids."? From the mechanical and barrier
property standpoint, the development of exfoliated
systems is preferred.” The vast majority of epoxy-
layered silicate research has focused on epoxy-based
chemistries."* These studies show that an appropriate
balance between the resin intercalation within silicate
galleries together with the inter- and extragallery re-
actions are the key factors to control the organoclay
exfoliation.®” According to the mechanism of clay ex-
foliation, as recently described by Kornmann et al.,*
the driving force for the initial resin diffusion into the
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clay galleries is the high surface energy of the clay,
which attracts the polar resin molecule. The efforts in
nanocomposite synthesis indicate that the surface
modifiers have a dominant influence on the exfoliation
behavior and could act as an intragallery catalyst for
amine—epoxy polymerization.'™

In addition to these accomplishments, many issues
associated with the generality of synthetic approaches
are still unsolved. The most critical obstacles for suc-
cessful commercialization of these novel materials are
access to nanocomposite formulation and process
technology. Substantially different materials may re-
sult in controlling the composition and processing, but
a general understanding has yet to emerge. In our
previous work we studied epoxy/smectite®'? and
polypropylene/smectite'"'* nanocomposites, which
were prepared by the in situ polymerization method.
The effects of clay exfoliation on the rheology® were
discussed and related to the molecular dynamics’ and
thermal properties of epoxy/smectite hybrids.'® Time-
dependent viscoelastic properties in the shear and
elongation flow of polypropylene/smectite hybrids
were investigated'''? and “strain-hardening” behav-
ior was reported. A few studies discussed the role of
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TABLE I
Characteristics of Organosmectites
Inorganic
Smectite Name and formula of quaternized content
code ammonium salt p (g/cm®) (wt %) dgor (nm)
SAN Hexadecyl, octadecyl ammonium chloride: 1.56 45.5 2.03
[C16H33)05(C1sHa7)1 sN T (CH;),]CL
STN Trioctane-, methyl-ammonium chloride: 1.58 69.0 2.27
[CgH,7)5(CH;)N"]CL
SPN Oligo(oxypropylene)-, diethyl-, methyl- 1.37 35.5 42

ammonium chloride:
[(C,H5),(CH5)N T(O-iP 1)25]C1~

p, specific density; inorganic content, inorganic clay in smectites determined after burning; d,;, XRD data of smectites from

the producer and ref. 15.

processing techniques, which are necessary in ulti-
mately fabricating thermosetting resin based nano-
composites.”®'*!* Two competing considerations are
discussed for the role of solvents used in the process-
ing techniques to enhance the miscibility and process-
ability of the initial epoxy-layered silicate mixtures.
One proposes that low-boiling solvents maintain rheo-
logical properties and thus do not alter the structure or
properties of the final nanocomposite.”® The other
considers that residual amounts of small molecule
polar activators modify the interaction between the
organically treated layered silicates and polymer.'>'*
Thus far, a few communications correlate the compo-
sition processing, structure, and properties of oli-
gomer-based nanocomposites.'”'®

The present work is focused on the relation between
the rheology, structure, and mechanical and thermal
properties of epoxy/smectite nanocomposites pre-
pared by two synthesis techniques: with solvent and
without solvent. The smectite/epoxy suspensions are
investigated as a basic composition for synthesizing
hybrids with controlled structure via subsequent cur-
ing. Rheology is used to evaluate the delamination
and the structure organization of the intercalated clay
layers in the molecular dispersion. The effect of both
the organic modifier and the solvent on the kinetics of
the structure formation is investigated and related to
the reinforcement, as well as to the enhanced mechan-
ical and thermal properties.

EXPERIMENTAL
Materials and nanocomposite preparation

Montmorillonite is a smectic clay consisting of an
octahedral Al,O; sheet sandwiched between two SiO,
tetrahedral sheets, which form disks that are ~1 nm
thick and have an ~50-nm radius. The charges can be
adjusted by substituting AI’* or Si** with Mg**
and/or Fe’" and the depressed charges can be neu-
tralized with alkaline cations intercalated into the in-
terlayer spaces, leading to a laminate structure of sev-

eral hundred layers. The clay samples under study
were lyophilized smectite (COOP Chemical), obtained
from hydrophilic smectite intercalated with Na* ions
by substituting them with three types of quaternized
ammonium (QA) salts, denoted here as SAN, STN,
and SPN. Table I presents the type of QA used and the
characteristics of smectites. A low viscosity (n = 15 Pa
s at 25°C) epoxy resin (Araldite LY556, Ciba) was used
as the basic matrix for the smectite suspensions and
diethylenetriamine was added as a curing agent for
synthesizing solid composites. Toluene was chosen as
a very good solvent for the organically modified smec-
tites in the study.

The synthesis methods include two processing tech-
niques for epoxy-smectite dispersions, denoted here
as “direct” processing and “solvent” processing. In
direct processing, an appropriate amount of smectites
was added directly to the resin and the clay—epoxy
mixture was stirred for 15 min at 500 rpm. Then, it was
sonicated for 3 min using a Fisher model 300 Sonic
Dismembrator (Fisher Scientific, Itasca, IL). Following
sonication the samples were degased under a vacuum
for 30 min at 80°C. In solvent processing, the smectite
was added in toluene and the resulting dispersion was
mixed with the epoxy resin. An example procedure
follows. Smectite was dispersed 1:1 by weight in tol-
uene; then the appropriate amount of epoxy resin was
added, and the mixture was stirred for 15 min at 500
rpm. Toluene was subsequently evaporated under a
vacuum for 30 min at 80°C. The resulting smectite/
epoxy suspensions prepared by either direct or solu-
tion processing were left for 2-h cooling before rheo-
logical characterization. For preparation of nanocom-
posites, diethylenetriamine was added to the smectite/
epoxy suspension as a hardener. Account was taken
for the initiating role of the organic modifier on the
epoxy curing process, when stoichiometric propor-
tions of amine were calculated.'”'® Samples were
molded and cured by heating typically for 4 h at 80°C,
followed by postcuring for 1 h at 140°C. The gel point
of the curing reaction was reached after heating for
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TABLE 1I
Rheological Characteristics of STN/Epoxy Suspensions Produced by Direct and Solvent Processing

Direct processing ®* = 3 vol %; ®,, = 15 vol %

Solvent processing ®* = 2.5 vol %; ®,, = 14 vol %

STN content m G’ (Pa) n Nrel m G' (Pa) n Nrel
(vol %) G -0 0=01s"' Mu~¥%¥™ ¥=01s' (G -0 w=01s' Mu~%¥" ¥=01s"
0.07 2 0.004 — 1.05 1.9 0.006 0.12 1.15
14 0.5 0.15 0.28 0.4 0.23 0.36 7.8
35 0.32 1 0.43 0.28 2 0.65 54.6
11 0.15 800 0.55 0 1750 1 3674

about 30 min at 80°C. The resulting nanocomposites
were monolithic and semitransparent or transparent
hybrids, depending on the processing technique. The
volume fractions of the SAN, STN, and SPN smectites
varied from 0.07 to 11 vol %.

Characterizations

Rheological properties of smectite suspensions in a
low viscosity epoxy resin were verified by using a
cone—plate viscometer (Haake RheoWin, Thermo Elec-
tron Co.) at a temperature of 20°C. The steady-state
viscosity was measured in a shear rate region from 0.1
to 100 s™'. Oscillatory shear mode in the frequency
range of 0.01-100 s~' at a low strain amplitude of
0.01% was used to measure the dynamic moduli
within the linear viscoelastic range. Table II presents
the most important rheological characteristics of the
direct and solvent processed suspensions.

For characterization of the kinetics of structure for-
mation, the following experiments were performed.
The X-ray diffraction (XRD) spectra of samples were
measured at different stages of curing by using Cu Ka
radiation in the range of 6 4-24°. The IR spectra of the
fully cured samples were run on Specord 75 IR spec-
trometer at 400-2200 cm ™' and at a resolution of 4
cm™'. Temperature scans were taken of the cured
samples by using a differential scanning calorimetry
(DSC) apparatus (Perkin-Elmer DSC-7). Samples of
about 1 mg were sealed in aluminum pans and heated
from 0 to 300°C at a scanning rate of 10°C/min under
a nitrogen atmosphere. The glass-transition tempera-

ture (T,, midpoint) was determined from the curves
using data of the second run. The data are presented
in Table III. Transmission electron microscopy (TEM)
micrographs were obtained on 100 nm thick samples,
which were microtomed from the bulk composites by
using a Phillips EM400 operating at 200 kV.

The dynamic mechanical characteristics of the solid
composites [storage modulus (E’), loss modulus (E”),
and tan 8] were determined on a Rheometric Scientific
dynamic mechanical thermal analyzer (DMTA IV) at a
strain amplitude of 0.2%, which was found to be the
linear viscoelastic range for the solid epoxy compos-
ites that were studied. The cured samples were char-
acterized in bending mode at a frequency of 1 Hz and
the heating rate was controlled at 2°C/min. The mea-
surement temperatures ranged from 23 to 300°C. The
data are presented in Table III. Moreover, the mechan-
ical properties in the bending stress—strain mode were
investigated by using a Tiratest device at a speed of 2
mm/min.

The thermal behavior, thermogravimetric (TG)-de-
rivative TG (DTG)-dynamic thermal analysis heating
curves of samples were recorded with a MOM deri-
vatograph in a temperature range of 20-1000°C at a
heating rate of 5°C/min. The composite degradation
was investigated in an air atmosphere without in-
duced circulation. Table IV summarizes the results of
two degradation stages: the onset temperature of de-
composition (T.;), determined at 5% mass loss, and
the degradation temperature (Tg.,), determined from
the main peak of the DTG curves (~50% mass loss).

TABLE III
DSC and DMA Characteristics of STN Nanocomposites Produced by Direct and Solvent Processing
E,rel
T, (°C) T, (°C) tan’ & Direct Solvent
Sample code Direct Solvent Direct Solvent Direct Solvent 60°C 140°C 60°C 140°C

Epoxy 124.5 129.7 104.4 104.6 0.97 0.96 1 1 1 1
1.4 vol % STN 126.2 128.0 104.7 103.8 0.90 0.72 1.08 1.09 1.12 0.95
2.8 vol % STN 130.7 127.1 106.8 101.6 0.93 0.71 1.06 1.11 1.27 0.96
4.3 vol % STN — 124.0 108.6 98.7 0.82 0.67 1.22 1.28 1.35 1.02

Er — ’

’
rel — comp/E resin
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TABLE IV
Thermal Characteristics of Nanocomposites

Smectite T onsot Tieg

Sample code (vol %) (°Q) (°C)
Epoxy resin 0 265 330
STN filler — 220 580
2.5% STN 2.5 310 390
5% STN 5 320 385
10% STN 10 365 440
SAN filler — 220 540
2.5% SAN 2.5 220 368
5% SAN 5 260 376
10% SAN 10 340 410
SPN filler — 190 240
2.5% SPN 2.5 200 275
5% SPN 5 230 382
10% SPN 10 270 370

Tonsers temperature at 5% mass loss; Ty, temperature at
the main DTG peak (~50% mass loss).

RESULTS AND DISCUSSION

Viscous and viscoelastic properties of
smectite/epoxy suspensions

Dynamic moduli were investigated at a low amplitude
(¥) of 0.01% in order to evaluate the effect of smectites
on the viscoelastic properties of epoxy suspensions.
Figure 1(a) presents the storage (G') and loss (G")
moduli versus the angular frequency (w) of 5 vol %
smectite/epoxy suspensions (SAN, STN, and SPN)
prepared by the direct processing technique. In spite
of the similar volume of inorganic content, the values
of G and G” increase significantly in the order SAN
< STN < SPN, thus accounting for the different mis-
cibility of the organosmectites in the epoxy resin.
Moreover, G'(w) curves demonstrate a slope (i) in the
terminal region, which is much lower than the theo-
retical one known for polymers. The terminal slope
(m) of G' ~ " curves is proposed here to quantify the
degree of delamination of organosmectites in the ep-
oxy resin. The values of (1) are 0.4 and 0.3 in SAN and
STN suspensions, respectively, and even a secondary
plateau is observed in the SPN suspension. Therefore,
the nature and polarity of the intergallery ions of the
organic modifier assist in a different way in the inter-
calation of epoxy molecules into the smectite gallery,
resulting in an increase of the clay dispersion in the
order SAN < STN < SPN.

Figure 1(b) compares the G'(w) curves of STN/ep-
oxy suspensions, prepared by both direct and solvent
processing, when the volume fraction of smectite in-
creases in the 0.07-11 vol % range. Note that the
solvent processed suspensions demonstrate much
higher values of G’ than that of the direct processed
suspensions. The terminal slope () of G'(w) curves is
decreased significantly by increasing the smectite con-
tent and reaches plateau values at high volume frac-
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tions. Moreover, the slope values of the solvent pro-
cessed suspensions are lower than those of the direct
processed suspensions at the same filler content, as
shown in Figure 1(b) and Table II. Obviously, the
solvent used during processing assists in the enhance-
ment of the clay delamination in the epoxy matrix.
Nonterminal behavior indicates that the relaxation of
suspensions is somehow restricted in the presence of
smectites. We assume that the interaction between
silicate layers and the interfacial interactions lead to
flocculation, which produces suppressed relaxation.
The results confirm reports'®?° that the relaxation be-
havior of the polymer chains is dramatically altered
when they are tethered to the surface of a silicate, as in
exfoliated nanocomposites, or are in close proximity to
the silicate layers, as in intercalated nanocomposites.

Clay suspensions have traditionally been described
as plastic flow systems, and they are expected to ex-
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Figure 1 The low amplitude dynamic characteristics of
epoxy/smectite suspensions: (a) G' and G” versus w of 5 vol
% SAN, STN, and SPN prepared by direct processing; (b) G’
versus o of STN/epoxy suspensions, varying the volume
fraction of clay. The data for solvent processing (symbols)
and direct processing (lines) at 25°C are indicated; (1) is the
terminal slope of G'(w) curves.
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Figure 2 A log-log plot of the plateau modulus (G', at w
= 0.1 s') versus the volume fraction of STN smectite (®).
The arrow shows the cross point of ®*, that is, the critical
volume fraction of flocculation; the slope values (u) of
model curves [eq. (1)] are 1.3 and 7.15 at & < ®* and ® > P*,
respectively. ®* =~ 2.5 and 3 vol % of the solvent and the
direct processed STN suspension, respectively.

hibit intriguing rheology.'>'*'*~*' However, the de-
tails are not very well understood in relation to the
flow induced structure of smectites in the media.'” In
order to characterize the nature and the evolution of
the structure of dispersions, we studied the effect of
the smectite concentration on the viscoelastic proper-
ties. Figure 2 compares the log-log plot of the low
frequency G’ (at @ = 0.1 s™") versus the volume frac-
tion () of the STN suspensions prepared by the direct
and solvent processing techniques. Table II shows the
data of G' at low frequency. The power law behavior
of this function is usually represented by eq. (1):

G' ~ o+ (1)

where G’ is the plateau storage modulus, @ is the
volume fraction, and p is the exponent. The curves
presented in Figure 2 have two slopes of ~1.3 at low
filler contents and ~7.15 at high filler contents, respec-
tively. The cross point has ®* values of 2.5 and 3 vol %
for the solvent and the direct processed STN suspen-
sions, respectively. The ®* value is interpreted as the
critical concentration, where crowding of clay plate-
lets appears. The observed exponent of 7.15 for the
G'-® relationship above ®* is higher than most of the
reported values in the literature. Many authors***
have reported that the exponent for flocculated sus-
pensions of particles is in the 2.0-5.3 range. The result
of the high power in ® > ®* for smectite suspensions
is indicative of a strong flocculated structure of exfo-
liated clay layers; thus, it seems reasonable. The clay
layers in floccules are presumably ordered in stacklike
multilayers, and this is reported to be associated with
“edge-on-edge” interactions among the unit disks.'>*¢
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To describe the suspension rheology of smectites in
shear flow, for example, the viscosity m [shear rate (),
@], the flow induced flocculation/deflocculation of
smectites in the epoxy resin are considered. Figure 3
gives the flow curve [relative viscosity (n..) = m/mp
vs. ¥] for STN/epoxy suspensions prepared by both
solvent and direct processing. The smectite volume
fraction varies from 0.07 to 11 vol %. Here, n = n (¥, ®)
is the viscosity of the suspension, and my, = 1 (¥, 0) is
the viscosity of the matrix resin. Note that the relative
viscosity is increased by increasing the smectite con-
tent, which is associated with flocculation. The sus-
pensions demonstrate plastic behavior and the flow is
highly shear thinning, accounting for deflocculation
and alignment of the stacklike multilayers within the
shear flow field. At smectite contents above 0.07%, the
viscosity decreases gradually with increasing shear
rate, which is thus more pronounced for the solution
processed suspensions, assuming that the imposition
of flow reduces the average size of the smectite floc-
cules. The flow curves were fitted to the power law
expression 1 = A ¥", where A is a sample specific
exponential factor and (n) is the shear thinning expo-
nent, called the index of flow. Table II presents the
values of (n) for STN/epoxy suspensions, as deter-
mined from Figure 3 by a straight line fitted to the data
in the low shear rate region of 0.05-1 s *. The index of
flow (n) is the proposed quantitative measure of the
extent of delamination of smectites, which correlates
with the terminal slope () already obtained from the
oscillatory flow experiment. We assume that both
slopes (1) and (m) are dependent on the nanoscale
suspension structure formed by the dispersed smec-
tites. Rather, (1) and (i) may be used for direct com-
parison of the nanodispersion quality of samples pre-
pared under different processing conditions. Both di-

n STI’\!/epoxy'J
2N \ 'solvent’ 1
10°% 440, 2 O 0.07 v% 4
VN X 1.4v% 7
AN ® 35v% |
A 11 v%
107+ ———'direct’ 4
3
t
10’
0.07%
100___0-_- R © R, C--0oO
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T T T T T
107 10" 10° 1 10’ 10° 10°
Y (s7)

Figure 3 The relative viscosity (m,.;) versus the shear rate
(¥) of STN/epoxy suspensions, while varying the volume
fraction of smectite. The solvent (symbols) and the direct
(lines) processed systems are compared at 25°C; (n) is the
shear thinning exponent (flow index).
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Figure 4 The relative viscosity (n,e, at ¥ = 100 s~ ') of
STN/epoxy suspensions plotted as a function of the reduced
volume fraction of smectite (d/®P,,). Data for the (O) solvent
and (@) direct processed systems are compared. The line
represents the theoretical prediction by the Frankel-Acrivos
model [eq. (2)], and the arrow shows the value of ®*/®,,
that is, the limit of nanofiller leads to flocculation.

rect and solvent processing produce significant
differences in the flow behavior and this may be suc-
cessfully measured by (1) and (m). For example, the
higher (1) and lower () values found in solvent pro-
cessed suspensions in comparison with the direct pro-
cessed one account for better delamination of STN
layers with the use of toluene (Table II). Similar results
are also found for SAN and SPN suspensions in epoxy
resin.

The relative viscosity appears to be strongly depen-
dent on the smectite concentration; thus, it is impor-
tant to prove the applicability of the well-known the-
oretical predictions in order to describe the n,, — ®
function. We have previously determined the maxi-
mal packaging (®,,) by using a suggestion of Thom-
as™ for plotting (n,.; — 1) "' versus @, and extrapolat-
ing to zero ordinate. For example, the values of ®,,
= 14 and 15 vol % have been determined as the
effective maximal packaging of the solvent and the
direct processed STN suspensions, respectively. The
low values of ®@,, could be explained by the nanometer
thickness and very high length of the intercalated clay
layers and the confined polymer molecules. Note that
the values of ®,, are shear dependent, as seen in
Figure 3 from the gradually decreasing viscosity val-
ues. Thus, our calculations of ®,, are made using the
viscosity at a shear rate of 100 s .

Based on the upper calculations of ®,, Figure 4
presents the reduced concentration dependence of the
Ny Versus @/, which seems to be a universal func-
tion. As shown in Figure 4, the function does not
depend on the clay dispersity produced by the solvent
and direct processing of STN suspensions. A number
of empirical and semiempirical models are proposed
in the literature to describe the concentration depen-
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dence of the viscosity. In Figure 4 we demonstrate the
applicability of the Frankel-Acrivos** model [eq. (2)],
which is proposed for colloidal dispersions to predict
the rapid rise of viscosity at high concentrations,
which is accounted for by the hydrodynamic interac-
tions of neighboring spheres.

9 (@/9,)"”
T8 - (@/0,)" (2)

The model prediction provided a good description
of the experimental data for STN suspensions, both
solvent and direct processed, when the reduced filler
concentration is above ®*/®,, ~ 0.2. One can accept
®*/®,, as a limit of the filler amount that leads to
flocculation of exfoliated clay layers. Further, the qual-
itative changes in the rheological characteristics above
®* are related to the changes in the suspension struc-
ture produced by the flocculation. The structure of
suspensions is expected to be responsible for the al-
teration of the properties of nanocomposites, but only
to such an extent to which the solid nanocomposite
properties depend on the structure formation and
morphology.

Thus, based on the rheological experiment, a
method can be proposed to measure the extent of
nanofiller dispersity and to evaluate the suspension
structure. This method can be used as a tool for rapid
control of the properties of suspensions, and it is ex-
pected to become a highly useful step in the develop-
ment of nanocomposites. The method includes the
following three procedures:

1. The slopes (m and n) of the rheological functions
G'(w) and n(¥), respectively, are calculated and
used to compare the dispersion of nanofillers in
the matrix polymer.

2. The scaling of the G'(®) function and the scaling
exponent u, as changed at a critical concentration
(¥*), are determined and related to the structure
formation in suspensions.

3. The viscosity of systems is predicted at various
volume contents of nanofiller by using theoreti-
cal models based on the maximal packaging (®,,)
concept. This is an important technological char-
acteristic.

Kinetics of formation of nanocomposite structure

By using XRD analyses, we have observed that the
process of structure formation during curing is signif-
icantly dependent on the heating conditions, the or-
ganic modifier, and the use of solvent. Figure 5 gives
evidence for the curing kinetics in nanocomposites,
when controlled by the organic modifier. Thus, the
diffraction spectra of the epoxy resin and 2.5% STN,
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postcured (1 h at 140°C) states.
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SAN, and SPN nanocomposites are compared at dif-
ferent reaction conditions, relative to three stages of
curing: gel point (30 min at 80°C), cured (4 h at 80°C),
and postcured (1 h at 140°C). The diffraction range (0
4-20°) is studied in respect to the structure of the
epoxy resin.

As seen in Figure 5(a), at the gel-point stage the
position of the broad basal reflection of the epoxy
resin (0 ~ 8.5) is not changed by the presence of SAN,
STN, and SPN smectites; however, the intensity of the
peak decreases in nanocomposites compared to the
pure resin. This is related to the increase of the d
spacing of the clay platelets, produced by the exfolia-
tion of the clay platelets during curing until further
distribution of the silicates is fixed at the gel point.*”
In contrast, at the cured stage [Fig. 5(b)], there is not
only a decrease of intensity, but also a shift of the
position of the basal reflection toward lower values,
from 6 ~8.5 (epoxy resin and SAN nanocomposites) to
6 ~7.4 (STN and SPN nanocomposites), accounting for
the structure formed by inter- and extragallery reac-
tions. Finally, Figure 5(c) demonstrates the structure of
the postcured samples, wherein a broad basal reflec-
tion centered on 0 8.2 is observed for the pure epoxy
resin, corresponding to d spacing of 0.514 nm. How-
ever, the basal reflection of SAN and STN nanocom-
posites is found to be broader than that of the pure
resin and the peak is shifted to lower values of 6 7.8
and 7.3, which corresponds to a gradual increase in d
spacing of ~0.54 and 0.57 nm, respectively. Moreover,
the SPN nanocomposite shows an absence of basal
reflections in the XRD spectra. Obviously, small-scale
structural domains are formed in the cured epoxy
resin by the presence of smectites. Based on the results
from Figure 5(c) it can be concluded that, by using a
direct processing technique, both SAN and STN nano-
composites form intercalated structures whereas the
SPN nanocomposite is presumably exfoliated.

Figure 6 demonstrates the structure of postcured
nanocomposites when prepared by solvent processing
(e.g., assisted by the use of toluene). Rheological in-
vestigations have shown that solvent processing leads
to suspensions with enhanced clay delamination com-
pared to those created by the direct processing tech-
nique. If we compare the XRD patterns of the post-
cured system in Figures 5(c) and 6, we observe that the
structure of the pure epoxy resin is not significantly
changed when it is prepared by direct or solvent pro-
cessing techniques. However, the XRD spectra of
SAN, STN, and SPN nanocomposites prepared by sol-
vent processing (Fig. 6) show the absence of the basal
reflection, which differs from the spectra of the direct
processing from Figure 5(c). These results could be
explained by the formation of an exfoliated type struc-
ture during curing for the three types of nanocompos-
ites (SAN, STN, and SPN) when solvent processing is
used.
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Figure 6 X-ray scattering profiles of postcured epoxy resin
and nanocomposites of 2.5 vol % SAN, STN, and SPN pre-
pared by the solvent processing technique.

This leads to the conclusion that the heating condi-
tions during curing determine the structure formation
of nanocomposites; thus, the final structure is reached
at the postcured stage. The use of the solvent process-
ing technique results in exfoliated type nanocompos-
ites, and here the role of the organic modifier for
structure formation is insufficient. In contrast, when a
direct processing technique is used, the type of or-
ganic modifier controls the structure of nanocompos-
ites during curing, resulting in either intercalated or
exfoliated structures.

Curing process and morphology

The effect of various factors, such as the organic mod-
ifier, volume fraction of smectite clay, and processing
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conditions, on the curing process and morphology is
further investigated by IR spectroscopy and TEM
analyses.

Figure 7 (a,b) presents the IR spectroscopy results of
postcured systems of epoxy resin and 2.5 vol % SAN,
STN, and SPN nanocomposites prepared by direct
processing and solvent processing techniques. The ex-
tent of curing of both types of nanocomposites is
roughly equivalent to the pure epoxy resin, as given
by the very low intensity of the epoxy band at 918
cm ™', which indicates completely reacted epoxy
groups. Interestingly, Figure 7(a) shows two novel and
intensive bands that appear in the spectra of the direct
processed nanocomposites (1600 and 1580 cm %),
which are only slightly present in the epoxy spectra
and are related to the C—N bands. The increased
intensity of these bands in nanocomposites could be
related to chemical bonding between the epoxy groups
and the QA ions tethered at the silicate surface. The
benefit of this direct attachment of the epoxy matrix to
the silicate layers is in maximizing the interfacial adhe-
sion between the two phases. In contrast, in Figure 7(b)
the peaks at 1600 and 1580 cm ™" are only slightly present
in the spectra of both the epoxy resin and solvent pro-
cessed nanocomposites, which accounts for the absence
of chemical bonding between the epoxy and the QA.
Obviously, the residual amounts of small molecule polar
solvent alter the interfacial interactions and act as a plas-
ticizer of the epoxy resin.

The effect of the solvent on the morphology is in-
vestigated in postcured nanocomposite samples. Fig-
ure 8 compares the TEM micrographs of exemplar 5%
SAN nanocomposites prepared by direct and solvent
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Figure 7 IR spectra of 5 vol % smectite/epoxy nanocomposites (SAN, STN, and SPN) compared to the spectrum of the pure

epoxy resin: (a) direct processed and (b) solvent processed.
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Figure 8 TEM micrographs of 5 vol % SAN nanocomposites prepared by (a) direct processing and (b) solvent processing.

processing techniques. As seen from Figure 8(a), the
nanocomposite prepared by direct processing is char-
acterized by thick stacklike smectite aggregates that
are mostly oriented in one direction, which appear as
dark lines with lengths of 100-500 nm and thicknesses
varying from a few nanometers to 100 nm. In contrast,
Figure 8(b) shows that the use of toluene in solvent
processing results in the formation of much thinner
stacks with improved homogeneity. These observa-
tions confirm the XRD results that the direct process-
ing techniques produce intercalated structures whereas
the solvent processing techniques presumably lead to
an exfoliated structure for SAN nanocomposites. We
found a similar effect of toluene on the morphology of
STN and SPN nanocomposites (data not shown). The
TEM results show an ordered and preferably oriented
structure of smectite layers. Based on the morpholog-
ical observations, we propose that the large-scale het-
erogeneity of the structure produced by direct pro-
cessing is replaced by a small-scale heterogeneity in
the solvent processed nanocomposites. This could be
related to better delamination of smectites and trans-
formation of the structure from intercalated to exfoli-
ated with the assistance of solvent.

Reinforced mechanical properties

The reinforcement effect of nanofillers in polymers is
reported as a remarkable combination of high stiffness
and toughness, which is in contradiction to the con-
ventional composites.” >’ This synergy is probably
caused by changes in the morphology of the polymer
matrix because of the presence of nanofiller. There is
as yet no satisfactory theoretical explanation for the
origin of the improvement of the mechanical proper-
ties in polymer nanocomposites; however, it is gener-

ally agreed that the large surface to volume ratio of the
nanoscale inclusions plays a significant role.

In this work we relate the mechanical properties of
nanocomposites to the structure produced by clay
exfoliation. Figure 9 compares the bending stress—
strain curves of the epoxy resin and the 5 vol %
nanocomposites of SAN, STN, and SPN. As seen in
Figure 9(a), if the direct processing technique is used,
about 5-15% of the increase of the bending strength is
observed for nanocomposites; thus, it depends on the
organic modifier. The Young’s modulus (the slope of
the linear initial part of bending stress—strain curves)
of the nanocomposites at a fixed smectite content (e.g.,
5 vol %) increases significantly in the presence of
organosmectites in the following order: SPN (0%),
SAN (20%), and STN (64%). However, the strain at
break decreases with 15-25% for the intercalated STN
and SAN systems but slightly increases for the exfoli-
ated SPN system in comparison with that of the epoxy
resin. Thus, the increased strength and brittleness of
such nanocomposites can be associated with enhanced
interfacial adhesion between the two phases, as well
as with the large-scale heterogeneity nanostructure
produced by the direct processing.

In contrast, as shown in Figure 9(b), the solvent
processed nanocomposites demonstrate a significant
enhancement in bending strength (30% for SAN and
STN and 53% for SPN nanocomposites), accompanied
with a strong increase of 50, 55, and 140%, respec-
tively, of the strain at break. However, the Young's
modulus is not changed significantly. Much stronger
enhancement of the bending characteristics was found
for the SPN nanocomposites because of the higher
content of the paraffin-like organic modifier (SPN). In
general, the increased strength and toughness of sol-
vent processed nanocomposites can be attributed to
the effect of solvent, which obviously acts as a plasti-
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Figure 9 Bending stress—strain curves of epoxy resin and 5 vol % nanocomposites of SAN, STN, and SPN prepared by (a)

direct processing and (b) solvent processing.

cizer for the epoxy resin and alters the interfacial
interactions. The enhanced mechanical properties are
also related to the better delamination of the smectites
with the assistance of solvent, resulting in exfoliated
structures with small-scale heterogeneity.

Further on we provide a more detailed definition of
the role of the smectite content for the reinforcement of
exfoliated nanocomposites. Dynamic mechanical ther-
mal analyses were performed to investigate the moduli
and a-relaxation (T,), which is related to the Brownian
motion of the main chains at the transition from the
glassy to the rubbery state. Figure 10 compares the dy-
namic E’" and tan 8 versus the T of epoxy resin and direct
processed STN/epoxy nanocomposites when varying
the smectite content. Table III presents the most impor-
tant dynamic mechanical data of the 1.4, 3.5, and 4.3 vol
% STN nanocomposites, both direct and solvent pro-
cessed, which are T, tan 6 peak, and the relative increase
of the storage modulus E',,) = E'omp/E'resin at 60 and
140°C, representing the glassy and rubbery regions, re-
spectively. At 60°C, which is before the glass transition,
the storage modulus of direct and solvent processed
nanocomposites (E',)) is substantially increased by in-
creasing the smectite loading (e.g., ~22% by direct and
~35% by solvent processed 4.3 vol % STN). The increase
of the E’ of nanocomposites in the glassy region in com-
parison with that of the epoxy matrix accounts for the
reinforcement, which is produced by the presence of
nanofiller. This suggests that smectites were well delami-
nated in the nanolayers and homogeneously dispersed
in the epoxy matrix.

However, the type of processing has a different
influence on the mechanical behavior of the nanocom-
posites around and above the glass transition (Table
III). Around the glass transition, both T,, (from DMA
data) and T, (from DSC data) linearly increase in the
direct processed systems when increasing the amount of
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Figure 10 The dynamic mechanical characteristics versus
the temperature of the epoxy resin and STN/epoxy nano-
composites prepared by direct processing: (a) storage mod-
ulus (E') and (b) tan §, varying the smectite content. The
a-transition is shown by the peak of the tan & curves.
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smectite, but they decrease in the solvent processed sys-
tems. Such behavior indicates that the restricted chain
mobility of the crosslinked epoxy, which is produced by
the presence of smectite, is altered with the assistance of
the solvent. At temperatures above the glass transition
(e.g., at 140°C), a clear increase of the storage modulus
with increasing smectite content is observed in direct
processed STN nanocomposites. In contrast, a slight de-
crease of E’ is demonstrated by the solvent processed
STN systems. Such observations in solvent processed
nanocomposites cannot be associated with the presence
of incompletely cured resin, as the results in Figure 7(a,b)
indicate for completely reacted epoxy groups in all nano-
composites that were studied. One reason for such be-
havior could be the plasticizing effect of the residual
amount of polar solvent on the epoxy resin.

The relative crosslinked density of the epoxy matrix
can be estimated from the storage modulus above the
glass transition temperature (in the rubbery region).
Therefore, the crosslinked density of the epoxy matrix
increases because of the addition of smectites in direct
processed nanocomposites, thus accounting for the
additional networking produced by the interfaces.
However, in solvent processed nanocomposites the
crosslinked density of the epoxy is slightly decreased
by the assistance of solvent.

The results from Figure 10 and Table III clarify that
a significant reinforcement of nanocomposites appears
in the glassy region below T, if the volume content of
smectites is above ®* ~ 2.5-3 vol %. It is well known
that conventionally prepared epoxy composites con-
taining micron or larger sized filler particles do not
exhibit substantial changes in E’ at a filler volume
content below 10-15 vol %.** We relate these obser-
vations with both the flocculated type nanostructures
formed by the exfoliated clay layers and the significant
effect of interfaces. Note that above ®* most of the
polymer is immobilized at the surfaces of the exfoli-
ated clay layers. In direct processed nanocomposites a
“bond” polymer layer is formed by a reaction of the
absorbed epoxy groups with the QA modifier. The
assistance of the solvent during processing enhances
the exfoliation of the smectites, but it alters the inter-
facial interactions. As shown in our previous study,’
the structure and molecular dynamics of the interfa-
cial layer differ from that of the bulk polymer, and this
obviously significantly dominates the overall mechan-
ical properties of the nanocomposites above ®*.

Enhanced thermal properties

Recent studies are focused on improved thermal prop-
erties and flammability of polymer-layered silicate nano-
composites.®" Our results complete these investigations
in respect to the availability of smectite/epoxy nanocom-
posites for applications in construction materials. Here,
we compare the thermal behavior of nanocomposites at
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a smectite loading of 2.5-10 vol % with that of the pure
epoxy resin by using TG analyses (TG and DTG heating
curves). Table IV presents the data from two stages of
degradation of the direct processed nanocomposites by
varying both the smectite content and the type of organic
modifier, which are T, ., determined at 5% mass loss
and Ty, at the main DTG peak (~50% mass loss). The
results show that T, depends significantly on the
thermal stability of the organic modifier, thus increasing
in the order SPN, SAN, STN. Moreover, at a low smectite
content ® < &%, the T, of nanocomposites is below or
near that of pure epoxy resin. However, at ® > ®*, the
decomposition process is dominated by the presence of
silicates and T, increases significantly (~75°C at 10
vol % SAN and ~100°C at 10 vol % STN). Obviously, the
low mass loss of 5% at T, is associated with the water
desorption and the partial degradation of the organic
modifier. When the second stage of degradation (~50%
mass loss) is discussed, it can be seen that the Ty,
depends significantly on the type of nanocomposite
structure. The highest effect is observed for intercalated
SIN and SAN nanocomposites at volume fractions
above ®*. For example, the DTG peaks of STN nano-
composites are shifted toward higher temperatures at
55-110°C by increasing the smectite content from 2.5 to
10%, respectively. In contrast, the increase of the thermal
characteristics of exfoliated SPN nanocomposites is
about 40°C at 10 vol % SPN, which is obviously due to
the low degradation temperature of the SPN modifier.

We propose that the enhanced thermal stability of
the nanocomposites originates from the presence of
smectite nanolayers, which form a specific nanostruc-
ture within the epoxy matrix. If the smectite content is
above ®*, a large amount of the polymer is associated
with the surface of the silicate nanolayers, which have
a lower thermal conductivity than that of the matrix
polymer. Such a structure strongly prevents any dif-
fusion processes; it acts as an excellent insulator and
mass transport barrier for the volatile products gener-
ated as the epoxy resin and QA ions degrade.

In general, the controlled increase (about 100°C) of
the onset of decomposition at 5% mass loss (Table IV),
as well as the significant enhancement of the mechan-
ical characteristics (Young’s modulus, bending
strength, and E’) in the temperature range of 20-100°C
(Table III, Fig. 9) allow us to conclude that the smec-
tite/epoxy nanocomposites could be very attractive as
novel materials for construction applications.

CONCLUSIONS

Epoxy nanocomposites based on three types of or-
ganosmectites were investigated and two synthesis
techniques were compared: solvent processing and
direct processing (without solvent). The clay delami-
nation in epoxy resin was found to significantly de-
pend on the type of organic modifier, and it was
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enhanced by the use of solvent. The relaxation of
suspensions was somehow restricted above a critical
volume fraction of nanofiller (®*) and scaling of rheo-
logical characteristics appeared, which is indicative of
a strong flocculated structure of smectite layers. Based
on rheological experiments, a method was proposed
to measure the extent of nanofiller dispersion and to
evaluate the suspension structure. This method en-
sures rapid control of the properties of the initial
suspensions, and it can be used as a highly useful tool
in the development of nanocomposites.

The qualitative change in the structure of suspen-
sions above ®* was compared with the alteration of
the properties of nanocomposites, depending on the
curing kinetics and morphology. The structure forma-
tion during curing was controlled by an organic mod-
ifier and a solvent. With the assistance of the solvent
during processing, exfoliated type nanocomposites
were produced and here the role of the organic mod-
ifier for the structure formation was insufficient. In
contrast, when nanocomposites were prepared by di-
rect processing, the type of organic modifier con-
trolled the structure formation. The extent of curing
was roughly equivalent for the pure epoxy resin and
the nanocomposites. However, the chemical bonding
between the epoxy groups and the organic modifier
tethered at the silicate surfaces, as well as the overall
morphology, were changed by the solvent.

The mechanical properties of nanocomposites are re-
lated to the structure and morphology. Direct processing
produces mostly intercalated nanocomposites with a
large-scale heterogeneity and strong interfacial bonding,
which result in increased strength and brittleness. The
solvent assists in better delamination of the smectites in
the matrix and acts as a plasticizer for the epoxy resin.
Thus, solvent processing leads to exfoliated nanocom-
posites with small-scale heterogeneity and altered inter-
facial interactions, which results in a significant enhance-
ment of the strength and toughness. A significant rein-
forcement of nanocomposites appears in the glassy
region if the volume content of smectites is above ®*.

Smectite loading strongly improves the thermal stabil-
ity of epoxy nanocomposites. The onset of decomposi-
tion (5% mass loss) and the temperature of degradation
(50% mass loss) are shifted (~100°C) toward higher tem-
peratures. This effect has a significant dependence on the
thermal stability of the organic modifier and the volume
fraction of smectites. The highest thermal stability is
observed above ®*, where the decomposition process is
dominated by the presence of silicates having lower
thermal conductivity, and a great amount of the polymer
is associated with the silicate surfaces. Such nanostruc-
tures strongly prevent any diffusion processes and act as
excellent insulators and mass transport barriers.

The significant and controlled increase of the ther-
mal stability, as well as the strong enhancement of the
mechanical characteristics in the 20-100°C tempera-
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ture range, allow me to propose that the smectite/
epoxy nanocomposites could be a lightweight and
very attractive material for construction applications.

The author thanks Prof. K. Koyama and Assoc. Prof. T.
Takahashi for helpful discussions during a visit to VBL,
Yamagata University, Japan.
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