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ABSTRACT: Suspensions of epoxy with 10% by weight of organomodified montmorillonite clay [Cloisite 30B], prepared by two

different methods, viz. intensive batch mixing and sonication, were investigated. The characterization of linear viscoelastic material

functions of the suspension using small-amplitude oscillatory shear during processing enabled the assessments of the dispersion capa-

bilities of the two mixing methods. Thermal imaging was used to monitor the temperature distributions generated during mixing.

Sonication was determined to be more effective in the dispersion of the clay into the epoxy resin than the intensive batch mixing pro-

cess, as revealed by the significant increase of the dynamic properties upon sonication, which suggested that some degree of intercala-

tion and exfoliation had taken place during sonication. The use of the linear viscoelastic material functions thus provided a relatively

easy to implement method for the analysis of the dispersion effectiveness of the different processing methods and operating condi-

tions. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 129: 1773–1783, 2013
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INTRODUCTION

Thermosetting polymers, including epoxy resins, are widely

used especially in automotive, marine, coating, and aerospace

industries.1 The applications of thermosetting resins in general

and epoxy resins in particular can be broadened further upon

incorporation of various inorganic and organic reinforcements

and fillers to especially improve the stiffness, toughness, and

mold shrinkage of the resulting thermosetting composites, as

well as possibly reduce costs.2–6 Among the inorganic nanofil-

lers, nanoclays offer potentially improved heat resistance, mod-

uli and optical properties, decreased permeability, and

flammability.4,7–17 However, the incorporation of the nanoclay

particles into the thermosetting matrix via solution processing,

in situ polymerization and polymer melt processing, is a chal-

lenge.4,18–27 Ideally, the concentration and the processing condi-

tions should be selected so that the bulk of the clay tactoids are

intercalated by the thermosetting polymer and the clay layers

are separated from each other, i.e., exfoliated18,20,28–30 as

depicted in Figure 1.

There are conflicting reports in the literature regarding the com-

parative dispersion effectiveness of various methods, including

sonication and intensive mixing,2,31 for the compounding of

nanoclays. For example, Dean et al.32 reported conditions for

exfoliation of clay particles in epoxy-nanoclay systems using

sonication, whereas shear mixing did not achieve exfoliation. In

contrast, Zunjarrao et al.21 determined that more homogeneous

epoxy/clay dispersions could be achieved by shear mixing (as

attested by improved mechanical properties) in comparison

with those processed by sonication. It is clear that a number of

factors including the concentration of the clay, the operating

conditions used, and the processing geometries would play roles

in determining which dispersion method would be suitable for

a given set of materials. However, such comparative studies are

encumbered by the high cost of the typical structure analysis

methods used in the assessment of the dispersion effectiveness,

i.e., X-ray diffraction analysis (XRD) and transmission electron

microscopy (TEM). Not only are such methods costly but they

also require a large number of samples to be characterized. Fur-

thermore, when the clay concentration is relatively high (e.g., at

10% by weight as encountered in this investigation), it will be

difficult for the thermosetting polymer to intercalate and/or

exfoliate the bulk of the clay tactoids. Thus, the dispersion pro-

cess is principally expected to breakdown the particle sizes of

the clay agglomerates, while still introducing limited intercala-

tion and exfoliation. Under these circumstances, the use of the

conventional tools for the assessment of intercalation and exfoli-

ation, i.e., XRD and TEM, would be of limited use because the
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bulk of the clay particles are expected to remain as tactoids.

Rheological characterization methods are relatively easy to

implement and can be used in the characterization of the dis-

persion effectiveness of various processing methods because the

rheological material functions, especially the dynamic proper-

ties, are very sensitive to the microstructural distributions.1,11–13

Here, the linear viscoelastic material functions of suspensions of

clay in epoxy binder are characterized to assess and compare

the dispersion effectiveness of sonication versus intensive batch

mixing.

GENERAL BACKGROUND

Intensive Batch Mixing

Mixing tasks can be classified as extensive and intensive.33 In

extensive mixing, two or more starting components are inter-

spersed in space with one another without changing the physi-

cal properties. On the other hand, intensive (dispersive) mixing

describes multitude of processes in which intrinsic changes in

the physical chacteristics of one or more components take place

during processing.33–35 During the preparation of clay suspen-

sions, dispersive mixing, which breaks up the clay agglomerates

and tactoids, can be achieved upon forcing the polymer/clay

suspensions repeatedly into geometries with small gaps and

relatively high-wall velocities. The agglomerates can rupture

when stress magnitudes (magnitude of the stress tensor),

induced by viscous drag on the particles, exceed a certain

threshold value, i.e., the cohesive force holding the agglomerate

together.33 For example, in the rubber industry, Banbury mixers

and twin screw extruders are typically used as the batch and

continuous means to impart relatively high stress magnitudes to

enable the dispersion of carbon black and silica agglomerates.

Here, a mini-Banbury mixer with relatively small gaps, and

which is able to achieve high velocity differences between rotat-

ing and stationary surfaces, was used for the intensive mixing of

the clay and epoxy suspensions.

Sonication

The sonication technology is a popular method for the genera-

tion of nanocomposites.36,37 The main mechanism for the dis-

persion of particle tactoids and agglomerates by ultrasound

technique is cavitation, i.e., the formation, growth, and sudden

collapse of bubbles in suspensions. During such cavitation, high

temperatures (as high 5000 K) are reached and pressures can be

as high as 1000 atm.38 A number of investigators have aimed to

characterize the temperature development during sonica-

tion.37,39,40 Chowdhury et al.37 used a pulser cycle (turning on

and off-time ratio) to control the temperature of the mixture

during sonication to generate clay-epoxy nanocomposite by

Figure 1. Schematic representation of preparation of polymer-clay nanocomposites. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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monitoring a single-point temperature via an infrared ther-

mometer. Higaki et al.39 measured the bulk temperature via a

thermocouple and showed that the bulk temperature increased

by 80�C soon after the sonication of tripalmitoylglycerol was

initiated. Chu et al.40 showed that the bulk temperature of the

waste-activated sludge exceeded 50�C within 2 min during soni-

cation. In our experiments, thermal imaging, which allows the

characterization of the distribution of the temperature over a

relatively large free surface surrounding the sonication horn,

was used to monitor the temperature changes occurring during

sonication more accurately. Thermal imaging was also used dur-

ing intensive batch mixing.

EXPERIMENTAL

Materials

Diglycidyl ether of bisphenol F epoxy resin (DGEBF)

, RAR-9283, which is a low-viscosity epoxy

resin (density ¼ 1.20 g cm�3 at 25�C) that reacts with a wide

range of curing agents was procured from Royce International

Corporation of East Rutherford, NJ. At 25�C, the magnitude of

the complex viscosity of the epoxy was constant (frequency in-

dependent) at 3.5–4 Pa s, and the values of its loss moduli were

approximately two orders of magnitude greater than the storage

moduli indicating that the epoxy resin can be considered as a

Newtonian fluid. The epoxy resin is recommended to be used

with an aliphatic amine-based curing agent, RA-9837, available

from Royce International Corporation of East Rutherford, NJ.

However, in our dispersion experiments, the cross-linking agent

was not included so that the changes in rheological material

functions were only related to the state of the dispersion of the

clay within the epoxy matrix and not to the possible premature

curing of the thermosetting system. The only experiments which

used the curing agent were for TEM based imaging experiments

which required cross-linked samples. An organo-montmorillon-

ite (MMT) clay (Cloisite 30B, Southern Clay Products, Gon-

zales, TX), modified with methyl, tallow, bis(2-hydroxyethyl)

quaternary ammonium (MT2EtOH) ion, was used as

the clay filler. The MMT clay is the most commonly used lay-

ered silicate for the preparation of polymer nanocomposites.

Figure 2 shows typical SEM micrographs of the organo-MMT

clay particles. The typical sizes of the clay particles were in the

range of 2–20 lm. The specific gravity was around 1.98.

Dispersion Experiments

Before both the intensive mixing and sonication experiments,

the clay particles were dried for 24 h at 60�C under vacuum,

and the epoxy resin was heated to 60�C. For both mixing meth-

ods, the clay particles were first gently blended into the epoxy

resin at 60�C using a magnetic stirrer over 1.5 h. The mixture

was subjected to sonication or intensive batch mixing for 0–30

min. The resulting suspensions were degassed under vacuum

for 2 h. Upon degassing, the dynamic properties of the suspen-

sions were characterized. For the preparation of the TEM and

XRD samples, the curing agent was incorporated by being man-

ually kneaded into the clay-epoxy suspension, and the mixture

was cast into a rectangular mold cavity and allowed to cure at

ambient temperature for 3 days before microtoming.

Sonication

A Misonix XL2020 ultrasonic processor was used at a frequency

of 20 kHz and at �18% of its maximum power output, i.e., at

108 W. The duration of the sonication was systematically

changed up to 30 min. To achieve a fair comparison, all samples

were sonicated in similar 50-mL jacketed containers. During

sonication, the horn was placed at the same vertical position

above the bottom of the container, and the fluid height was

kept constant. Water at 21�C was circulated at the jacket of

the container during sonication. Figure 3 shows the schematic

representation of the sonication setup.

Intensive Batch Mixing

A mini-Banbury mixer, manufactured by Haake Buchler Instru-

ments, Saddle Brooke, NJ (EU-5 V), with a mixing volume

capacity of 60 mL, was used to mix the clay particles with the

epoxy resin. The mixing chamber was operated at 70% full

capacity, at 64 rpm, and at ambient temperature. The batch

mixer was used with roller blade type agitators, which are typi-

cally used for high-intensive shearing applications for com-

pounding of thermoplastic and thermosetting resins with rigid

fillers.

Figure 2. SEM micrographs of clay particles.
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Thermal Imaging

A thermal imaging camera (Inframetrics PM290) was used dur-

ing both sonication and intensive batch mixing to monitor the

temperature distributions generated during mixing.

Structural Characterization

The optical homogeneity of dispersions of epoxy resin and

nanoclay was examined using a polarizing optical microscope

(Nikon, Optiphot2-POL). Zeiss Auriga Small Dual-Beam FIB-

SEM was also used. Cured TEM samples were microtomed

using a Leica UCT microtome equipped with a diamond cutting

knife. TEM samples were �70 nm thick and were analyzed

using a Philips CM20 field-emission gun (FEG) scanning trans-

mission electron microscope (TEM/STEM). Some of the cured

samples were also subjected to XRD analysis using a Rigaku

(Ultima IV) diffractometer.

Rheological Characterization

Rheological characterization involving small-amplitude oscilla-

tory shear was carried-out using an Advanced Rheometric

Expansion System rheometer available from TA Instruments of

New Castle, DE in conjunction with 25 and 50-mm parallel

plate fixtures. During oscillatory shearing, the specimen is sand-

wiched in between two disks, one of which is oscillating and

the second one is stationary. The shear strain, c, varies sinusoi-
dally with time, t, at a frequency of x, i.e., c ¼ c0sin(xt). The
shear strain amplitude c0 ¼ hD/h, where h is the angular dis-

placement, D is the disk diameter, and h is the gap in between

the two disks. The shear stress, s, response to the imposed oscil-

latory deformation consists of two contributions associated with

the energy stored as elastic energy and energy dissipated as heat,

i.e., s ¼ G0(x) c0 sin(xt) þ G00(x) c0 cos(xt). G0(x) is the

shear storage modulus which represents the energy stored as

elastic energy, and G00(x) is the shear loss modulus which repre-

sents viscous dissipation. In the region of linear viscoelasticity,

the values of dynamic material properties, namely, the storage

modulus, G0(x), the loss modulus, G00(x), the magnitude of

complex viscosity, g*(x) ¼ [(G0/x)2 þ (G00/x)2]1/2, and tan d
¼ G00/G0 are independent of the strain amplitude, c0.

To determine the strain amplitude range over which linear vis-

coelasticity prevails, strain sweep experiments were carried out

in the strain amplitude range of 0.01–100%. The range of strain

amplitudes over which linear behavior prevails (under which

the dynamic data are independent of the strain amplitude) were

found to be different for suspensions subjected to different dis-

persion conditions. The frequency dependent dynamic proper-

ties were characterized at the high ends of the strain amplitude

ranges over which linear behavior prevails. The frequency range

was 0.1–100 rps.

RESULTS AND DISCUSSION

Sonication Experiments

Figure 4 shows the typical temperature distributions observed at

the free surfaces of epoxy/clay suspensions during sonication for

1, 10, and 20 min. After 20 min, the temperature distribution

remained constant (results not shown). Figure 4 indicates that

mixing of 10% by weight clay into the epoxy via sonication

gives rise to a change of mean temperature of about 33�C, i.e.,
from 24 to 57�C. On the other hand, the values of the maxi-

mum temperature reach as high as 113�C. In the presence of

the anionic and cationic sites on the Cloisite 30B clay platelets,

the self-polymerization of the DGEBF epoxy binder commences

around 300�C.4

The consequence of the observed hotspot formation is the

necessity to prevent the crosslinking of the thermosetting sys-

tem, while the sonication is on-going. In our experiments, this

was accomplished by not mixing the cross-linking agent (curing

agent) into the binder during the compounding of the clays

into the epoxy binder. If the cross-linking agent were to be also

included in the formulation during the mixing of the clay par-

ticles into the binder phase, there would have been some pre-

mature crosslinking. Because we are relying on the monitoring

of the dynamic properties for the assessment of the dispersion,

changes in the dynamic properties due to premature curing

would have complicated the interpretation of our findings, as

well as rendering the dispersion of the clay particles into the ep-

oxy more difficult.

The characterization of the dynamic properties over a wide

range of frequencies allows the fingerprinting of the structure

and the resulting viscoelastic response over a broad characteris-

tic time scale. In general, at relatively small characteristic times

for deformation (relatively high frequencies), the elastic

response is accentuated, whereas at longer characteristic times

(relatively low frequencies) the viscous response dominates.

The effects of the sonication duration on the development of

the dynamic properties are shown in Figures 5–8, where the

frequency dependencies of the storage modulus, G0(x), loss

modulus, G00(x), magnitude of complex viscosity, g*(x), and
loss tangent, tan d(x), are provided. In these figures, the ranges

pertain to the 95% confidence intervals determined according

to Student’s t distribution.

Mixing of the clay into the epoxy resin via sonication for only 10

min increases the storage modulus values, G0(x) (indicative of

the energy stored as elastic energy), by about an order of magni-

tude in comparison with the storage moduli of the epoxy/clay

Figure 3. Schematic representation of the sonication setup.
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Figure 4. Temperature distributions at the free surfaces of epoxy/clay suspensions during sonication. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 5. Storage modulus, G0, versus frequency, x, of epoxy suspension with 10% clay at different sonication durations of 0, 10, 20, and 30 min.
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system gently stirred before sonication. The presence of the alky-

lammonium ions on the clay platelet surfaces allows the epoxy

resin to wet and penetrate into the gallery space between the pla-

telets as well as to increase the elasticity and the viscosity of the

suspension. With the increase of the sonication duration from 10

to 20 min greater penetration of the epoxy into the gallery spaces,

increases the storage modulus values further (e.g., the mean val-

ues determined at 0.1 rps increase from 15.8 to 85.5 Pa). The rate

of increase of the storage modulus values with sonication dura-

tion decreases with increasing sonication time. In the presence of

the curing agent, the polymerization of the epoxy would have

taken place within the gallery spaces, possibly leading to the sepa-

ration and exfoliation of the nanoclay platelets.4

The loss modulus values, which are indicative of the energy dis-

sipated as heat during one cycle of deformation and the magni-

tude of complex viscosity, g*, values, also increase upon sonica-

tion duration (Figures 6 and 7). For example, the mean values

of the loss modulus values at 0.1 rps increased from 3.4 to 79.0

Pa upon sonication for 30 min. On the other hand, the mean

values of the magnitude of complex viscosity, g*, increased

from 40.8 to 1333.8 Pa s at x ¼ 0.1 rps and from 17.4 to 67 Pa

s at x ¼ 100 rps. Generally, the dynamic properties are more

sensitive to structure development at their low-frequency range.

The tan d values decrease with the increase of the sonication

duration (Figure 8) indicating that the suspensions are achiev-

ing disproportionately great elasticity in comparison with vis-

cous dissipation.

Overall, these dynamic properties reflect the changes in the

structure of the clay particles occurring upon sonication. With

increasing duration of sonication, the particle sizes of the clay

agglomerates decrease and some of the gallery spaces of the clay

tactoids are penetrated, i.e., intercalated, by the epoxy binder.

During dispersion, some of the clay layers separate completely,

i.e., exfoliate. As earlier investigations have indicated at relatively

high clay concentrations, the transformations associated

with intercalation and exfoliation are never complete and the

polymer/clay mixture is always a composite structure consisting

of clay tactoids, intercalated clay, and exfoliated clay

platelets.24,27,29,30

The typical TEM micrographs of a 30 min sonicated cured sam-

ple are shown in Figure 9. The clay tactoid particles originally

exhibited particle sizes which were in the range of 2–20 lm.

Upon dispersion via sonication intercalated structures, which

are disordered and scattered within the polymeric binder phase

and which exhibit little exfoliation, are generated. This is con-

sistent with earlier studies.4 The intercalation effect was accom-

panied with a decrease of the particle size of the clay tactoids.

Figure 6. Loss modulus, G00, versus frequency, x, of epoxy suspension with 10% clay at different sonication durations of 0, 10, 20, and 30 min.

Figure 7. Magnitude of complex viscosity, g*, versus frequency, x, of ep-
oxy suspension with 10% clay at different sonication durations of 0, 10,

20, and 30 min.
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The XRD results (not shown) indicated that the intercalation of

the clay by the epoxy binder was masked by the presence of the

clay tactoids which have persisted due to the relatively high

concentration of clay (10% by weight) that is used. Neverthe-

less, even the limited intercalation and exfoliation observed in

Figure 9 and the associated increase of the surface to volume ra-

tio of the clay particles appear to be sufficient for the elasticity

and the shear viscosity of the suspension to increase

Figure 8. Tan d, versus frequency, x, of epoxy suspension with 10% clay at different sonication durations of 0, 10, 20, and 30 min.

Figure 9. TEM micrographs of epoxy/clay suspension upon 30 min of sonication.
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significantly. At smaller concentrations of the clay particles,

greater extents of intercalation and exfoliation should take

place.

It should be noted that for conventional mixtures of noncolloi-

dal particles incorporated into a polymer melt the process of

structuring and the resulting changes in the rheological behavior

in the total absence of intercalation and exfoliation are very dif-

ferent. Kalyon et al. have shown that for noncolloidal graphite

particles, which were initially agglomerated, the increase of the

mixing time and the associated increase of the specific energy

input progressively lead to the breakdown of the particle

agglomerates and the encapsulation of the particles by the

binder.41–43 Initially, there is void space between the ultimate

particles of the agglomerates. This void space contributes to the

volume fraction of the solid phase. As the agglomerates are bro-

ken down during the dispersion process, the void space in

between the ultimate particles becomes occupied by the binder

and the yield stress and the shear viscosity, as well as the elastic-

ity of the suspension, decrease.41,42 This mechanism of break-

down of the particle agglomerates is expected to generate

decreases in dynamic properties, which were indeed observed

for non-colloidal graphite particles.41–43 However, as indicated

in Figures 5–8, in the case of nanosuspensions, dispersion of

the nanoparticles results in orders of magnitude increase in vis-

cosity as well as elasticity, consistent with earlier investigations

as a result of the significant increase of the surface to volume

ratio of the particles upon intercalation and exfoliation.44–46

Intensive Batch Mixing

Unlike what is observed for sonication, the temperature rise

during intensive mixing at ambient temperature was not signifi-

cant, i.e., within 63�C of the ambient temperature (Figure 10).

This small temperature rise is indicative of the relatively low-

viscous energy dissipation that could be imparted during inten-

sive batch mixing. Because the viscous energy dissipation is

represented by the product of the stress and velocity gradient

tensors, a relatively low value is indicative of the limited defor-

mation of the epoxy/clay suspension during intensive batch

mixing.

The typical small-amplitude oscillatory shear behavior of epoxy/

clay suspension samples prepared via intensive batch mixing are

compared with those prepared via sonication in Figures 11 and

12. The dynamic properties, i.e., the magnitude of complex vis-

cosity, g*, and the storage modulus, G0, values of the batch

mixed samples have not increased appreciably during the 30

min of mixing in the intensive mixer. On the other hand, the

dynamic properties g* and G0 of epoxy/clay suspensions, pre-

pared using sonication, are significantly, i.e., orders of

Figure 10. Temperature distributions at the free surfaces of epoxy/clay suspensions during intensive batch mixing process. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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magnitude, greater than those of the epoxy/clay suspensions

prepared using intensive batch mixing (Figures 11 and 12). The

rheological characterization results thus suggest that at least for

the clay concentration used (10% by weight) the intensive batch

mixing of the clay particles into the epoxy resin is not as effi-

cient as the sonication process. Direct evidence of the dispersion

characteristics of the batch mixed and sonicated samples can be

seen in the light microscopy images shown in the insets of Fig-

ure 12 which suggest that clay agglomerates are indeed signifi-

cantly greater in size for the batch mixed samples in compari-

son to the epoxy/clay samples that are prepared by sonication.

Sonication also gives rise to a significant increase of the

Figure 11. Comparison of the magnitude of complex viscosity, g*, versus frequency, x, behavior of epoxy suspension with 10% clay upon batch mixing

and sonication. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 12. Storage modulus, G0, versus frequency, x, behavior of epoxy suspension with 10% clay upon intensive batch mixing and sonication and their

typical light microscopy images.
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amounts of intercalated and exfoliated clay platelets, which in

turn leads to a greater extent of the immobilization of the epoxy

binder that is in contact with the particles. Thus, greater

increases in the dynamic properties are observed upon sonica-

tion in comparison with compounding via intensive batch

mixing.

CONCLUSIONS

The preparation of epoxy/clay suspension system was investi-

gated using intensive batch mixing and sonication. Dynamic

properties were used to assess the dispersion effectiveness. Upon

intercalation/exfoliation of the clay tactoids significant increase

of the surface/volume ratio of the clay platelets occurs. This

leads to the increase of the amount of immobilized epoxy resin

that is in contact with the platelets and, hence, gives rise to sig-

nificant increases in the viscosity and the elasticity of the result-

ing suspensions. On the basis of the comparisons of the

dynamic properties monitored at the effectiveness end of the

mixing processes, the sonication process is determined to be

more effective in the dispersion of the clay particles and genera-

tion of nanoclays, in comparison with intensive mixing process

for this epoxy/nanoclay system.

However, the better dispersion ability of the sonication process

also leads to generation of temperature hot spots which can

lead to premature curing of thermosetting resins. The conse-

quence of this finding for the epoxy/clay system of this investi-

gation is the removal of the curing agent from the mixture

when the clay particles were being compounded, thus, suggest-

ing the use of a two-stage process—first, dispersion of the clays

into epoxy binder and intercalation/exfoliation, and then fol-

lowed by the mixing of the curing agent into the epoxy-clay

suspensions.
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