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ABSTRACT: In this study, effect of duration of ultraso-
nication process on structural characteristics and barrier
properties of solvent-free castor oil-based polyurethane
(PU)/organically modified montmorillonite (OMMT)
nanocomposites was investigated. A series of PU/OMMT
composites were synthesized by in situ polymerization
technique through an ultrasonication-assisted process at
various processing durations. Effect of ultrasonication du-
ration on de-agglomeration of clay stacks in castor oil dis-
persions was evaluated by optical microscopy,
sedimentation test, and viscosity measurement. Wide
angle X-ray diffraction and Fourier-transform infrared
spectroscopy were employed to investigate the effect of
processing time on degree of delamination of clay platelets
and interfacial strength between clay layers and PU ma-
trix. Also, surface morphology of the nanocomposites was
analyzed by atomic force microscopy. The results showed
that by increasing the ultrasonication time up to 60 min,

the size of clay agglomerates decreased and the interlayer
spacing of clay platelets increased. To evaluate the effect
of ultrasonication duration on transport properties of the
PU/OMMT composites, diffusion coefficient and perme-
ability were determined through water uptake test. Elec-
trochemical impedance spectroscopy was carried out to
analyze the barrier properties and to evaluate the corro-
sion performance of these composite coatings on carbon
steel panels. It was found that by increasing sonication
time, the barrier property of nanocomposites against diffu-
sion of water molecules improved, which is due to further
separation of clay platelets, enhancement of the traveling
pathways for water molecules and improvement of inter-
actions between the two components. VC 2012 Wiley Periodi-
cals, Inc. J Appl Polym Sci 000: 000–000, 2012
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INTRODUCTION

Polymer clay nanocomposites have attracted a great
deal of research interest in recent years, because
they exhibit greatly enhanced properties compared
with conventional microcomposites and pure poly-
mers.1–6 The excellent barrier properties with inten-
sively reduced permeability of gases, water, and
hydrocarbons are one of the most attractive and use-
ful properties of these nanocomposites in coating,
packaging, and membrane applications.7–9

The efficiency of the clay to modify the barrier
properties of the polymer is directly related to the
aspect ratio, dispersion of clay layers in polymer,
and strength of interfacial interactions between the

polymeric matrix and clay platelets.10–13 Increasing
the extent of exfoliation (delamination of clay layers)
plays an important role in terms of providing barrier
properties for the nanocomposite polymeric systems
without drawbacks of conventional microcomposites
including weight increase, brittleness, and opacity
loss,14 which in turn leads to lower diffusivity of
surrounding environment. This may be attributed to
enhanced tortuosity of the diffusion pathway in the
matrix7 and enhanced restricted segmental motion
of the polymer chains within the clay gallery spaces
and at the interface with the clay layers.15 On the
other hand, poor dispersion of nanoparticles leads to
inferior barrier property of the system.16 Relation-
ship between the degree of delamination of clay
layers and extent of improvement in barrier proper-
ties is such that some researchers have worked to
build diffusivity models from the water uptake
behavior of polymer clay nanocomposites to deter-
mine the degree of exfoliation of clay layers by using
diffusivity measurements.17

Despite lots of researches that have been
devoted to this class of materials in the past two

Correspondence to: M. Heidarian (mortezaheidarian@
yahoo.com).

Contract grant sponsors: Research and Development
Centre of Bandar Imam Petrochemical Complex, Bajak
Paint Co. Ltd.

Journal of Applied Polymer Science, Vol. 000, 000–000 (2012)
VC 2012 Wiley Periodicals, Inc.



decades, the current commercial applications of
polymer clay nanocomposites are limited due to
inherent incompatibility between clay layers and
polymers and lack of consistent processing meth-
ods for de-agglomeration and delamination of clay
stacks.18,19 Clay stacks tend to aggregate together
during mixing with polymer matrix due to exten-
sive surface area and cohesive forces between
them which hinder the formation of a delaminated
nanocomposite structure.20 However, it is assumed
that breaking down of clay aggregates and delami-
nation of clay layers can be achieved through a
proper combination of mechanical forces such as
shear or impact and diffusion of the small mole-
cules into space between clay sheets.21,22 Consider-
ing that the chemical compatibility between natural
clay and polymeric matrix can be obtained by
modification of clay with intercalating surfactants
for better diffusion of polymer chains, the process-
ing conditions must be optimized to give clay tac-
toids that are minimized in size and to force the
monomers to diffuse further between clay layers.23

Researchers have used several processing methods
for dispersing and delaminating nanoclay layers
including mechanical agitation, shear mixing, high
pressure mixing, noncontact mixing and ultrasonic
vibration.20 Among the aforementioned techniques,
there are lots of reports, which indicate that ultra-
sonication is an effective method to improve dis-
persion and delamination of clay layers20,24 and
also to reduce air bubbles at the interface between
clay platelets and resin molecules.25

To understand the effect of sonication processing
parameters on dispersion of clay tactoids, and thus
the resulted properties of polymer clay nanocom-
posites, further investigations in the case of role of
time, temperature, and ultrasonic wave amplitude
are still required. Lam et al.26 have recently
reported a study on the effect of ultrasonication
time on dispersion of nanoclay clusters in an ep-
oxy composite. It was found that nanoclay cluster
sizes altered by changing the sonication times
without any variation in interplanar distance of the
clay layers. It was also reported that there exist an
optimum ultrasonication time to achieve minimum
cluster size. Also, Wang and Qin27 indicated that
the clay layers were found to be separated further
in epoxy–nanoclay composite with an increase in
the ultrasonic stirring duration.

To our best knowledge, there is not any available
report that fully explores the effect of ultrasonication
time on the structural characteristics and transport
properties of polymer clay nanocomposites, espe-
cially in case of solvent-free PU-based nanocompo-
sites. In this study, 3 wt % PU/OMMT composites
were synthesized by in situ polymerization method
through a sonication assisted technique at various

processing durations. Optical microscopy, sedimen-
tation test, viscosity measurement, wide angle X-ray
diffraction (WAXD), Fourier-transform infrared spec-
troscopy (FTIR), and atomic force microscopy (AFM)
techniques were employed to characterize the struc-
ture of castor oil/OMMT dispersions and PU/
OMMT nanocomposites. The diffusion coefficients
and the maximum water uptake of the 3 wt % PU/
OMMT composite films were measured by water
uptake test. Also, to study the barrier properties and
to evaluate the corrosion performance of these com-
posites as protective organic coatings on carbon steel
panels, electrochemical impedance spectroscopy
(EIS) was performed. From the experimental results,
the correlation between the structural characteristics
of the synthesized composites and the resulted
transport properties is discussed.

EXPERIMENTAL

Materials

A commercial grade castor oil (Albodur 912 VP;
OHv ¼ 210 mg KOH/g, average functionality ¼ 2.3)
was purchased from Alberdingk Boley Co. It was
dehydrated at 50�C in vacuum. Polymeric methyle-
nediphenylenediisocyanate (P-MDI; Suprasec 2496;
NCO wt % ¼ 31.3, average functionality ¼ 2.5;
Huntsman PUs) was dried for 1 h in vacuum oven
to remove any trace of moisture. Modified montmo-
rillonite clay (Cloisite 30B) was received from South-
ern Clay Products with methyl, tallow, bis-2-hydrox-
yethyl, quaternary ammonium as modifier, and it
was dehumidified at 80�C for 24 h.

Synthesis of PU nanocomposites

Nanocomposites were synthesized by in situ poly-
merization in presence of clay. Three weight per-
cent of Cloisite 30B (C30B) was first dispersed in
dehydrated castor oil using propeller stirrer at
1200 rpm for 2 h at 70�C in a plastic flask (with
nitrogen inlet and temperature control jacket). This
was followed by sonication process of different
durations, namely, 15, 30, and 60 min at 60�C with
an external cooling bath (It is worth mentioning
that based on a series of preliminary experiments,
the specified amount of clay is selected from a
wide variety of clay loadings between 1 and 5 wt
% for more thorough investigations in the case of
effect of processing conditions on the PU/clay
nanocomposites by considering the practical appli-
cation and performance of the resulted material).
The ultrasonication process was performed at a
frequency of 20 kHz with an inlet ultrasound
power of around 1 W/mL (UIP 1000hd ultrasonic
processor; titanium sonotrode with 18-mm tip
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diameter; Hielscher ultrasound technology). The
mixture then reacted with P-MDI with continuous
stirring under nitrogen atmosphere while the
NCO:OH ratio was kept at 1. The blends were
then degassed under vacuum and immediately
poured into molds. Samples were allowed to cure
for 2 weeks at 60�C. As schematically depicted in
Figure 1, four sets of composites containing 3 wt
% filler on solid content of the system were pre-
pared under different premixing conditions,
namely, 2-h mechanical agitation and 15-, 30-, and
60-min sonication (note that premixing means mix-
ing the clay with polyol without hardener).

Structural characterization of nanocomposites

The optical homogeneity of the polyol/clay disper-
sions and effect of sonication process on de-agglom-
eration of clay aggregates were examined using a
BX-50 Olympus optical microscope. Also, the sus-
pension stability was analyzed by a sedimentation
method. For this purpose, the blends were kept
motionlessly at 50�C for 2 weeks to observe the
amounts of clay precipitation and phase separation.
The viscosity of castor oil/OMMT suspensions was
determined using a REL multispeed digital viscome-
ter equipped with cone/plate geometry (diameter:
20 mm; angle: 0.5�) at a constant speed of 185 rpm
and 30�C. The maximum deviation for viscosity
results was 2%.

WAXD of nanocomposite films was conducted by
subjecting the films to X-ray radiation at room tem-
perature. The films were analyzed using a X’PERT
Philips diffractometer system. The radiation was
CuKa (k ¼ 1.54 Å) at 40 KV and 40 mA. Diffraction

was performed from 2y ¼ 1�–10� at a scanning rate
of 0.5�/min with a step size 0.02�.
To monitor the interfacial reactions between orga-

noclay platelets and PU and to understand the effect
of clay layers on hydrogen bond formation in PU
matrix, pristine PU, pure OMMT, and PU/OMMT
composites, prepared by different premixing condi-
tions, were characterized by FTIR. Infrared spectra
were conducted on an Equinox 55 FTIR (Bruker,
Germany) using KBr disk technique, with a wave
number resolution of 4 cm�1 within the range of
400–4000 cm�1.

Surface morphology of nanocomposites

The surface morphology of the pure PU and 3 wt %
PU/OMMT nanocomposites, premixed by 15-, 30-,
and 60-min sonication, was determined by AFM.
Measurements were performed under ambient con-
ditions using a commercial atomic force microscope
(Nanosurf easyScan 2 AFM, Switzerland). The con-
tact-mode AFM technique was used for all images.
An area of 30 micron was scanned at a constant
force with set point of 20 nN. The roughness analy-
sis was performed on the dimensions of 30 � 30
lm2. The root-mean-square (Rms) roughness value
is the standard deviation of the Z (height) values cal-
culated within the given area as:

Rms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

Zi � Zaveð Þ2
N

s
(1)

where Zi is the current Z value, and Zave is the aver-
age of the Z values, and N is the number of data
points with the given area.28 All the mean roughness

Figure 1 Schematic illustration of PU clay nanocomposite preparation under various processing conditions.

EFFECT OF DURATION OF THE ULTRASONICATION PROCESS 3

Journal of Applied Polymer Science DOI 10.1002/app



values were obtained by averaging the results from
three AFM images.

Moisture absorption measurement

Water absorption measurement was carried out
according to the specification, ASTM D 570-98. The
molded samples, prepared by different processing
conditions (as described before), were cut into the
form of discs 5 cm in diameter and 3.2 mm in thick-
ness. The discs were washed with acetone, dried
completely, and the initial weights were measured.
The specimens were then immersed in distilled
water at 25 6 2�C. At predetermined intervals,
specimens were taken out of water and were
weighed on an analytical balance with a resolution
of 0.1 mg. All the measurements were obtained from
at least three experiments to ensure reproducibility.
The moisture uptake at any point of time was deter-
mined using the following equation:

Mtðwt %Þ ¼ Wt �W0

W0

� �
� 100; (2)

where Mt, Wt, and W0 are the moisture content at a
given time, instantaneous, and initial weights of the
samples, respectively.

The mechanism of moisture diffusion in polymers
has been extensively studied.16,25 Moisture diffusion
in polymer composites at low temperatures can be
estimated by the Fick’s second law with a constant
diffusivity, D, which describes the nonsteady state
diffusion of a substance and is given by17:

Mt

M1
¼ 1� 8

p2
X1

n¼0

1

2nþ 1ð Þ2 exp � D 2nþ 1ð Þ2t
h2

 !
p2

" #

(3)

where Mt and M1 are the moisture contents at time t
and at equilibrium, respectively. D is the diffusion
coefficient and h is the sample thickness. At the initial
stages of diffusion, eq. (3) can be approximated by:

Mt

M1
¼ 4

h

Dt

p

� �1=2
(4)

Hence from the Fick’s second law, diffusivity (D)
can be determined from the initial slope of the curve
plotted for the percentage water uptake, Mt, versus
the square root of time, t1/2.

Sorption coefficient (S) is a thermodynamic pa-
rameter which depends on the strength of the inter-
actions in the polymer/penetrant mixture. Sorption
describes the initial penetration and dispersal of

penetrant molecules into the polymer matrix. It is
calculated from the equilibrium swelling using the
following equation29:

S ¼ m1
mp

; (5)

where m1 represents mass of the solvent taken up
at the equilibrium and mp represents initial mass of
the sample. Permeability (P) is a combination of
sorption and diffusion processes and hence the per-
meability of solvent molecules into polymer mem-
brane depends upon both diffusivity and sorptivity.
P can be determined from the following empirical
relation29,30:

P ¼ D� S; (6)

Electrochemical measurement of water uptake

Coatings protect the substrate in many ways,
including preventing damaging species access to
the substrate. One of the ubiquitous natural mole-
cules that damage the substrate is water. Substrate
degradation depends on the water concentration
and ion transport at the interface and flux towards
the substrate. The protection efficiency is inversely
related to the corrosive species diffusion.31,32 One
of the methods commonly used to study coatings
performance is EIS. Penetration of water molecules
into the polymer structure changes the coating re-
sistance and capacitance which in turn influence
the impedance response of the metal/coating sys-
tem under the application of alternating potential
signal. During the initial stage of coating exposure,
the volumetric percentage of water uptake also can
be estimated by Brasher–Kingsbury empirical
equation33:

Xv ¼
log C1=C0

� �
log 80

� 100%; (7)

where C1 and C0 are the measured capacitances at
times t1 and t0, respectively. Thus, from the plots of
the impedance diagrams versus exposure time in an
aggressive solution, the amount of water uptake and
corrosion protection afforded by organic coatings
can be determined.
For preparation of coated panels, 3 wt % PU/

OMMT composites, prepared by different process-
ing conditions, were applied on steel substrates
with a film applicator before curing. Cold rolled
carbon steel panels (6.5 � 6.5 � 0.3 cm3) were
used as metallic substrates. The panels were sub-
jected to a sequence of a chemical cleaning and a
mechanical surface polishing to remove any trace
of surface oxides. Before coating application, the
panels were extensively cleaned with acetone and
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toluene. The thickness of dry coatings was meas-
ured with Elcometer FN 4653 digital coating thick-
ness meter (Elcometer Co. Ltd.) and was chosen in
the range 50–60 lm.

To determine electrochemical impedance response
of the coated panels, A PVC tube of 4.7-cm inner di-
ameter was pasted with silicon adhesive on surface
of coated substrates. The electrochemical cell was
prepared by placing the aforementioned samples
horizontally at the bottom in a standard flat cell con-
figuration. The exposed sample surface area of 17
cm2 acted as the working electrode. A large area
stainless steel counter electrode was positioned par-
allel to the exposed sample and a saturated
Ag|AgCl electrode was employed as the reference
electrode. Schematic illustration of the electrochemi-
cal cell is shown in Figure 2.

The EIS measurements were carried out with
Autolab PGSTAT 302N Potentiosat/Galvanostat and
FRA2 frequency response analyzer at open circuit
potential with AC amplitude of 20 mV over a fre-
quency ranging from 100 kHz to 1 mHz. The sam-
ples were submitted to a total immersion in 5 wt %
aerated NaCl aqueous solution. The impedance dia-
grams were obtained at different exposure times up
to 30 days. Interpretation of impedance data was
performed using Autolab Frequency Response Ana-
lyzer (FRA) software.

RESULTS AND DISCUSSION

Dispersion of organoclay in castor oil

Figure 3 presents the optical micrographs of castor
oil/OMMT suspensions prepared after 2-h mechani-
cal agitation, followed by sonication of various dura-

tions, including 15, 30 and 60 min. The castor oil/
OMMT dispersion, prepared after 2-h mechanical
agitation, contained large amounts of agglomerates
of clay stacks [shown in Fig. 3(a)]. These agglomer-
ates are formed during wetting of OMMT with cas-
tor oil due to large surface area of nanoclay and co-
hesive forces between clay stacks. By application of
sonication process and increasing its duration, as
shown in Figure 3(b–d), the size of clay agglomer-
ates is reduced, and their distribution in castor oil
matrix is improved. As mentioned earlier, the proc-
essing condition must be capable of providing
enough mechanical forces to significantly break-up
the agglomerates and to force the polymer chains to
diffuse between clay layers. While the sonication
process is applied, the cavitation shockwaves com-
bined with extreme temperature gradients results in
high velocity collisions between clay aggregates and
accelerated molecular diffusion of castor oil, which
leads to significant break-up of clay agglomerates.
These effects are enhanced as the duration of sonica-
tion is increased. As shown in Figure 3(d), after 60-
min sonication, almost all of the clay agglomerates
had completely disappeared. The remaining agglom-
erates could be attributed to impurities or unmodi-
fied clay in commercial products.

Stability of suspensions

Figure 4 shows the suspension state of castor oil/
OMMT mixtures, prepared after 2-h mechanical agi-
tation and 15-, 30-, and 60-min sonication. Suspen-
sions were placed at 50�C for 2 weeks after prepara-
tion. In case of mechanically agitated dispersion,
extensive phase separation and sediment was
observed and OMMT precipitation was initiated
right after stopping stirring [shown in Fig. 4(a)]. As
it was illustrated by optical microscopy, there were
lots of large agglomerates in this suspension due to
insufficient shear and impact forces and low mobil-
ity of castor oil molecules, resulted from mechanical
agitation. So, castor oil molecules cannot penetrate
into these agglomerates to diffuse between layers of
clay stacks. Therefore, clay agglomerates precipitate
due to the gravity during the sedimentation test.
However, after 15-min sonication, the extent of
phase separation was decreased greatly. Also, after
30- and 60-min sonication, there is no significant
phase separation and sediment. As a result of soni-
cation, significant beak-up of the clay aggregates
takes place due to extreme motions such as shearing
or collision against each other. Therefore, the size of
aggregates and clay stacks reduces. This in turn
causes that castor oil molecules diffuse further into
the space between clay layers. By separation of clay
platelets, interactions between clay and polymeric
matrix increase which in turn improve suspension

Figure 2 Schematic illustration of the electrochemical cell.
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stability. Also, due to improvement of clay interlayer
spacing, the organifier on OMMT surface could be
further dissolved in castor oil and could act as the
surfactant between layered silicate and castor oil.
Hence, stable suspensions of OMMT in castor oil
could be formed.

Viscosity

Rheological responses of polymer/clay dispersions
offer suitable insights into their microstructure34 and
could be used to quantify the global average of the
degree of intercalation/exfoliation/dispersion of clay
stacks across the whole test specimen.

The viscosity values of 3 wt % castor oil/OMMT
dispersions, prepared by different processing condi-
tions, are shown in Figure 5. The pristine castor oil
shows a viscosity of 408 mPa s. As shown in Figure 5,
only a slight increase in viscosity was observed after
mixing OMMT with castor oil by mechanical agita-

tion for 2 h. However, by application of sonication
process and increasing its duration, a significant
increase in viscosity was resulted and the dispersion,
prepared by 60-min sonication, represents almost a
threefold increase of the viscosity with respect to the
neat castor oil.
Viscosity is a measure of internal friction of the

dispersion when sheared. As aforementioned, ultra-
sonication in castor oil/OMMT dispersions leads to
size reduction of clay agglomerates and enhance-
ment of particle number per unit volume, better dis-
persion and higher aspect ratio of clay stacks and
improved penetration of castor oil molecules
between clay sheets. These in turn increase frictional
interactions between silicate layers. By further inter-
calation of castor oil chains, van der Walls forces
between clay layers and castor oil molecules are
strengthened as well. Also, further H-bonding
between hydroxyl groups on clay surface (clay struc-
tural OH groups and organifier OH groups) and

Figure 3 Optical micrographs of 3 wt % organoclay/castor oil suspensions: (a) after 2-h mechanical agitation, (b) after
15-min sonication, (c) after 30-min sonication, and (d) after 60-min sonication. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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carbonyl groups of castor oil may be established
which in turn results in improved frictional forces
and viscosity. Some researchers also reported that
the significant enhancement of viscosity is arisen
from the formation of face-edge and edge-edge
house-card structure.36,37

X-ray diffraction analysis

The d-spacing of OMMT organoclay in PU clay com-
posites, prepared through different premixing condi-
tions, was examined by X-ray diffraction. The results
are presented in Figure 6 and Table I. Pure OMMT
displays a peak at 2y ¼ 4.78�, which corresponds to

d001 basal spacing of 18.48 Å. In the case of 3 wt %
PU/OMMT composite, premixed for 2 h by mechan-
ical agitation, this peak shifts to 2y ¼ 3.21�, which
indicates a little expansion of the basal spacing due
to low penetration of the PU chains within the gal-
lery spaces. By using 15- and 30-min sonication at
premixing step, not only the peak position was
shifted to lower angles (2y ¼ 2.53� and 2y ¼ 2.37�,
respectively) but also a decrease in peak intensity
was observed. This suggests that a partial exfoliation
of OMMT in PU matrix has taken place. When the
mixture was proceed with 60-min sonication, the
peak on WAXD curve had almost disappeared,
which suggested the exfoliation of silicate layers or
much too large spacing between the layers.
By applying sonication and increasing its duration

at the premixing step, significant break-up of clay
agglomerates and penetration of castor oil molecules
between clay sheets take place which in turn
increase the basal spacing of silicate layers. Because
of this, P-MDI have more chance to diffuse into gal-
leries during polymerization step to further promote
interagallery reactions with OH groups of clay
organifier and castor oil molecules which diffused
there at premixing step. This in turn leads to larger
expansion of OMMT gallery spacing.

Fourier-transform infrared spectroscopy

To monitor the effect of ultrasonication stirring time
on chemical structure of PU in composites and inter-
facial hydrogen bond formation between clay layers
and PU matrix, the FTIR spectra of OMMT, pristine
PU, and 3 wt % PU/OMMT composites premixed
during 2-h mechanical agitation and 15-, 30-, and 60-
min sonication were measured as shown in Figure 7.
The FTIR spectra of OMMT clay is presented in

Figure 7(a). The structural AOH stretching peak

Figure 5 Viscosity of castor oil/OMMT dispersions containing 3 wt % OMMT prepared under different premixing
conditions.

Figure 4 Suspension state of 3 wt % organoclay/castor
oil dispersions: (a) after 2-h mechanical agitation, (b) after
15-min sonication, (c) after 30-min sonication, and (d) after
60-min sonication. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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(e.g., from AlAOH bond) at 3626 cm�1 and hydro-
gen-bonded water bending peak at 1633 cm�1 38 are
of interest as both structural AOH and water are ca-
pable of reacting with ANCO groups. Also, note
that C30B exhibits ACH stretching peaks at 2945
and 2851 cm�1, which correspond to hydrocarbon
chains of the organic ammonium ions present in this
treated clay.

The clay particles in nanocomposites produced
characteristic bands associated with the stretching of
SiAO (1037 cm�1), (which overlapped with the peak
of the CAO stretching of urethane at 1092 cm�1),
and SiAOAAl (522 cm�1), and bending of SiAOASi
at 463 cm�1, as shown in Figure 7(c–f). The free
AOH band at 3626 cm�1 and hydrogen-bonded
water bending peak at 1633 cm�1 in organoclay dis-
appeared in nanocomposites, indicating that strong
interactions are occurring between OH group in
organoclay and P-MDI.

The hydrogen-bonded NH peak at 3352 cm�1, car-
bonyl peaks at 1703 (hydrogen-bonded) and 1729
cm�1 (free), appeared in pristine PU and in compo-
sites as shown in Figure 7(b–f), indicating the pres-

ence of urethane linkages.39 The carbonyl peaks of
3 wt % PU/OMMT composites are highlighted in
Figure 8 and the ratios of area under the peaks of

TABLE I
d-Spacing for Organoclay and PU/Clay Nanocomposites

After Various Premixing Conditions

Specimen 2y (�)
d001 basal
spacing (Å)

Cloisite 30B
powder 4.87� 18.48

3 wt % OMMT/
PU composite

2-h mechanical
agitation

3.21� 27.5

15-min sonication 2.53� 34.9
30-min sonication 2.37� 37.26
60-min sonication No peak –

Figure 6 WAXD of pure C30B and 3 wt % PU/OMMT nanocomposites, premixed under different situations.

Figure 7 FTIR spectra of (a) C30B, (b) pristine PU and 3
wt % PU/OMMT composites premixed by (c) 2-h mechan-
ical agitation, (d) 15-min sonication, (e) 30-min sonication,
and (f) 60-min sonication.
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hydrogen-bonded carbonyl groups at 1703 cm�1

(AHCO) and free carbonyl groups at 1729 cm�1 (ACO)
are listed in Table II. This ratio is found to be the
largest in the case of pure PU and the lowest in case
of the composite prepared after 2-h mechanical agi-
tation. This indicates that the presence of organoclay
hinders the hydrogen bonding of carbonyl groups in
PU matrix. However, H-bond formation is increased
for composites premixed by ultrasonication process.
Also, from Table II, it can be seen that increasing the
ultrasonication duration from 15 to 60 min has no
major effect on the hydrogen bonding of C¼¼O
group.

Improvement of the hydrogen bonding of C¼¼O
group after ultrasonication premixing step can be
explained as follows. Some P-MDI chains which end
with ANCO functional group can diffuse into the
galleries of clay and react with CH3CH2OH of alkyl
ammonium organifier on clay surface to form ure-
thane linkage, which in turn tends to form hydrogen
bond with the second CH3CH2OH group of C30B
organifier as schematically illustrated in Figure 9.
Another possibility is the hydrogen bond formation
of C¼¼O group of a PU chain near the clay surface

with AOH group of organifier. The third possibility
is the formation of H-bonding between carbonyl
groups of castor oil with the clay structural or
organifier AOH groups. By using sonication process
which leads to improvement of interlayer spacing,
the chance for aforementioned possibilities increases.
The hydrogen bond formation between organifier
and PU matrix leads to strong interfacial interactions
between clay surface and PU and also further
delamination of clay layers. Apart from the enhance-
ment of mechanical properties, this may result in
improvement in barrier properties of PU/OMMT
nanocomposites.3,8

Figure 8 FTIR spectra of free (1729 cm�1) and hydrogen bonded carbonyl (1703 cm�1) peaks of (a) pristine PU and 3 wt
% PU/OMMT composites premixed by (b) 2-h mechanical agitation, (c) 15-min sonication, (d) 30-min sonication, and (e)
60-min sonication.

TABLE II
Ratio of Area Under the Peaks of Hydrogen Bonded
C¼¼O (AHCO) and Free C¼¼O (AFCO) Groups Computed

from Figure 8

Sample
Pristine

PU

3 wt % PU OMMT composite

2-h
mechanical
agitation

15-min
sonication

30-min
sonication

60-min
sonication

AHCO/
AFCO

0.94 0.51 0.8 0.83 0.85
Figure 9 Hydrogen bonding between clay organifier and
PU chain.
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Surface morphology

The topographic morphology of surface of molded
specimens was scanned by AFM. Figure 10 reveals
the representative pictures. The Rms data of the sur-
face roughness of samples are listed in Table III. The
AFM image of the pure PU [Fig. 10(a)] shows an
extremely uniform and flat surface. The average
surface roughness was around 4.87 nm. Surface mor-
phology of nanocomposites prepared through ultraso-
nication assisted process is shown in Figure 10(b–d).
In comparison to neat PU, the surface structure
becomes irregular and average surface roughness
increases by introduction of clay stacks. It confirms
that nanoclay platelets seem to have influence on the
surface morphology of PU films and tend to migrate
toward PU surface. Also, according to Table III, it is
obvious that the surface roughness decrease by
increasing the sonication time up to 60 min. This

may be resulted from reduction in the size of clay
stacks due to extending the sonication period.

Water permeation

The influence of clay additives on permeability of a
nanocomposite is depends on three main factors that
are the volume fraction of the nanoplatelets, their
orientation relative to the diffusion direction, and
their aspect ratio. Clay layers are similar to aligned
impermeable flakes, acting as barriers, increasing
tortuosity of the diffusion path and decreasing per-
meation through the polymeric membranes. Extent
of tortuosity is a function of clay content and degree
of exfoliation. Therefore, to determine how the proc-
essing condition of a hybrid composite would affect
the sorption and diffusion of the nanocomposites,
transport properties were investigated for all pre-
pared samples.
Figure 11 presents the water uptake profiles of

pure PU and 3 wt % PU/OMMT composites after 2-
h mechanical agitation and 15-, 30-, and 60-min soni-
cation. The sorption coefficient, diffusion coefficients
and permeability of samples after exposure for 2800
h were calculated and are listed in Table IV. As pre-
sented in Table IV, in the case of the composite film,
prepared by 2-h mechanical agitation, sorption coef-
ficient, and diffusivity coefficient were increased
compared to that of pure PU. As was found from
the results of the WAXD, mechanical agitation is not
an effective method for dispersion of clay

Figure 10 Typical topographic images of (a) pristine PU surface and the surfaces of 3 wt % PU/OMMT composites pre-
mixed by (b) 15-min sonication, (c) 30-min sonication, and (d) 60-min sonication. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

TABLE III
The Rms Values of Surface Roughness of Pure PU and

Composite Films

Sample
Pristine

PU

3 wt % PU OMMT composite

15-min
sonication

30-min
sonication

60-min
sonication

Surface
roughness
(nm)

4.87 17.69 14.25 12.13
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agglomerates and delamination of clay layers. There-
fore, poor dispersion of nanoparticles leads to infe-
rior barrier property. This is probably due to gather-
ing of water molecules around the clay particles,
which are poorly bonded to PU matrix, and also at
the mechanically weak spots around the regions of
clay agglomeration.40

However, as is clearly presented in Figure 11 and
Table IV, the sorption coefficient and diffusivity
coefficient is decreased by using sonication process
and increasing its duration to 60 min, when com-
pared with neat PU. Also, in the case of nanocompo-
site specimen, prepared by 60-min sonication pre-
mixing, the full saturation is not reached even after
2800 h.

As previously mentioned, the water sorption
behavior is considered as dependent on free volume
(free water trapped in microvoids of free volume)
properties and type and concentration of hydrophilic
groups in the PU system.41 As discussed before,
increasing sonication duration results in better dis-
persion and reduction in particle size of clay
agglomerates, along with higher aspect ratio of the
clay particles which in turn leads to higher interfa-
cial interactions between clay surface and PU matrix.
These in turn increase the tortuosity of the pathway

of water molecules as diffused into the nanocompo-
sites and also decrease the free volume in pure PU
for water accumulation. Also, the decreased sorption
coefficient, diffusivity coefficient and therefore per-
meability are related to the presence of strong inter-
actions and hydrogen bonding formations between
PU and modifier on clay platelets, and hydrogen
bonding interactions in the composites tend to stabi-
lize the nanocomposites when subjected to highly
moist atmosphere. As a result, the maximum water
uptake and diffusivity of nanocomposites were
decreased, compared with pure PU.

Electrochemical impedance spectroscopy

To study the barrier properties of 3 wt % PU/
OMMT composites, prepared by different processing
conditions and to evaluate the corrosion perform-
ance of these composites as protective organic
coatings on carbon steel panels, EIS was performed.
Figures 12–14 show the Bode plots of the coated
panels during 21 days of immersion in 5 wt % NaCl
aqueous solution. As is clear from the figures, all the
coated panels show only one capacitive time con-
stant until 21 days of exposure (Figs. 12–14). Such an
electrochemical behavior can be described in terms
of simple equivalent circuit depicted in Figure 15(a),
which consists of the parallel combination of a
dielectric capacitor CC (coating capacitance) and a
resistive component RC (coating resistance). Analysis
of the impedance spectra in terms of this equivalent
circuit allowed for the parameters RC and CC to be
determined. Changes in the magnitudes of these pa-
rameters, as a function of their exposure time to the
test solution, are plotted in Figure 16(a,b). As shown
in Figure 16, CC increases with the immersion time
due to water uptake (Because of the much higher
dielectric constant of water compared with that of
organic coating), whereas RC decreases with time
(Because of the much lower resistivity of water com-
pared to that of organic coating and development of
ionic conductive pathways in polymer).
As illustrated in Figure 12, it is obvious that all

PU/OMMT composite-coated panels have higher

Figure 11 Water absorption curves for pure PU and
nanocomposite films after certain time intervals.

TABLE IV
Equilibrium Water Uptake and Diffusion Coefficient of Pure PU and 3 wt % OMMT/PU Composite Films Prepared

Through Different Premixing Conditions

Sample Sorption
Diffusivity

(10�7 mm2 sec�1)
Permeability

(10�9 mm2 sec�1)

Pristine PU 0.01121 2.98 3.3406

3 wt %
OMMT/
PU composite

2-h mechanical agitation 0.0145 3.09 4.4805
15-min sonication 0.0081 2.79 2.2599
30-min sonication 0.0063 2.56 1.6128
60-min sonication 0.0049 2.23 1.0927
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impedance values than pure PU before exposure to
corrosive media. By exposing the coated panels to
the test solution, it can be seen that in the case of
samples prepared through the ultrasonication-
assisted process, the values of RC were still higher at
different immersion times than pure PU, and the 60-
min sonicated specimen showed the highest RC val-
ues [Fig. 16(a)]. Also, it is found that the reduction
in RC values during immersion is decreased as the
sonication duration in premixing step is increased.
These findings are in good agreement with the
results of water permeation test. As discussed ear-
lier, increasing the sonication duration improves dis-
persion and aspect ratio of clay particles which
effectively increase the length of the diffusion path-
ways for oxygen and water and decrease the perme-
ability of the coating. However, in the case of 3 wt
% PU/OMMT composite system, prepared after 2-h
mechanical agitation, the RC values are lower in
comparison with pure PU after various exposure
durations. As it was discussed above, this is due to
poor dispersion of clay stacks in PU matrix.

The volumetric water uptake values obtained from
eq. (7) are shown in Table V for 30 days under
immersion of the coated samples. These results
show a trend, similar to that obtained in water per-
meation test. The lowest value of water uptake is
related to 60 min sonicated nanocomposite-coated
panel and the highest is related to 2 h mechanically
agitated one.
As presented in Figure 17, the Bode plots of pure

PU and 2 h mechanically agitated coated panels are

Figure 12 Representative Bode diagrams of neat PU and
3 wt % PU/OMMT composite coated panels (prepared
through different premixing conditions) before immersion.

Figure 13 Representative Bode diagrams of neat PU and
3 wt % PU/OMMT composite coated panels (prepared
through different premixing conditions) after 13 days
immersion.

Figure 14 Representative Bode diagrams of neat PU and
3 wt % PU/OMMT composite coated panels (prepared
through different premixing conditions) after 21 days
immersion.

Figure 15 Equivalent circuits for the description of (a)
barrier coating system with one time constant and (b) non-
barrier coating system with two time constants.
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split into two sections, which indicate the develop-
ment of second time constant in the impedance dia-
grams of these two samples after 30 days under
immersion (one at high frequencies, corresponding
to coating parameters, and one at low frequencies,
corresponding to electrochemical corrosion reaction
on the substrate). Under this condition, the equiva-
lent circuit which adequately describes the measured
impedance spectra for a defective organic-coated
metal is given in Figure 15(b). In this model, the
new components are a capacitor Cdl (double layer
capacitance), which accounts for the distribution of
ionic charges around the unprotected metallic sub-
strate and a new resistive element, Rct (charge trans-
fer resistance), which is inversely proportional to the

corrosion rate of the metal.42 This indicates that
these panels are no longer effectively protected
against corrosion, and, therefore, the corrosion attack
at the metal/coating interface has already initiated.
However, even after 30 days under immersion, in
the case of the panels coated with nanocomposites
prepared through the ultrasonication-assisted pre-
mixing step, only one capacitive time constant could
be detected in EIS spectra. This shows that the corro-
sion process has not been initiated on substrate, and
the nanocomposite coatings still prevent the under-
lying metal to come in direct contact with the aque-
ous environment.

CONCLUSIONS

In this study, a series of 3 wt % PU/OMMT nano-
composites were synthesized under different proc-
essing conditions through in situ polymerization
method by using mechanical agitation and various
durations of sonication process. Results of optical
microscopy, sedimentation test, and viscosity mea-
surement indicate that by application of sonication
process and increasing its duration, the size of clay
agglomerates is decreased and their number per unit
volume is increased, which result in formation of
viscous stable suspensions of castor oil/OMMT.
WAXD analysis showed improvement in interlayer
spacing by increasing sonication time. Form the
FTIR results, it is found that by using sonication pro-
cess, the H-bonding formation between clay layers
and PU matrix is increased, compared with the com-
posite specimen which processed only by mechani-
cal agitation. Also, AFM revealed that surface rough-
ness is increased by introduction of OMMT in
comparison with neat PU. However, as the sonica-
tion duration is increased, the surface roughness is
decreased. Calculation of diffusion coefficient and
maximum water uptake revealed that the PU/
OMMT composite specimen, which premixed by
mechanical agitation, had inferior barrier properties
than pure PU, resulted from the poor dispersion of
clay layers in PU matrix. However, by application of
sonication process and increasing the processing du-
ration, an improvement in transport properties
against diffusion of water molecules was observed.

Figure 16 (a) RC and (b) CC versus immersion time in 5
wt % NaCl solution for neat PU and 3 wt % PU/OMMT
composite coated specimens, prepared through different
premixing conditions.

TABLE V
The Percentage of Water Taken Up by Volume (Xv), Calculated From Composite Capacitance at Various Exposure

Times as Shown in Figure 16(b)

Days of immersion Pristine PU

3 wt % OMMT/PU Composite

2-h mechanical agitation 15-min sonication 30-min sonication 60-min sonication

13 days 1.33 6.84 1.02 0.81 0.65
21 days 8.17 14.33 4.49 3.7 1.92
30 days 18.42 28.02 10.78 8.97 6.41
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These findings were confirmed by EIS. Also, from
EIS results, it was found that in the case of carbon
steel panels, coated with neat PU and the composite
specimen, which premixed by only mechanical agita-
tion, the corrosion process has initiated on metallic
substrate after 30 days immersion. This is due to
lack of ability of these two systems to prevent diffu-
sion of oxygen and water molecules, which results
in direct contact of corrosive species with metal sub-
strate. However, in case of the panels, coated by
sonicated PU/OMMT nanocomposites, no sign of
corrosion attack was observed and coating resistance
(RC) was increased by increasing sonication time.
This is due to better dispersion and delamination of
clay layers, which effectively increases the length of
the diffusion pathways for oxygen and water.

The authors thank Dr. A. Ashrafi, Mr. M. Sadeqzadeh, and
Dr. D. Zaarei for helpful suggestions and comments.
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