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ABSTRACT: Polyurethane (PU)–clay nanocomposite
coatings were prepared by a sonication method. The sta-
bility and morphology of these coatings was characterized
by turbidometry, X-ray diffraction, and transmission elec-
tron microscopy. The anticorrosive properties of these
coatings were investigated by salt-spray and electrochemi-
cal impedance spectroscopy methods. According to the
results, dispersed nanoclay layers in the matrix of the
nanocomposite coating compositions led to superior anti-

corrosive characteristics compared to those of pure PU
coatings. The best results were obtained with coatings con-
taining about 5 wt % clay. The resistance of the coating
containing 5% clay was about 9.002 GX after 225 days of
immersion in a 3.5 wt % NaCl solution, whereas it was
only 97 kX for the pure PU coating. VC 2010 Wiley Periodicals,
Inc. J Appl Polym Sci 119: 523–529, 2011
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INTRODUCTION

Polymer nanocomposites have received significant
attention in recent years because they lead to
improved physical and chemical properties and of-
ten exhibit superior characteristics in comparison
with pure polymers.1,2

The results of research done on nanocomposites
has shown that nanoclay particles have a significant
effect on improving the thermal, mechanical, and
gas-barrier properties of the nanocomposites in com-
parison with pure polymers, even in the presence of
very small amounts of these modified nanopar-
ticles.3–6 Polymer–clay nanocomposite coatings have
gained increasing attention in both academia and
industry. Various articles have been published on
new methods for the preparation of different kinds
of polymeric matrices, such as polyurethane (PU)–
clay nanocomposites.4,7–10

Montmorillonite (MMT) is a special type of lay-
ered silicate,1,11–13 which has been used for the prep-
aration of polymer–clay nanocomposites because of
its lamellar structure. MMT can improve some prop-
erties, such as the stiffness and barrier properties, of
MMT–polymer nanocomposites coatings in compari-
son to pure polymeric coatings.4

To achieve the best properties of polymer–clay
nanocomposites, the important factor is to obtain a

stable dispersion in which the silicate nanolayers are
completely exfoliated in the polymeric matrix;14–18

therefore, during nanocomposite preparation, the
evaluation and assessment of the morphology of
these nanocomposites is very important.
Aliphatic PU coatings have been used as topcoats

and one-coat finishes because of their good resist-
ance to weathering, chemicals, and yellowing.19 Hex-
amethylene diisocyanate (HDI) is a common hard-
ener for preparing aliphatic PUs. HDI reacts with a
polyol at low temperatures and produces aliphatic
PU coatings with good properties.20 There are sev-
eral studies on the preparation of PU–clay nanocom-
posites,4,7–10 but to our knowledge, no research has
thus far been done on the preparation of aliphatic
PU–clay nanocomposite coatings.
In this study, modified nanoclay was dispersed into

an aliphatic PU matrix via a sonication method. The
prepared nanocomposites were applied on carbon
steel panels. The morphology of these coatings was
characterized by X-ray diffraction (XRD), transmis-
sion electron microscopy (TEM), and turbidometry.
The anticorrosive properties of these coatings were
studied by electrochemical impedance spectroscopy
(EIS) measurements on the coated steel panels after
225 days of immersion in a 3.5 wt % NaCl solution.

EXPERIMENTAL

Materials

The nanoclay used in this study was a modified MMT
of the commercial brand Cloisite 30B (C30B),
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manufactured by Southern Clay Products. Acrylic
polyol (non volatile content (NV) ¼ 59–61 wt %, acid
value < 5) was purchased from Hitech Co. (Dubai,
United Arab Emirates) with the specifications given
in Table I, and HDI (solid content � 75 wt %) was pro-
duced by Bayer Co. (Leverkusen, Germany), with the
technical data shown in Table II.

Sample preparation

For the preparation of the compositions, first, the pol-
yol resin was slowly heated to 50�C, and then, the
desired amount of organoclay was gradually poured
into the resin with stirring. To decrease the viscosity
and ease mixing, the mixtures were held at 70–80�C
and stirred at 2500 rpm for 2.5 h with a high-shear
mixer. For degassing, the samples were held in a vac-
uum oven at 70–75�C for 30 min, and the foam of
tiny bubbles were removed. After high-shear mixing,
samples of these mixed compositions containing orga-
noclay and polyol were sonicated with a high-pow-
ered sonication instrument (UP 400S, Heischler Co.,
Teltow, Germany) for 20 min. During ultrasonication,
we gradually raised the power of sonication while
maintaining the temperature of the mixtures at 20–
25�C by placing the reaction vessels in a cool-water
jacket. The sonicated compositions containing 0, 1, 3,
5, and 7 wt % C30B were known as PU, PU–MMT1,
PU–MMT3, PU–MMT5, and PU–MMT7, respectively.

Surface preparation of the steel panels
and application of the coating

The steel panels first were degreased chemically by
acetone and were then polished mechanically with
600, 800, and 1000 emery papers. The stoichiometric
amount of the hardener, HDI, was added to the base
components (polyol-containing nanoparticles). The
mixtures were applied by a film applicator on steel
panels. During the application process, the coating
compositions containing up to 5 wt % of organoclay
clay showed nice flow and good leveling.

After curing, the dry film thicknesses were 406 2 lm.
For better judgment and evaluation of the reliability, five
panels were coated by each coating composition.

Characterizations of the PU–clay
nanocomposites

Turbidometry

We evaluated the stability of the samples by meas-
uring the turbidity of the samples at different time

intervals by using a turbidometer 2100 A by Hatch
Co. (Loveland, United States)

XRD

This analysis was carried out with a Philips model
X’PERT MPD X-ray diffractometer with Cu Ka radi-
ation (k ¼ 1.5401 Å) operating at 40 kV and 40 mA
for determining the interlayer distance of the clay
particles in the polymeric matrix. Diffraction pat-
terns were obtained in the 2y range 0.5–10� at a rate
of 1�/min; the step size was 0.02.

TEM

This technique was used to analyze the morphology
of the bulk samples and to evaluate the state of dis-
persion. The TEM samples were prepared by cutting
the cured bulk nanocomposites by an ultramicro-
tome instrument (OMU3, Reichert, Vienna, Austria)
that was equipped with a diamond cutter. The thick-
ness of the TEM samples was about 70–100 nm.
Then, the samples were put on 300-mesh copper
grids. Transmission electron micrographs were taken
with a Philips-CM200 (Amsterdam, The Nether-
lands) at an acceleration voltage of 200 kV.

Corrosion tests

Salt spray

This test was used to evaluate performance of the
PU–clay nanocomposite coatings by standard meth-
ods.21,22 The salt-spray instrument used was CST-
114 (Biazma Co., Esfehan, Iran).

EIS

Impedance measurements were carried out in a three-
electrode system made by Ivium Compactstat (Eind-
hoven, The Netherlands). A saturated calomel elec-
trode and graphite rod were used as a reference elec-
trode and auxiliary electrode, respectively. About 1
cm2 of the coated metals was exposed to 3.5 wt %
NaCl electrolyte, and the rest was covered with a 75/
25 beeswax–colophony mixture. The frequency range
used was 100 kHz to 10 mHz, and the perturbation
was 10 mV. The software used for determining the

TABLE I
Acrylic Polyol Specifications

Type Solvent NV (%) Acid value

Acrylic polyol Xylene 49–51 <15

TABLE II
HDI Specifications

Property Value

NCO content (%) 16.5 6 0.3
Viscosity at 25�C (mPa s) 150 6 60
Monomeric HDI (%) 0.5 maximum
Solids (%) 75 6 1
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equivalent circuit and data analysis was Ivium Equiv-
alent Circuit Evaluator (Eindhoven, The Netherlands).

RESULTS AND DISCUSSION

Test results

Turbidity results

Figure 1 shows the turbidometer’s cells containing
PU, PU–MMT1, PU–MMT3, PU–MMT5, and PU–
MMT7 samples. The turbidity results at different
time intervals are shown in Table III.

However, the reduction of turbidity over time
indicated the increment of sample clarity and also
the reduction of particles, which dispersed in the
media. On the other hand, the reduction of particles
over a long period of time in the resinous media
indicated the aggregation and sedimentation of the
particles and also a weakness of dispersion. With
attention to the result of turbidometry and the negli-
gible changes in turbidity in all of the samples, we
concluded that the dispersions were stable and that
no sedimentation occurred during the test.

XRD results

XRD analysis was carried out to measure the space
between the silicate layers of the clay particles before

and after dispersion in the polymeric matrix. The
XRD patterns of the PU–MMT compositions are pre-
sented in Figure 2. On the basis of Braggs law, d001
(distance between silicate layers) of C30B was 18.02
Å, and a broad peak for the entire PU–MMT nano-
composite was observed at 2y ¼ 2.184�; this revealed
that the layered silicates of MMT were intercalated
to a space of 44.128 Å by the PU polymer chains.
As depicted in Figure 2, the 2y values for all of the

nanocomposite samples showed a peak near 2.5�,
which meant that d001 for these samples was about
40–45 Å. On the other hand, 2y for the C30B powder
sample showed a peak near 4.3�, which meant that
d001 for these samples was about 18.02 Å. The differ-
ence between the d001 values of the C30B powder and
nanocomposite samples was between 22 and 27 Å;
this indicated that the penetration of polyol into the
clay galleries and intercalation occurred.

TEM results

Figure 3 shows TEM images of the PU–MMT5 sam-
ple with two different magnifications, where the
dark areas show clay platelets and the gray areas
represent the polymeric matrix. Figure 3(a) is a
lower magnification micrograph, and Figure 3(b) is a
high-magnification micrograph. The dominant mor-
phology was intercalation. The main reason for this

Figure 1 Cells of the turbidometer containing (1) PU, (2)
PU–MMT1, (3) PU–MMT5, (4) PU–MMT7, and (5) PU–
MMT7. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

TABLE III
Results of the Turbidity Measurements at Different Times

Sample code NTU after 20 h NTU after 24 h NTU after 27 h NTU after 47 h NTU after 51 h NTU after 219 h

PU 0.876 0.876 0.876 0.876 0.876 0.876
PU–MMT1% 36.3 35.4 35.1 34.8 34.6 34.6
PU–MMT3% 101 100 99.4 97.8 97.2 96.6
PU–MMT5% 168 163 163 163 161 160.1
PU–MMT7% 260 258 256 252 252 250

NTU, nephelometric turbidity units

Figure 2 XRD patterns of the PU–MMT nanocomposites:
(a) MMT, (b) PU–MMT1, (c) PU–MMT3, (d) PU–MMT5,
and (e) PU–MMT7. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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morphology was the method of nanocomposite
preparation.23 The morphology played an important
role in the properties of the final nanocomposite.14,15

On the basis of the TEM results, we concluded that
our used method for nanocomposite preparation
(high-shear mixing and sonication) was an accepta-
ble method for the reduction of the stacks and the
introduction of resin into the galleries of the clays.

The results of the turbidometry, XRD, and TEM
analyses confirmed each other and indicated that the
dispersion of silicate layers into the polymeric ma-
trix occurred.

Salt-spray results

Table IV shows the results of the salt-spray tests of
the nanocomposites and pure coating after 408 h of
exposure to the 5 wt % NaCl media. According to
Table IV, increasing the amount of nanoclay par-
ticles in the matrix led to the reduction of the blister-
ing density of the resulting coatings. The main rea-
son for this was the platelike structure of the clay

particles, which increased the coating’s barrier prop-
erties.24–27 This means that for the nanocomposite
coatings containing 5 wt % clay or greater, the corro-
sion of substrates occurred with a long time delay
because the tortuosity that was formed by these
nanoparticles increased the way that the corrosive
ions needed to reach to the substrate.28

EIS results

The corrosion-protection properties of the PU–clay
nanocomposites coated on steel were evaluated by

Figure 3 TEM of PU–MMT5 with (a) 27.5 and (b) 150� magnification.

TABLE IV
Salt-Spray Results of the PU–Clay Nanocomposites with

Various Clay Contents in Accordance with
ASTM D 714 and ASTM B117

Clay
concentration

(wt %) Results

0 A lot of blisters were observed
on the surface (blister size no. 6, medium).
There was a trace of rust under the blisters.

1 A lot of small blisters were observed
on the surface (blister size no. 8, medium).
There was a trace of rust under the blisters.

3 There was a small amount of blisters
on the surface (blister 3%, size no. 8, few).

5 There was no blister and water penetration.
7 There was no blister and water penetration. Figure 4 Equivalent circuits used to simulate the results

of the EIS tests.
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the coating resistance (Rpor) values during different
times of immersion in a 3.5 wt % NaCl solution.
These results we obtained from Bode diagrams and
the equivalent circuits, which are shown in Figure 4.
In these circuits, Rsol, Rpor, and Ccoat were resistance
of the electrolyte, pore resistance, and capacitance of
the coating, respectively. The circuit shown in Figure
4(a) was used to fit the EIS diagrams of samples
with high resistance, and the circuit shown in

Figure 6 Bode plots of (a) PU–MMT1, (b) PU–MMT3, (c) PU–MMT5, and (d) PU–MMT7 at different immersion times in
a 3.5 wt % NaCl solution. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5 Bode plot of the PU sample after different
immersion times in a 3.5 wt % NaCl solution. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

ALIPHATIC PU–MMT NANOCOMPOSITE COATINGS 527

Journal of Applied Polymer Science DOI 10.1002/app



Figure 4(b) was used to fit the low-resistance coat-
ings’ EIS diagrams.

The Bode plots of samples during 225 days of
immersion in 3.5 wt % NaCl solution are shown in
Figures 5 and 6. Comparing the Bode plots, we
observed that over a long period of immersion
time, the PU–MMT5 and PU–MMT7 samples
showed the highest impedance modulus at low fre-
quencies. This means that the highest protection of
steel was accrued by these nanocomposite coatings.
Nanoparticles with a platelike structure can make a
barrier layer in the polymeric matrix, which can
prevent the penetration of electrolyte through the
coating and, consequently, prevent the corrosion by
barrier mechanism;1,29 also, their nanosize increases
the tortuosity of the penetration path of corrosive
ions, which will cause a delay in the corrosion
process.

As shown in Figure 7, the addition of organoclay
into the PU coating causes an increase in the pore
resistance during the long period of immersion in
3.5 wt % NaCl solution. Higher values of Rpor mean
higher corrosion protection and lower ion permeabil-
ity through the coating.30 Among the nanocomposite
samples, after 225 days of immersion, PU–MMT5
and PU–MMT7 showed the highest Rpor, so the PU–
MMT5 and PU–MMT7 films had the highest anticor-
rosive protection on the metal surfaces. The increase
in the Rpor values of PU–MMT nanocomposites is
because of the incorporation of clay into the polymer
matrix, which decreased corrosive-ion permeability
through the formation of tortuosities. The ion perme-
ability depended on length, orientation, and degree
of delamination of layered silicates.31 As the disper-
sion and delamination of clay layers were observed
in the TEM and XRD patterns, better corrosion pro-
tection, due to the blocking of the pores and defects
of these coatings, was predictable.32,33 As shown in
Figure 7, the PU–MMT5 and PU–MMT7 samples

had a high pore resistance and good performance.
On the other hand, because of the ease of applica-
tion, leveling, and economic problems, PU–MMT5 is
preferred for use.

CONCLUSIONS

PU–clay nanocomposite coatings were prepared the
dispersion of modified MMT clay into the PU matrix
via a sonication method. The results of XRD, TEM,
and optical microscopy analyses of the cured nano-
composites indicated that the clay particles were dis-
persed and intercalated into the PU polymers. In
addition, the results of a series of electrochemical
measurements indicate that the PU–clay nanocompo-
site films showed a greater corrosion protection
effect on the steel surfaces than the pure PU film
over 225 days of immersion in the 3.5 wt % aqueous
NaCl solution. The metals coated by the nanocompo-
sites containing 5 and 7 wt % MMT clay showed the
highest corrosion resistance. The good corrosion-pro-
tection effects of these coatings were due to the
well-dispersed and intercalated nanoparticles in the
PU matrix.
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