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Abstract

In this work, a stable de-aggregated solvent-swollen organic modified clay, ALAeMMT, suspension is prepared by an efficient solvent swell-
ing process using a home-made shaking mixer. It is found that the estimated average size of the as-prepared organoclay particles in the suspen-
sion is reduced to about 155 nm, which has not been reported before. The X-ray diffraction (XRD) patterns confirm that the d-spacing of the
silicate layers of the solvent-swollen ALAeMMT expands from 1.4 nm to about 2.1 nm. The de-aggregated solvent-swollen ALAeMMT sus-
pension is then used with polyurethane (PU) to prepare a series of highly exfoliated and high-organoclay-loading nanocomposites, PU/ALAe
MMT. Both the XRD patterns and the TEM photographs of the as-prepared PU/ALAeMMT nanocomposites indicate that the organoclay is
uniformly dispersed in the PU matrix with a highly exfoliated morphology structure of up to 7 wt% loading. Meanwhile, the TEM photographs
give the first report for PU/clay nanocomposites which are almost completely exfoliated, and w1-nm thin silicate nanolayers are homogeneously
dispersed in the polymer matrix with a high aspect ratio of 30e100. The thermal, mechanical, and anti-corrosion properties are all tremendously
enhanced for the as-prepared nanocomposites. The results obtained for the PU nanocomposite with 7 wt% ALAeMMT loading (PUC7) reveal
a 19 �C increment in Tg, a 48 �C increment in T5%, a 248% increase in the tensile strength, and a 123% increase in the elongation. The stainless
steel disk (SSD) coated with PUC7 shows the lowest corrosion rate of 2.01� 10�6 mm/year, which is 469% lower than that of the SSD coated
with pure PU. The reinforcements are much greater than the previously reported PU/clay nanocomposites with comparable clay loadings as-
cribed to the exceptional homogeneity of as-prepared nanocomposites, which are accredited largely to the stable de-aggregated solvent-swollen
organoclay suspension generated by the efficient solvent swelling process.
� 2007 Elsevier Ltd. All rights reserved.

Keywords: Polyurethane; Clay; Nanocomposite
1. Introduction

In recent years, research in organiceinorganic nanocompo-
sites has become popular, particularly in developing new poly-
mer nanocomposites [1e4]. Montmorillonite (MMT) is one of
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the most promising layered silicate clays used as the inorganic
filler for the preparation of nanocomposites, due to its high
aspect ratio and natural abundance [5e7]. In addition to these
features, the interlayer regions of MMT have Naþ, Kþ, or
Ca2þ ions which can be replaced via cationic exchanging by
organic cations such as alkylammonium, making the silicate
layer organophilic and compatible with organic polymers.
Many polymer/organoclay nanocomposite materials such as
polycaprolactone/organoclay [8], polystyrene/organoclay [9,10],
epoxy/organoclay [11e14], polyimide/organoclay [15,16],
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and polymethylmethacrylate/organoclay [17e19] systems have
been reported. In general, by dispersing a small amount of
nano-scaled clay as an inorganic filler in a polymer matrix,
the mechanical, dimensional, thermal, and barrier performance
properties of the formed organiceinorganic nanocomposites
were significantly enhanced.

Polyurethanes (PUs) are known as a very useful material in
industrial applications due to their good biocompatibility, ex-
cellent abrasion resistance, and flexural fatigue characteristics.
Similar to other common polymers, several PU/organoclay
nanocomposites have been studied by different groups [20e
35]. The effect of the addition of organoclays on property
improvement is related to the morphology structure and the
dispersion efficiency of the organoclay particles in the poly-
mer matrix, which is associated with the compatibility
between the polymer and the organoclay. Generally, in order
to improve compatibility, the swelling agents with similar hy-
drophobicity property as the polymer were selected to modify
the original clays. Moreover, the organoclays containing reac-
tive end-groups, such as hydroxyl group, were also prepared
and used as an extender in the formation of PU/organoclay
nanocomposites. Furthermore, in previous studies, PU/organo-
clay nanocomposites were prepared either by conventional
stirring of the organoclay with the polymers or by in situ
polymerization of the monomers or prepolymers [1,20e
25,30e35]. It was found that compared with those of pristine
PU, the physical properties of the as-prepared organoclay-
containing PU nanocomposites were enhanced when the
orgnoclay loading was increased up to about 1 wt%, but
deteriorated as the organoclay loading exceeded 1 wt% due
to the aggregation of organoclay. In these studies, both the
XRD and TEM results of the nanocomposites indicated that
the organoclay particles were mainly are intercalated struc-
tures with nanolayers stacked in a crystallographic order in
the polymer matrix [26e28]. This indicates that aggregation
could not be prevented by the conventional stirring method,
and de-aggregation is important for the further improvement
of the properties of nanocomposites when the clay-loading is
increased.

Our goal in this study is to provide a PU-compatible, less-
aggregated, and organic modified MMT suspension in order to
prepare highly exfoliated and homogeneously dispersed PU/
organoclay nanocomposites with high-organoclay-loading to
largely enhance their properties. Therefore, a reactive organo-
philic montmorillonite, ALAeMMT, obtained by modifying
MMT with 12-aminodecanoic acid (ALA), a mono-functional
reactive group-containing long-chain-alkylammonium swell-
ing agent, was selected. In addition, a home-made shaker
was also used to quickly de-aggregate the organoclay in the
solvent, reducing the particle size and further expanding the
silicate layers to obtain a stable suspension. The dispersion
morphology and the corresponding particle size of the organo-
clay, ALAeMMT, in the solvent were analyzed by the XRD
patterns and the particle size analyzer, respectively. The
dispersion morphology in the as-prepared PU/ALAeMMT
nanocomposites was studied by the XRD and TEM measure-
ments. The thermal, mechanical, and anti-corrosion properties
of the PU/ALAeMMT nanocomposites were also investigated
to confirm the function of clay-loading.

2. Experimental procedure

2.1. Materials

PK-805, a Naþ-montmorillonite with a cation-exchange
capacity of 98 mequiv/100 g, was obtained from Paikong
Ceramic Company (Taiwan). Basically, 12-aminodecanoic
acid (12-aminolauric acid, ALA), the swelling agent, and
polypropylene glycol (PPG, Mn¼ 2000) were purchased
from TCI company (Japan). Also, 1-isocyanato-4-[(4-isocya-
natophenyl)methyl]benzene (MDI), 1,4-butanediol (1,4-BD),
and N,N-dimethylformamide (DMF) were purchased from
Acros Chemical Company. Prior to usage, PPG and 1,4-BD
were dehydrated under vacuum in an oven at 80 �C, while
DMF was dried over calcium hydride for 2 days, and MDI
was melted under N2 at 80 �C.

2.2. Preparation of organoclay, ALAeMMT

The organophilic montmorillonite, also referred to as
ALAeMMT, was obtained through a multi-step process as
follows [25,28e30,32]. First, 40.0 g of PK-805, a Naþ-
montmorillonite clay (MMT), was dispersed in 4.0 l of
distilled water with vigorous mechanical stirring to form a
uniformly suspended solution. In a 500 ml beaker, 10.0 g of
ALA was mixed with 10 ml of concentrated HCl and 300 ml
of water to form an ammonium salt. The ALA ammonium
salt solution was added to the MMT suspended solution and
stirred vigorously at 80 �C overnight to carry out the cationic
exchange. The modified MMT was collected by employing
the centrifugal process, and it was repeatedly washed with
de-ionized water to ensure the complete removal of chloride
ions until no AgCl precipitate was observed to titrate the
filtrate with 0.1 N AgNO3. The modified clays were then dried
at 100 �C in a vacuum oven for 24 h. The ALAeMMT was
finally hand-grounded and screened with a 325 mesh sieve.
The yield of ALAeMMT obtained by this method was
about 90%.

2.3. Synthesis of pure PU

The preparation procedure for the polyurethane film is
shown in Scheme 1. A 52.5 ml of DMF solution containing
10.0 g (5.0 mmol) of PPG and 7.5 g (30.0 mmol) of MDI
was added to a dry 250 ml two-necked flask equipped with
nitrogen inlet. Then the solution was refluxed under magnetic
stirring at 80 �C for 2 h to form the PU prepolymer. A solution
of 1.8 g (25.0 mmol) of 1,4-BD in 6.8 ml of DMF was added
into the prepolymer solution and was stirred for another 2 h.
This reaction mixture was cooled to room temperature and fur-
ther stirred for another 2 h. The as-prepared viscous solution
was then cast onto a glass plate and dried in an oven at
80 �C for 1 day to further polymerization and remove the sol-
vent. The final thin film formed was about 0.5 mm thick.
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2.4. Synthesis of PU/ALAeMMT nanocomposites, PUCX

To prepare PU/ALAeMMT nanocomposites (PUCX ) (as
shown in Scheme 1), first, the various amounts (1, 3, 5 or
7 wt%) of ALAeMMT organoclay were shaken for 20e
60 min with the home-made shaker to form the ALAeMMT
suspensions. The PU-prepolymer solution, synthesized as
that for pure PU, was added into the ALAeMMT suspensions
and stirred for 2 h to form the corresponding ALAeMMTe
PU prepolymer solutions. Then the designated amount of
extender, 1,4-BD, was added into the ALAeMMTePU pre-
polymer solution and stirred for another 2 h to form a viscous
solution. Similar to the pure PU film, the individual PUCX film
was prepared by casting the as-prepared viscous solution onto
a glass plate. Consequently, the solution was dried in an oven
for 1 day at 80 �C to complete the polymerization reaction and
remove the solvent.

2.5. Instrumentation

The mixer used for the organoclay suspension was a home-
made shaker (model SH-15A), which was assembled by fixing
a wine-shaker bottle as the sample holder in an automatic-
controlled shaker. The shaking frequency of the shaker was
300 times/min. The ATR spectra were taken on a Bio-Rad
FTS-7 system with a wave number resolution of 4 cm�1 within
the range of 500e4000 cm�1 (film). The X-ray diffraction
(XRD) experiments of the samples were performed from 1�

to 10� at a scanning rate of 1�/min using a Siemens D5000
X-ray diffractometer. The X-ray beam was generated from
the nickel-filtered Cu Ka (l ¼ 1.54 Å) radiation in a sealed
tube operated at 50 kV and 25 mA. The samples for the trans-
mission electron microscopic (TEM) study were first micro-
tomed with Leica Ultracut Uct into about 70-nm thick slices
at �80 �C and then were measured with a TEM model
JOEL-2000 FX STEM (Japan). The differential scanning calo-
rimetric (DSC) analysis was conducted with a SEIKO DSC-
220 analyzer (Japan) from �100 �C to 100 �C at a heating

PPG MDI

ALA MMT

PU-prepolymer ALA-MMT suspension 

1,4-BD

PU

ALA-MMT-PU-

prepolymer

PUCX

1,4-BD

ALA-MMT

Swelling in DMF 

Scheme 1. The preparation procedure of PU/ALAeMMT nanocomposites.
rate of 10 �C/min under a nitrogen purge. The thermal gravi-
metric analysis (TGA) was carried out from 30 �C to 600 �C
by a SEIKO TG/DTA 220 (Japan) thermal analyzer at a heating
rate of 20 �C/min. The tensile strength tests were carried out
according to ASTM D882 by HT-9101 of the Universal Ten-
sile Testing Instrument Company. The tester was equipped
with a 500 N load cell and interfaced to a computer for data
collection. The sample sizes were 100 mm� 10 mm, which
include 40 mm long clipped parts (20 mm at each end) and
the crosshead speed was set at 500 mm/min. The particle size
of the organoclay suspended in DMF was estimated by a light
scattering particle size analyzer (BROOKHAVEN 90 PLUS).
The anti-corrosion properties of the PU/organoclay nanocom-
posite coatings on the stainless steel disks (SSDs) were
evaluated by the Tafel method. All the electrochemical mea-
surements of the sample-coated SSD coupons were performed
on an Autolab PGSTAT3 in a standard corrosion cell equipped
with two graphite counter electrodes and a saturated calomel
electrode as reference, as well as the working electrode at
room temperature. The Tafel plots were obtained by scanning
potential from below 250 mV to above 250 mV of the corro-
sion potential, Ecorr, at a scanning rate of 600 mV/min.

3. Results and discussion

3.1. Characterization of organoclay, ALAeMMT

The structure of ALAeMMT is studied by the XRD and
FTIR measurements. As reported previously [29], the mont-
morillonite, MMT, had a characteristic diffraction peak at
2q¼ 7.0�, indicating that the d-spacing of the silicate layers
was about 1.2 nm. As indicated in Fig. 1, the characteristic
peak of the silicate layers in ALAeMMT was shifted to
2q¼ 6.3�, corresponding to an interlayer distance of 1.4 nm.
This reveals that the layer galleries of MMT were expanded
due to the modification of ALA, which contained a long-chain

Fig. 1. XRD patterns of the precipitates of the ALAeMMT suspension in

DMF after centrifugation.
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Fig. 2. FTIR spectra of (a) ALA, (b) MMT, and (c) ALAeMMT.
alkyl group. However, the ordered structure of the clay layers
still remained.

The FTIR spectra of MMT, ALA, and ALAeMMT are
shown in Fig. 2. As can be seen in Fig. 2(a), the characteristic
absorptions of ALA were found at 3192 cm�1 (NeH stretch-
ing), 2925 cm�1 (CeH asymmetric stretching), 2856 cm�1

(CeH symmetric stretching), 1642 cm�1 (OeH bending
and NeH deformation), and 1096 cm�1 (CeN stretching).
Especially, the strong absorptions peaked at 1514 cm�1 and
1397 cm�1 for asymmetric stretching and symmetric stretch-
ing of the ReCOO� group and at 2124 cm�1 for the absorp-
tions of combination bonds of COO� and NeH stretching
indicated that the carboxylic group of ALA was in dissociated
form. From Fig. 2(b), the characteristic absorptions at
3632 cm�1 (OeH stretching), 1044 cm�1 (SieO in-plane
stretching), 795 cm�1 (SieO stretching), 622 cm�1 (coupled
AleO and SieO out-of-plane vibration), and 521 cm�1

(AleOeSi deformation) as well as the weak broad absorption
between 3531 cm�1 and 3233 cm�1 (HeOH hydrogen bonded
water) and at 1637 cm�1 (OeH deformation of entrapped wa-
ter) were observed for the dried MMT. In addition, as shown in
Fig. 2(c), the FTIR features of ALAeMMT were mainly
a combination of characteristic absorptions of MMT and
ALA. The absorptions in the range of 1300 cm�1 and
500 cm�1 and that at 3632 cm�1 were almost identical to
that of MMT, indicating that the main structure of the silicate
layer was unchanged. On the other hand, the disappearance
of absorption between 3531 cm�1 and 3233 cm�1 of bonded
water, and the appearance of the absorption in the region of
3317e3154 cm�1 assigned to the ionic bonded NeH stretch-
ing vibration of NþH3 showed the evidence that the interlayer
water was replaced by ALA by cationic exchange. Besides, the
appearance of the absorptions at 1718 cm�1 for C]O stretch-
ing and that at 1467 cm�1 for COeH bending revealed the
presence of the hydrogen bonded COOH group, which also
confirmed that the COOH of ALA was protonated into the
protonated form in ALAeMMT by the hydrochloric acid.
The absence of the characteristic absorption of ester C]O
between 1735 cm�1 and 1750 cm�1 revealed that the esterifi-
cation between COOH of ALA and eOH groups on platelet
edge of MMT did not occur in the cationic exchange reaction.
The result confirms that most of the amino and carboxylic
groups of ALA were protonated by hydrochloric acid into
NþH3 and COOH, respectively, and remained in the proton-
ated forms in ALAeMMT after ionic exchange as reported
by Katti et al. [36].

3.2. Preparation of stable de-aggregated solvent-swollen
ALAeMMT suspension

As mentioned earlier, aggregation is usually found in the
clay-containing PU nanocomposites when the organoclay-
loading exceeds 1 wt% [20e35]. In this study, the aggregation
was thought to have occurred before the organoclay solution
was mixed with the PU polymer or the PU prepolymer. There-
fore, if the organoclay could be de-aggregated into particles of
smaller size in the solvent, and the d-spacing of the silicate
layers can be further enlarged, the dispersion efficiency
of the organoclay in the PU matrix would be effectively
increased even while the loading increased, resulting in high
enhancement of the properties of the nanocomposites. In order
to achieve this purpose, instead of the conventional method of
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stirring magnetically in one direction, an effective mixing
process of shaking the solution back and forth was performed
with a home-made shaker in DMF to prepare the stable
ALAeMMT suspensions. It was found that with 2 h of con-
ventional magnetic stirring, the ALAeMMT organoclay
(Sample 1) was initially suspended in the DMF solution. How-
ever, as indicated in Table 1, after allowing to stand for a day,
the lower 25% part of the solution of the ALAeMMT was
precipitated, indicating that the size of the particles was not
de-aggregated enough to suspend in the solution. For Sample
2, after being shaken for 20 min by the shaker, the precipita-
tion phenomenon was also found, but the height of the precip-
itate was increased to about 40% of the solution, revealing that
de-aggregation was more effectively achieved by the shaking
process than by the magnetic stirring method. As the shaking
time was increased to 60 min, stable suspension, Sample 3,
was obtained. This implies that the organoclay particles in
the sample were small enough to suspend in DMF for a day.
To confirm the reduction of particle size by the shaking
process, the particle sizes of the ALAeMMT organoclays of
the suspensions were estimated by the light scattering particle
size analyzer, which is known mainly for the measurement of
spherical particle suspension. Since the clay particles were not
in spherical form, the result of the measurements was used
only for obtaining the relative trend of the particle sizes in
the as-prepared suspensions. The average size of the organo-
clay particles of Sample 1 was about 1.6 mm. With the shaking
process, the estimated average size of the organoclay particles
in the suspension was reduced to about 155 nm for Sample 3,
which was only about 1/10 of the original average size. This
indicates that the shaking process effectively de-aggregated
the ALAeMMT clay in the DMF solution, giving stable sus-
pension within 1 h. The successful de-aggregation is ascribed
to the shearing force provided by the shaking process.

In addition, the XRD patterns (Fig. 1) of the ALAeMMT
suspended samples obtained by high-speed centrifugation
showed that the characteristic peaks shifted from 2q¼ 6.3�

to about 5.8� for the magnetically stirred Sample 1, and
4.2� for the shaken Samples 2 and 3, corresponding to the
d-spacing of approximately 1.5 nm and 2.1 nm, respectively.
This implies that with a short time shaking (<1 h), the
d-spacing of the ordered clay layers was expanded from
1.4 nm of the pristine ALAeMMT sample to approximately
2.1 nm in the DMF suspension. The enlargement is ascribed
to the efficient solvent swelling by DMF due to the compati-
bility with the organoclay and the small size of the particles.

Table 1

The height of the precipitate of ALAeMMT in DMF solution after mixing

Sample

number

Mixing

method

Mixing

time (min)

% Height of the

solutiona (%)

Particle

size (nm)

1 Magnetic

stirring

120 25 1558

2 Shaking 20 40 858

3 Shaking 60 100 (stable suspension) 155

a Measured after standing for a day.
3.3. Morphology and dispersion of ALAeMMT in
PU/ALAeMMT nanocomposites

The XRD patterns of the PU/ALAeMMT nanocomposites
(PUCX, where X represents the wt% of ALAeMMT loading)
are presented in Fig. 3. As can be seen, the diffraction peak of
ALAeMMT is almost invisible in the patterns for PUC1 and
PUC3 and very weak for PUC5 and PUC7. This reveals that
only a very few ordered ALAeMMT remained, and majority
of the silicate layers of the organoclay were either intercalated
to a space of more than 8.8 nm (2q< 1�) or completely
exfoliated by the PU chains. For instance, a high degree of ex-
foliation was achieved in all these PU nanocomposites even
for an extra 7 wt% of ALAeMMT.

More direct evidences of the formation of a true nano-
composite were provided by TEM investigation. Fig. 4 shows
the TEM micrographs at low and high magnitude for the nano-
composites. The low magnitude micrographs confirm that the
clay particles were well-dispersed in the PU matrix, and the
ones with high magnitude showed that the clay layers were
dispersed at the monolayer level. The dark lines in the figures
are the intersections of the clay sheets, and the spaces between
the dark lines are the interlayer spaces. As can be seen, most of
the silicate layers were completely exfoliated into about 1-nm
thick nanolayers to an extent of 30e100 nm, i.e., the layers
were in molecularly thin sheets with a high aspect ratio. Un-
like previous reports [20e35] for the PU/clay nanocomposites,
which showed a high percentage of intercalated structures, the
result confirms that the ALAeMMT nanolayers were homoge-
neously dispersed in the PU matrix with a highly exfoliated
structure in the as-prepared PU/ALAeMMT nanocomposites.
To our best knowledge, there was no TEM photograph for the
PU/clay nanocomposite ever reported with such homogeneous
clay dispersion and high degree of exfoliation. Moreover, this
result was consistent with the XRD result concluded earlier.

Compared with the results reported [26e28] in which the
clay solution with micro-scale clay particles was prepared
by conventional stirring or sonication process, evidently, the

Fig. 3. X-ray diffraction patterns of PU/ALAeMMT nanocomposites

(PUCX ).
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Fig. 4. TEM photograph of PU/ALAeMMT nanocomposites (a) PUC3, (b) PUC5, and (c) PUC7.
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Fig. 5. FTIR spectra of (a) the NCO-terminated PU prepolymer and (b) the NCO-terminated ALAeMMTePU prepolymer.
extremely high exfoliation morphology and the homogeneous
clay dispersion of the PU nanocomposites prepared in this
study are attributed to the successful preparation of the stable
de-aggregated solvent-swollen ALAeMMT suspension and
the ALAeMMTePU prepolymer. The advantage of the
shaking process over the stirring one is ascribed to the higher
probability of collision between particles during shaking than
stirring. During stirring, all the particles go around in the same
direction, whereas during shaking, the continuous change in
direction of the liquid movement causes more particle colli-
sions and induces shearing force, which can assist the delam-
ination of silicate platelets and the swelling of the solvent.

In order to know the possible reactions that occurred be-
tween ALAeMMT and the PU matrix in the nanocomposites,
which include the reaction of isocyanate with the carboxylic
group, the amine group of ALA or with any amine group
formed by hydrolysis of isocyanate, the FTIR spectra of the
NCO-terminated PU prepolymer and the NCO-terminated
ALAeMMTePU prepolymer were measured as shown in
Fig. 5. Also, as seen in Fig. 5(a), the characteristic absorptions
of the NCO-terminated PU prepolymer were observed at
2276 cm�1 (eN]C]O asymmetric stretching), 1711 cm�1

(C]O stretching of N-aryl urethane), 1538 cm�1 (CHN
vibration), 1509 cm�1 (in-plane NeH bending), 1231 cm�1

(coupled CeN and CeO stretching), and 1092 cm�1 (CeO
stretching). Comparing with Fig. 5(a), it can be seen in
Fig. 5(b) that all the characteristic absorptions of the NCO-
terminated PU prepolymer remained unchanged in the
NCO-terminated ALAeMMTePU prepolymer. Besides, the
characteristic absorption of the silicate of MMT was observed
at 524 cm�1 (AleOeSi deformation) and 1044 cm�1 (SieO
in-plane stretching), which overlapped with that of 1092 cm�1

(CeO stretching of urethane). Furthermore, the extra ab-
sorption peaks at 3700e3400 cm�1 (NeH stretching),
1678 cm�1 (C]O stretching of amide), 1255 cm�1 (amide
II vibration), and 657 cm�1 (O]CeN bending of amide
group) indicated the formation of amide structure between
ALAeMMT and the PU prepolymer to form the NCO-termi-
nated ALAeMMTePU prepolymer. This also revealed that
enough terminal-COOH groups were provided by the ALAe
MMT particles to react with the isocyanate groups of the PU
prepolymers to form the amide groups, as depicted in Scheme
2. Evidently, the successful preparation of the de-aggregated
solvent-swollen ALAeMMT nano-particles, which provided
large surface area, was crucial to ensure the availability of
enough terminal-COOH groups. Consequently, the ALAe
MMT particles were homogeneously grafted onto the ALAe
MMTePU prepolymer through the formation of the amide
groups, resulting in the proper dispersion of the ALAeMMT
clay in the PU matrix of the as-prepared PU/ALAeMMT
nanocomposites.

In addition, although the bands such as those at 1635 cm�1

could be due to the stretching of carbonyl groups of urea
functionality formed by the reaction of isocyanate with amine
groups, since the strong characteristic absorption of asymmet-
ric stretching vibration of NeCeN group for urea was not
found between 1490 cm�1 and e465 cm�1, it is believed
that no urea segments were formed in the ALAeMMTePU
prepolymer. This also indirectly supports that the amino
groups of ALA in ALAeMMT are in protonated form,
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NþH3, attached to the silicate layers via the cationic exchange.
It also reveals that the esterification did not occur in the
cationic exchange reaction.

The chemical structures of the PU/ALAeMMT nanocom-
posites were also identified by ATR measurements. As seen

Scheme 2. Reaction of isocyanate with a carboxylic acid.
in Fig. 6, the ATR spectrum of the pure PU shows that the
characteristic bands for the NeH stretching, CeH stretching,
C]O stretching, coupled CeO and CeN vibrations, and CeO
vibration are observed at 3338 cm�1, 2800e3000 cm�1,
1716 cm�1, 1255 cm�1, and 1000e1107 cm�1, respectively.
The characteristic bands of the ALAeMMT structure are ob-
served in the spectra of the PU/ALAeMMT nanocomposites
at 524 cm�1 for the AleO vibration and 1044 cm�1 for the
SieO vibration, which overlap with the peak of the CeO
vibrations. As expected, the intensities of the characteristic
peaks of ALAeMMT increased with increasing ALAe
MMT loading. However, except for the absorption of the
O]CeN bending at 665 cm�1, the peaks of carbonyl and
NeH stretching vibrations of the amide groups formed in
the ALAeMMTePU prepolymers were not observed for the
PU/ALAeMMT nanocomposites as they overlapped with
those of the urethane groups.

3.4. Thermal properties of PU/ALAeMMT
nanocomposites

The DSC and TGA analyses were employed to investigate
the thermal properties of the pure PU and the PU/ALAeMMT
nanocomposites. As seen in Fig. 7, no melting peak was found
in the DSC thermograms of the pure PU sample. This finding
indicates that no crystallization domain has been formed in the
hard segment phases, though a glass transition temperature, Tg,
was observed for the soft segment phases of all the samples.
Table 2 shows that the Tg of pure PU was �61.4 �C, which
is very different from the Tgs of the PU/ALAeMMT nano-
composites. An abrupt Tg increase of 9 �C was measured
for PUC1, the composite with only 1 wt%-organoclay. This
4000 3500 3000 2500 2000 1500 1000 500
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Fig. 6. ATR of the PU/ALAeMMT nanocomposites (PUCX ).



2977Y.W. Chen-Yang et al. / Polymer 48 (2007) 2969e2979
finding is discrepant with previous reports [20e23,29], in
which the PU/clay composites with 1 wt%-organoclay and
pure PU were found to have similar Tg’s. In addition, the Tg

was further increased by increasing the organoclay contents
and PUC7, which contained 7 wt% of ALAeMMT, received
a 19 �C increment to �42.9 �C. These indicate that the pres-
ence of ALAeMMT clay effectively retarded the glass transi-
tion of the as-prepared PU/ALAeMMT nanocomposites. The
result is attributed to the decreased mobility of the polymer
chains caused by the ALAeMMT which acted as a chain ex-
tender. This again supports that even for 7-wt% clay loading,
the exfoliated clay layers were homogeneously grafted onto
the PU matrix through the amide group formed from the
solvent-swollen ALAeMMT nano-particles and the PU
prepolymer.

The effects of ALAeMMT loading on the decomposition
behavior were determined by TGA thermograms of the pure
PU and the PU/ALAeMMT nanocomposites as shown in
Fig. 8 and its corresponding data are given in Table 2. As
indicated in the figure, the initial degradation temperature at
5 wt% weight losses (T5%) was at 280 �C for pure PU, which
dramatically increased to 318 �C for PUC1. This T5% temper-
ature further jumped to 329 �C for PUC7. In addition, the
maximum degradation temperature (Tmax) of the nanocompo-
sites also increased with increasing organoclay loading. For
the nanocomposite with 1 wt% of organoclay, PUC1, the
Tmax was increased to 38 �C (from 375 �C to 412 �C), and
the largest increase was 55 �C (from 375 �C to 430 �C) for
PUC7. Compared with the pure PU, the nanocomposites in
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Fig. 7. DSC thermograms of PU/ALAeMMT nanocomposites (PUCX ).
this study exhibited a delayed decomposition, and the thermal
stability was largely improved by the presence of the dispersed
organoclay. The increase in thermal stability is attributed to
the good thermal stability of the well-dispersed and exfoliated
silicate layers of the organoclay. Since all the silicates of the
organoclay in the as-prepared nanocomposites had highly ex-
foliated structure, the number of exfoliated platelets increased
correspondently with the increasing organoclay loading.
Therefore, the retardant effect of the exfoliated silicate layers
on heat diffusion in the PU matrix was strengthened in the
nanocomposite.

Table 2 also shows the increases of 10.6% to 17.3% of the
char residue at 600 �C as the clay contents increased from
1 wt% to 7 wt%. This observation suggests that the flame
retardancy of the nanocomposite can also be enhanced by
increasing the ALAeMMT loading due to the protection of
oxygen diffusion by the char residue formed on the surface.

3.5. Mechanical properties of PU/ALAeMMT
nanocomposites

The detailed tensile mechanical properties of the PU/
ALAeMMT nanocomposites with different organoclay con-
tents are summarized in Table 3. It shows that the presence
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Fig. 8. TGA thermograms of PU/ALAeMMT nanocomposites (PUCX ).
Table 2

The thermal data of the PU/ALAeMMT nanocomposites (PUCX )

PUCX
sample

ALAeMMT

content (wt%)

T5%

(�C)

DT5%
a

(�C)

Tmax

(�C)

DTmax
a

(�C)

Char yield at

600 �C (wt%)

DChar yielda at

600 �C (wt%)

Tg

(�C)

DTg
a

(�C)

PU 0 280 e 375 e 10.4 e �61.4 e

PUC1 1 319 þ38 412 þ36 10.6 þ0.2 �52.6 þ9

PUC3 3 321 þ41 420 þ44 11.8 þ1.4 �48.4 þ13

PUC5 5 323 þ43 425 þ50 14.6 þ4.2 �46.3 þ15

PUC7 7 328 þ48 430 þ55 17.3 þ6.9 �42.9 þ19

a Compared with the pure PU’s data.
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Table 3

Mechanical properties of the PU/ALAeMMT nanocomposites (PUCX )

PUCX

sample

ALAeMMT

content (wt%)

Modulus

(kPa)

DModulusa

(%)

Tensile strength

(MPa)

DTensile

strengtha (%)

Elongation

(%)

DElongationa

(%)

PU 0 2.11 e 1.33 e 631 e

PUC1 1 3.10 47 2.55 92 823 30

PUC3 3 3.26 55 3.32 150 1019 62

PUC5 5 3.27 55 4.01 202 1225 94

PUC7 7 3.30 56 4.63 248 1404 123

a The increment compared with the pure PU’s data.
of the well-dispersed ALAeMMT in the PU matrix had a
remarkable effect on their mechanical properties. Even with
1 wt% of ALAeMMT as the tensile strength, elongation at
break and modulus of PUC1 already increased to 92%, 30%
and 47%, respectively, and all increased with the increase in
the ALAeMMT content in the range of 1e7 wt%. Further-
more, a 248% increase in the tensile strength and a 123% in-
crease in the elongation at break were found for PUC7. The
enhancement in the mechanical properties of the as-prepared
PU/ALAeMMT nanocomposites is again mainly attributed
to the presence of the well-dispersed and highly exfoliated
silicate layers, which are chemically linked to the PU matrix
through the carboxylic acid group of the reactive swelling
agent, ALA.

3.6. Corrosion protection properties of PU/ALAeMMT
nanocomposite coatings

The corrosion protection properties of the PU/ALAeMMT
nanocomposite coatings on the stainless steel disks (SSDs)
were evaluated by the Tafel method, which is one of the
best electrochemical techniques to study the corrosion preven-
tion effect of a surface coating on a metal surface according to
the values of corrosion potential (Ecorr), polarization resistance
(Rp), corrosion current (Icorr), and corrosion rate (Rcorr) mea-
sured after immersion in 5 wt% NaCl solution for 30 min.
Fig. 9 shows the Tafel plots for the uncoated, PU-coated,
and PU/ALAeMMT-coated SSD samples. As listed in Table 4,
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Fig. 9. Tafel plots of PU/ALAeMMT nanocomposites (PUCX ).
the PU/ALAeMMT-coated SSD exhibited higher Ecorr

values than the uncoated SSD (�434 mV), and it increased
with an increase in the amount of ALAeMMT clay. The Ecorr

value for the PU-coated SSD was �365 mV, and this increased
to �307 mV for PUC1-coated SSD, to �244 mV for PUC3-
coated SSD, to �139 mV for PUC5-coated SSD, and to
�31 mV for PUC7-coated SSD. Furthermore, the PUC7-
coated SSD showed a polarization resistance (Rp) value
of 3933 kU, which was higher than that for the PU-coated
SSD (1552 kU), and much higher than that for the SSD
(55 kU). The corrosion current (Icorr) of PUC1-coated SSD
(105 nA/cm2, corresponding to a corrosion rate (Rcorr) of
7.12� 10�6 mm/year) was smaller than that of PU-coated
SSD (9.43� 10�6 mm/year), and it decreased gradually with
an increase in ALAeMMT loading, revealing that the anti-
corrosive property of the PU film was enhanced due to the dis-
persion of ALAeMMT in the PU matrix. This implies that the
PU/ALAeMMT-coated SSDs are more inert toward electro-
chemical corrosion than the clay-free PU-coated SSD. The
enhancement of the corrosive protection effect is attributed
to the increase in the tortuosity of the diffusion pathways of
O2 molecules due to the presence of the dispersed silicated
nanolayers. Moreover, the PUC7-coated SSD had the highest
Ecorr and Rp, as well as the lowest Icorr and Rcorr among the
system. The Rcorr of the PUC7-coated SSD coupon was
2.01� 10�6 mm/year, and it was 469% lower than that of
the PU-coated SSD, implying that the PUC7 film has the
highest anti-corrosive protection on the SSD surface. This is
consistent with the XRD results, which suggested that the con-
tent of the clay silicate galleries in PUC7 was the highest
and most exfoliated, providing the longest tortuosity of the
diffusion pathway of O2 molecules among the as-prepared
PU/ALAeMMT-coated SSDs.

Table 4

Corrosion protection properties of PU/ALAeMMT nanocomposites (PUCX )

Composite

coated

on SSD

Coating

thickness

(mm)

Electrochemical corrosion measurements

Ecorr

(mV)

Icorr

(nA/cm2)

Rp

(kU)

Rcorr

(mm/year)

Uncoated SSD e �434 6811 55 2.23� 10�2

PU 21 �365 130 1552 9.43� 10�6

PUC1 23 �307 105 2083 7.12� 10�6

PUC3 22 �244 82 2816 5.77� 10�6

PUC5 25 �139 68 3484 4.73� 10�6

PUC7 23 �31 55 3933 2.01� 10�6
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4. Conclusion

In this study, stable de-aggregated solvent-swollen organic
modified clay, ALAeMMT, was obtained by modifying the
montmorillonite with the swelling agent, ALA, a carboxylic
acid group-containing, long-chain-alkylamine. The suspension
was prepared by an efficient solvent swelling process using
a home-made shaking mixer. The average size of the suspended
ALAeMMT particles was reduced to about 155 nm, and the
d-spacing of the clay layers was expanded from 1.4 nm to
about 2.1 nm. A series of PU/ALAeMMT nanocomposites
were prepared from the as-prepared solvent-swollen ALAe
MMT and PU. The PU/ALAeMMT nanocomposites were
confirmed by the XRD diffraction patterns, and the TEM pho-
tographs exhibited a highly exfoliated structure even with as
high as 7 wt% of ALAeMMT addition, resulting in tremen-
dous reinforcements in their thermal stability, mechanical
properties, and anti-corrosion protection as well. In addition,
the reinforcements were much greater than the previously re-
ported PU/clay nanocomposites with comparable clay load-
ings. This is ascribed to the proper dispersion and high
exfoliation of the loaded organoclay due to the reactivity of
carboxylic acid groups, the long-chain structure of the swelling
agent, and the stable de-aggregated solvent-swollen organoclay
suspension prepared by the effective solvent swelling process
using the shaking mixer.
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