Macromol. Symp. 2007, 249-250, 251-258

DOI: 10.1002/masy.200750341

Synthesis and Characterization of Waterborne
Polyurethane/Clay Nanocomposite — Effect on
Adhesive Strength
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Summary: Waterborne polyurethane (WBPU)/clay nanocomposites were synthesized
using prepolymer process with different clay content (0-5 wt%) of organoclay cloisite
15A. The optimum dispersion temperature of clay in polyol was found to be 80 °C at
3 hours. The XRD confirmed the exfoliation dispersion of clay by polyol in WBPU/clay
nanocomposite. IR and 'H-NMR spectroscopy confirmed the unreacted condition of
clay component. Particle size of the WBPU/clay nanocomposite dispersion was
increased with increasing of clay concentration. Water swelling was decreased with
increasing of clay up to the optimum content (2 wt %) and then leveled off. The
thermal stability, mechanical property and adhesive strength were increased with

Introduction

Polymer/clay nanocomposites have attrac-
ted much more attention in the recent
decades!! because of their unique proper-
ties compared with those of the conven-
tional composites. Among those properties
are higher strength and modulus,? better
dimensional and thermal stabilities,>"
as well as improved barrier properties
and chemical stability.[4’5] Polymer/clay
nanocomposites can be generally classified
into two groups. The intercalated polymer/
clay nanocomposites have layered clay
dispersed in a polymer matrix with polymer
chains inserted into clay layers that re-
tain their lateral order. The exfoliated ones
consist of fully delaminated clay platelets
dispersed individually in the matrix. Thus,
each platelet interacts with the matrix and
improves the properties of the nanocom-
posites more effectively.

Environmental friendly waterborne poly-
urethane (WBPU) has been rapidly used in
coating and adhesive from last two dec-
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increasing clay content up to 2 wt% to reach its maximum value.
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ades.[o11] However, the WBPU is deficient
in chemical resistance, thermal resistance,
and mechanical property compared to
solvent based polyurethane. Methods have
been employed to improve these disadvan-
tages of WBPU such as hydrophobic mono-
mers grafted to PU main chain,['>3] the
change of the type and content of ionic
center,'*°! the adjustment of ionic neutra-
lization degree!'”™ ), the blend®*?? and
copolymerization[23"27] of different poly-
mers, and cross-linking./?#%°!

Recently, the polyurethane clay nano-
composite is attracted much more due to
significant improvement of thermal, and
mechanical properties of clay composite
materials.?°?l  However, very little
research has been done in WBPU/clay
nanocomposite.'**3*! Moreover there is no
proper information about the synthesis of
WBPU/clay nanocomposite, more pre-
cisely the experimental parameter such as
mixing time and temperature and clay
concentration.

In this study, we synthesized WBPU/clay
nanocomposite using prepolymer process
at various clay content (0-5 wt%) using
organoclay cloisite 15A. We investigated
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the reactivity of clay and structure such
as intercalated or exfoliated structure of
WBPU/clay nanocomposite. We conduct
our research on effect of clay content on
particle size of the dispersion, water swel-
ling, thermal stability and mechanical pro-
perties of the films. Our study also evalu-
ates the adhesive strength of WBPU/clay
nanocomposite with respect of different
clay content.

Experimental Part

Materials

Poly tetramethylene adipate glycol (PTAd,
number-average  molecular  weight=
2000 g/mol; Aldrich Chemical) was dried
at 90 °C and 1-2 mmHg for 3 h before use.
Dimethylol propionic acid (DMPA,
Aldrich  Chemical, Milwaukee, WI),
Tri-ethyl amine (TEA; Junsei Chemical,
Tokyo, Japan), N-methyl-2-pyrrolidone
(NMP; Junsei Chemical), 4,4-dicyclohexyl-
methane diisocyanate (H;,MDI, Aldrich
Chemical), and ethylene diamine (EDA,
Junsei Chemical) were used after dehydra-
tion with 4-A molecular sieves for 1 week.
Dibutyltin dilaurate (Aldrich Chemical), a
thickener (L75N, Bayer, Leverkusen, Ger-
many), and hardener (ARF 30), were used
without further purification. The clay,
Cloisite®15A containing 90 mequiv./100 g
clay of quaternary ammonium ions, was
kindly donated by Southern Clay Products
(Gonzales, TX, USA). The quaternary
ammonium ion has a structure, N*(CHjs),-
(HT),, with HT representing an hydroge-
nated tallow of approximately 65% C,gHj7,
30% CigHss, and 5% CiaHyo>!

Synthesis of the WBPU/Clay

Nanocomposite Dispersions

The WBPU/clay nanocomposites were syn-
thesized with the prepolymer mixing pro-
cess. PTAd was placed in a four-necked
separable flask equipped with a thermo-
meter, a stirrer, a condenser with a drying
tube, an inlet of dry nitrogen, and a heat
jacket and was degassed in vacuum at 85 °C
for 30 min. Clay was added to the polyol
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and stirred at 80 °C for swelling of clay in
polyol. After 3 hours, the clay was exfo-
liated by polyol which was confirmed by
XRD. DMPA/NMP (1/1 w/w) was added
to the flask, and the mixture was allowed to
cool to 40°C under moderate stirring
(175 ~200 rpm). Then, H;,MDI was added
to the flask, and the mixture was heated
to 85°C under moderate stirring (175~
200 rpm). The reaction mixture was allowed
to react at 85 °C until the theoretical NCO
content was reached. The change in the
NCO value during the reaction was deter-
mined with the standard dibutylamine
back-titration method (ASTM D 1638).
Then, methyl ethyl ketone (MEK; 20 wt%)
was added to the NCO-terminated pre-
polymer mixture to adjust the viscosity of
the solution. TEA was added to the reaction
mixture to neutralize the carboxyl group of
the NCO-terminated polyurethane prepoly-
mer. After 30 min of neutralization, distilled
water (60 wt%) was added to the reaction
mixture with vigorous stirring (1300~
1500 rpm). The dispersion was chain-
extended by the dropping of EDA at 40°C
for 1 h, and the reaction continued until the
NCO peak (2270 cm ') in the IR spectra had
completely disappeared. All of the WBPU/
clay nanocomposite (30 wt% solid content)
were obtained by the evaporation of MEK
and the subsequent addition of an adequate
amount of distilled water.

Preparation of the WBPU/Clay
Nanocomposite Films

The WBPU/clay nanocomposite films were
prepared by pouring the aqueous disper-
sion on a Teflon disk under the ambient
conditions for 48 hours. The films (typically
about 0.5 mm thick) were dried in vacuum
at 50°C for 1 day and stored in a desic-
cator at room temperature. The adhered
materials were formulated using syn-
thesized WBPU/clay nanocomposite dis-
persion, a thickener (L75N, 0.5 wt%), and a
hardener (ARF 30, 5.0 wt%). The adhered
material was coated on the nylon fabrics
and another nylon fabrics was laid on the
coated surface and then dried at 100°C
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under fixed pressing condition (15 kgf/cm?)
for 10 minutes.

Characterization

The X-ray diffraction (XRD) patterns were
recorded using a Philips Xpert XRD Sys-
tem diffractometer at a voltage of 40 kV, of
current and a radiation of wavelength
1.542 A. Diffraction patterns were obtained
in the range of Bragg’s angle 26 =0°—40°.
The 26 scan rate was 2 °C/min.

The scanning electron microscopy (SEM)
micrographs of WBPU/clay nanocomposite
were obtained with a Hitachi (Japan) S-4200
field emission scanning electron microscope
at 5 kV.

The mean particle size of the WBPU/
clay nanocomposite was measured using
laser-scattering equipment (Autosizer,
Melvern IIC, Malvern, Worcester, UK).
A small amount of dispersion was added in
a deionised water tank and this was follow-
ed by the pinhole being set at 200 wm. The
average particle diameters were measured
at 25°C.

A Fourier transform infrared spectro-
meter (Impact 400D, Nicolet, Madison,
WI) was used to identify the WBPU/
clay nanocomposite structure. For each
IR spectrometer sample, 32 scans at a
4-cm™" resolution were collected in the
transmittance mode.

'H-NMR spectra of the WBPU/clay
nanocomposite was recorded in a Fourier
transform Bruker 300 MHz spectrometer
model AC-300. 30 mg of the film was
dissolved in 4 ml of deuterated chloroform.
TMS was used as an internal reference.

Water swelling of the WBPU/clay nano-
composite films was determined by immer-

Table 1.

sing the films in water at 25°C. Three
parallel measurements were carried out for
each sample. The water swelling of the films
was calculated by

Swelling (%) = w X
0

100

Where W, is the weight of the dried film and
W is the weight of the film at equilibrium
swelling.

Thermal gravimetry analysis was per-
formed in a Pyris 6 TGA (Perkim Elmer,
USA). 5.0 mg of the films were placed in a
platinum pan and heated from 30 to 500 °C
under N, at a heating rate of 10 °C/min.

The tensile properties were measured at
room temperature with a United Data Sys-
tem tension meter (SSTM-1 United Data
Systems, Instrom, Japan) according to the
ASTM D 638 specifications. A crosshead
speed of 30 mm/min was used throughout
these investigations to determine the ulti-
mate tensile strength and modulus and
the elongation at break for all the samples.
The values quoted are the average of five
measurements. The adhesion property was
measured with the United Data System
tension meter according to the ASTM D
1876-01(the peel resistance of adhesives,
i.e., the T-peel test). The values obtained
were the average of five measurements
(standard deviation was less than 5%).

Result and Discussion

The sample designations and compositions
of WBPU/clay nanocomposite is shown in
Table 1. We synthesized WBPU/clay nano-
composite of various clay concentration

Sample designation and composition of WBPU/clay nanocomposite.

Sample Composition (molar ratio) DMPA Clay
Designation PTAd DMPA H,,MDI TEA EDA (Wt%) (Wt%)
PO )
P1 1
P2 0.040 0.054 0.112 0.054 0.018 6.16 2
P3 3
P4 4
P5 5
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(0~5 wt%) at a fixed composition of soft
segment and hard segment.

The effect of mixing temperature of clay
in polyol was investigated. It was found that
at a temperature of 30°C no dispersion
occurred. However, with increasing of mix-
ing temperature, the peak intensity was
decreased slowly and eventually disap-
peared at 80 °C and 100 °C. This result sug-
gests that the mixing temperature is an
important factor for clay dispersion in
polyol and the optimum temperature was
found 80 °C. Moreover, the dispersion be-
havior of clay in polyol with different time
at a fixed temperature 80°C was also
conducted. It was found that with time
passing the clay dispersion was increased
and fully dispersed after 3 hour which was
confirmed by disappearance of the peak.
XRD analyses of WBPU/clay nanocompo-
sites with different clay concentrations are
shown in Figure 1. Each WBPU/clay nano-
composite exhibits a broad, amorphous
diffraction halo at 20=19.26, which is the
same as that of pure WBPU. This diffrac-
tion halo is associated with the amorphous
phase of WBPU. The characteristic peak of
the clay cloisite 15A was found previously
at 26=06.95, disappears fully after WBPU/
clay nanocomposite formation. Moreover,
there is no diffraction peaks observed in
the 26 range of 0.5-6.95. This indicates that
most clay platelets are exfoliated. For many
solvent-based PU nanocomposites with the

—/A\‘—‘ P5

> P4

g P3

= P2
Pl
PO

clay
0 10 20 30 40
20
Figure 1.

XRD of WBPU/clay nanocomposite.
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absence of ions in PU moiceties, the electro-
static forces between the clay platelets have
a tendency to squeeze the PU polymer
chains out and subsequently result in an
intercalated structure.?®236-38] The clay
intercalated with the PU polymer exhibits a
reflection at 20=2.5, for a certain solvent-
based polyurethane nanocomposite.*® In
the WBPU/clay nanocomposite system
studied in this work, the aforementioned
squeeze effect has been overcome by the
ionic attractions between anionic WBPUs
and cationic clay platelets.

Therefore, the intercalated WBPU poly-
mer chains can peel the platelets away from
the well-intercalated silicate stacks or tacto-
ids, and this result is an exfoliated silicate
system. However, this is not possible to get
idea of clay orientation such as homoge-
neous or heterogeneous in the WBPU/clay
nanocomposite by XRD.

The WBPU/clay nanocomposite was
further characterized by SEM, the image
of which is shown in Figure 2 (as a re-
presentative sample). It is observed that the
clay was dispersed well when clay content is
less than 2 wt%. Excess clay (3~5wt%)
was in aggregated state in the WBPU/clay
nanocomposite. The aggregated condition
of the clay was increased with increasing of
clay content. However, clay platelets were
randomly oriented in WBPU/clay nano-
composite.

The mean particle size of the WBPU/
clay nanocomposite dispersion increased
with increasing of clay content (Figure 3).
Generally, the particle size of the WBPU
dispersion is governed by the hydrophilicity
of the ionomer.”” The mean particle
size was increased in the dispersion with
increasing of hydrophobic clay content
indicates the inclusion of clay particle in
the dispersion.

The structure of the WBPU/clay nano-
composite was analyzed by FT-IR spectro-
scopy, as shown in Figure 4(a). In the
spectra, it is very hard to find any new peak
in WBPU/clay nanocomposite comparing
with pure WBPU. This implies that the
clay was unreacted state in WBPU/clay
nanocomposite. However, all of the major
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SEM image (A) pure WBPU and WBPU/clay nanocomposite (B) clay 1 wt%, (C) clay 2 wt% (D) clay 3 wt% () clay

4 wt% (F) clay 5 wt%.

characteristic peaks of polyurethane were
found in the WBPU/clay nanocomposite.

The '"H-NMR spectroscopy provides
more conclusive evidence for the struc-
tures of WBPU/clay nanocomposite. In
Figure 4(b), the "H-NMR spectra of the
WBPU/clay nanocomposite is shown. It
was found that there were no major changes
in the spectra.

This indicated that the clay couldn’t
participate any reaction; it just swelled by
polyol and remains in the unreacted state.
However, the NMR peaks of WBPU/clay
nanocomposites become broadened with

70
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Figure 3.
Particle size of dispersion.
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presence of clay. Since the NMR measure-
ments were carried out in the solution state,
this behavior implies that the mobility of
polyurethane molecules in chloroform was
restricted by the silicate layers of the clay.

In Figure 5 the water swelling nature of
the WBPU/clay nanocomposite film has
been shown. It was found that the water
swelling was decreased with increasing of
clay up to the optimum content and then
leveled off. Due to the nanaometer orga-
noclay layer in WBPU/clay nanocomposite,
the mean free path was decreased and
resists water swelling./*!

TGA is a good method to determine the
thermal stability of the WBPU/clay nano-
composite film. The TGA curves for all
samples indicate that there are two stages of
decomposition (Figure 6). It indicates that
the clay has no effect on decomposition
stage of WBPU/clay nanocomposite. How-
ever, the decomposition temperature was
increased definitely which implys of ther-
mal stability of WBPU/clay nanocompo-
site. The increase of the thermal stability
could be attributed to the high thermal
stability of the clay and the interaction
between the clay particles and the PU-urea
matrix.*!) Since the chain motions of poly-
mer molecules in these silicate layers were

www.ms-journal.de
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Figure 4.

IR spectra (a) and "THNMR spectra (b) of WBPU/clay nanocomposite.

barred and limited, therefore, thermal
properties of the nanocomposites increa-
sed.[*” The other probable cause will be the
layered silicates make the path longer for
escaping of the thermally decomposed
volatiles, or in other words clay particles
can enhance the thermal stability of the
polymer by acting as thermal insulator and
mass transport barrier to the volatile pro-
ducts generated during decomposition.
Similar trends have been noted in other
articles also.[*>746!

To investigate the effect of clay content
on mechanical properties of WBPU/clay
nanocomposite, the stress-strain curves has
been shown in Figure 7. It was found that
the clay increase the mechanical proper-
ties up to the optimum content, then little

Water swelling (%)
oo

0 T T T T T T
0 1 2 3 4 5

Clay (wt%)

Figure 5.
Water swelling of the films.
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decreased with excess of clay content. The
increase of mechanical strength up to opti-
mum content (2 wt% ) due to good compati-
bility of nanometer clay layers and strong
interaction with pure WBPU. However, the
decrease of the mechanical strength of the
WBPU/clay nanocomposite with more then
2 wt% may be due to the aggregation of
excess clay.

Figure 8 shows the effect of clay content
on adhesive strength of WBPU/clay nano-
composite. It was found that the breaking
was not occurred on the interface of fabrics/
adhesive layer but occurred in adhesive
layer itself. This implies that the strength of
solid WBPU/clay nanocomposite is more
important factor than the attraction forces
between fabric and adhesives. The adhesive
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Figure 6.
TGA thermographs of the films.
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Figure 7.
Stress-strain curves of the films.

strength increased up to the optimum clay
content (2 wt%) and then that of decreased
with increased of clay content. May be this
is due to the increase of mechanical pro-
perty up to the optimum clay content which
create more strong mechanical seal with the
substrate nylon fabrics and increase the
adhesive strength. However excess clay
remained at aggregated state and decreased
the adhesive strength.

Conclusion

WBPU/clay nanocomposite was success-
fully synthesized with different clay con-
centration (0 ~ 5wt %). It was confirmed by
XRD that clay was exfoliated state in the
WBPU/clay nanocomposite within 3h at
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Figure 8.
Adhesive strength on nylon fabrics.
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80 °C. The particle size of the WBPU/clay
nanocomposite dispersion was increased
with increasing clay concentartion. IR and
NMR spectroscopy confirmed that the clay
remain as unreacted state. Water swelling
character decreased with increasing of clay
content in the WBPU/clay nanocomposite.
Thermal stability, mechanical strength and
adhesive strength were maximum at 2 wt%
clay concentration in WBPU/clay nano-
composite.
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