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ABSTRACT: A novel method for preparing rigid polyur-
ethane (PU) foam/organoclay nanocomposites was devel-
oped through the direct incorporation of an organoclay
into PU foam matrices without the addition of any physi-
cal or chemical blowing agent. The resultant foams with
an appropriate content of the organoclay had a finer cell
structure than the pristine PU foams because the organo-
clay not only acted as a nucleating agent as expected
but also acted as a blowing agent of the PU foams; this
could be attributed to the bound water between the
interlayers of the organoclay. In addition, the incorpora-

tion of the organoclay up to 4 phr resulted in improve-
ments in the tensile and compressive strengths, with the
maximum values appearing at 2 phr (110 and 152%,
respectively). The significant improvement in the mechan-
ical properties could be attributed to the finer cell struc-
ture and the increased internal strength of the materials
due to the higher degree of hydrogen bonding. � 2007
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INTRODUCTION

Polyurethane (PU) foams, at the fifth position in the
production volume of plastics,1 account for the larg-
est market among polymeric foams in the world. PU
foams can be categorized as flexible foams, semirigid
foams, and rigid foams according to their mechanical
properties, such as their rigidity, stiffness, tensile,
and compressive properties. With desirable proper-
ties such as high abrasion resistance and tear
strength, excellent shock absorption, and low den-
sity, rigid PU foams have a remarkably broad range
of applications in structural and semistructural
applications. However, for such structural and semi-
structural applications, rigid PU foams still present
some disadvantages, such as low cellular stability
and low mechanical strength. The compressive
strength and tensile strength are key physical prop-
erties of materials for withstanding strain in applica-
tions. Therefore, there is great interest in developing
rigid PU foams of high performance.

Since the development of nylon 6/clay nanocom-
posite by Toyota researchers,2,3 clays have been

successfully incorporated into many polymers either
as reinforcement agents to improve the physical and
mechanical properties of the polymers or as fillers to
reduce the amount of the polymer and thus decrease
the cost of the resultant products.4–7 Montmorillonite
(MMT), a kind of clay, consists of two external silica
tetrahedral sheets and a central octahedral sheet of
alumina. This clay structure plays important roles in
improving mechanical, thermal, and diffuse-barrier
properties of polymer-layered silicate nanocompo-
sites.8–11 Recently, a great deal of effort has been
devoted to the development of nanostructured PU/
clay composites.12–20 These reported works mainly
focused on the dispersion status of clay in the matri-
ces of PU elastomers, adhesives, or films and the
thermal stability and/or modulus of such PU nano-
composites. The results showed that the PU/clay
nanocomposites exhibited improvements in the elon-
gation, insulation, and aging21 behavior as well as
the modulus and tensile strength, but a reported
decrease or no enhancement was reported for the
compressive strength in comparison with that of the
matrix of rigid PU foams.12,17–20 To the best of our
knowledge, up to date, little work has been done on
developing rigid PU foam/clay composites with
simultaneously improved compressive and tensile
strengths, which are key mechanical properties in
structural applications. Moreover, no work has been
focused on investigating the dispersion status of clay
in PU matrices of rigid foams.
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To overcome the disadvantages of the poor com-
pressive and tensile strengths of PU foams in struc-
tural applications, this work focuses on developing a
novel method to prepare PU foam/organoclay nano-
composites with greatly and simultaneously im-
proved compressive and tensile strengths, investigat-
ing the dispersion status of clay in PU matrices of
rigid foams and discussing the relationship between
the cell structure and mechanical properties of the
nanocomposites.

EXPERIMENTAL

Materials

Trifunctional polyether polyol 4110 (OH value 5 430
6 30 mg/g of KOH, viscosity 5 2500–3500 MPa s at
258C) was obtained from the Jiangsu Chemical
Research Institute Co., Ltd. (Nanjing, China). Diphe-
nylmethylate-4,40-diisocyanate (MDI) 5005 (Huntsman
Corp., Salt Lake City, UT; 31 wt % NCO, viscosity
5 170–270 MPa s at 258C) was used as received. The
commercial organoclay, ion-exchanged with one-tail
octadecyl primary ammonium, and the pristine clay
(an MMT with a cation-exchange capacity of 90
mequiv/100 g) were supplied by Zhejiang Huate
Clay Products (Hangzhou, China). A-33 and dibutyl-
tin dilaurate were purchased from the Jiangsu
Chemical Research Institute, and both were used as
catalysts. Silicone oil and DMP-30, also from the
Jiangsu Chemical Research Institute, were used as
the surfactant and crosslinking agent to prepare PU
foams, respectively. Water was used as the blowing
agent of the pure PU foams.

Preparation of the pure PU foams and rigid
PU foam/clay nanocomposites

The pure PU foams and rigid PU foam/clay nano-
composites were prepared by a one-shot process. For
the preparation of the pure PU foams, water was
added, and it acted as a blowing agent. According to
the formulation listed in Table I, the appropriate
contents of the catalysts (A-33 and dibutyltin dilau-
rate), surfactant (silicone oil), crosslinking agent

(DMP-30), and water (blowing agent) were added to
100 g of polyether polyols in a plastic beaker
equipped with a high-shear stirrer; a speed of
3000 rpm for 2 min was applied at the ambient
temperature to form component A. Then, MDI was
added with a molar ratio of 1.5 : 1 (with respect to
polyol 4110; NCO/OH 5 1.2) into component A to
ensure the complete reaction of the polyols, with the
stirrer at 3000 rpm for 2 min more at the ambient
temperature. After that, the mixture was immediately
poured into a glass mold (300 3 300 3 100 mm) to
produce free-rise rigid PU foams, and this was
followed by postcuring at 708C for 6 h in an oven.

For preparing the rigid PU foam/clay nanocompo-
sites, the organoclays were dehydrated in an oven at
708C overnight before use. According to the formula-
tion listed in Table I, the appropriate content of the
dried organoclay powder was first mixed with 100 g
of polyether polyols in a plastic beaker by a high-
shear stirrer for 2 min at the ambient temperature,
and subsequently, oil-bath sonication was applied to
the suspension of the organoclay in the polyether
polyols at 508C for 2 h with a KQ-100DE ultrasonica-
tor (100 W, nominal frequency 5 50 kHz) (Kunshan
Instruments Ltd., Kunshan, China). The catalysts (A-
33 and dibutyltin dilaurate), surfactant (silicone oil),
and crosslinking agent (DMP-30) were always added
to the polyol/clay mixture to form component A.
Then, MDI was added in a molar ratio of 1.5 : 1
(with respect to polyol 4110; NCO/OH 5 1.2) into
component A to ensure the complete reaction of the
polyols by a high-shear stirrer for 2 min more at
room temperature; after that, the protocol was
exactly the same as that followed for the PU foams.
In this foam processing, water was not added to the
formulations. The mixture of all the ingredients was
mixed by an impeller at 3000 rpm.

Measurements

Fourier transform infrared (FTIR) spectra of rigid
PU foam/organoclay composites were recorded to
characterize the hydrogen bonding between 400
and 4000 cm21 with a resolution of 2 cm21 on a
Vector-22 FTIR spectrometer (Bruller Optics, Billerica,

TABLE I
Formulations for Preparing the PU Foams and Rigid PU Foam/Organoclay Nanocomposites and Hydrogen-Bonding

Indices of the Rigid PU Foam/Organoclay Nanocomposites

Sample
Clay
(phr)

Water
(phr)

Polyether
polyols (phr)

Catalyst
A-33 (phr)

Dibutyltin
dilaurate (phr)

DMP-30
(phr)

Silicone
oil (phr)

MDI 5005
(molar ratio)

Hydrogen-
bonding index

PU/clay 0 0 1 100 1.0 0.05 1.5 2.0 150 0.84
PU/clay 1 1 0 100 1.0 0.05 1.5 2.0 150 2.15
PU/clay 2 2 0 100 1.0 0.05 1.5 2.0 150 2.17
PU/clay 4 4 0 100 1.0 0.05 1.5 2.0 150 0.96
PU/clay 8 8 0 100 1.0 0.05 1.5 2.0 150 1.13
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MA). Samples were prepared with KBr powder
to obtain membranes whose thickness was about
40–60 lm.

The contents of bound water intercalated between
interlayers of the organoclay were determined by
thermogravimetry (TG) analysis in a TA SDT Q600
thermal analyzer (TA Instruments, New Castle, DE)
under a nitrogen atmosphere. Each sample was heated
from 50 to 9008C at a heating rate of 108C/min.

X-ray diffraction (XRD) was carried out at the
ambient temperature on a Rigaku (Tokyo, Japan) D/
MAX-2550PC diffractometer (40 kV, 30 mA, Cu Ka
radiation with k 5 1.54 Å) to measure the basal spac-
ing of the organoclays. Each sample was scanned in
the 2u range of 0.5–308at a scanning rate of 68/min.

Transmission electron microscopy (TEM) micro-
graphs were obtained with a JEM-1200EX electron
microscope (JEOL Ltd., Tokyo, Japan) to examine the
intercalation and exfoliation states of the clay in the
composites. The TEM specimens were cut about 70–
90 nm thick with a diatome diamond knife at room
temperature.

The cellular structure of the samples in the thick-
ness direction was investigated with a polarizing
microscope on an XP-J203E polarizer (Shanghai
Changfang Optical Instrument Co., Ltd., Shanghai,
China).

The compressive strength of the samples, with
dimensions of 50 3 50 3 50 mm3 (width 3 length
3 thickness), were measured with an RGT-X010 uni-
versal testing machine (Shenzhen Reger Instrument

Co., Ltd., Shenzhen, China) according to GB/T8813.
The crosshead speed of compression was set to 2
mm/min. The value of the compressive strength
was recorded when the samples reached 10% defor-
mation.

The tensile strength tests were carried out with
an RGT-X010 universal testing machine (Shenzhen
Reger Instrument) according to the specifications
of GB/T9641-88. Samples were cut to dimensions
of 25 3 100 3 10 mm3 (width 3 length 3 thick-
ness). The gauge length was 55 mm, and the cross-
head speed was set at 5 mm/min. For each data
point, five samples were tested, and the average
value was taken.

RESULTS AND DISCUSSION

TG analysis of the pristine clay and organoclay

Previous investigations by other researchers have
proved that the desorbed water molecules that
absorb to the cations between interlayers of clay eva-
porate in the temperature range of 50–1708C, and the
dehydroxylation of bound water molecules from the
crystal lattice of pristine clay occurs in the tempera-
ture range of 450–9008C.22,23 Figure 1 presents the
TG curves for the pristine clay and organoclay. In
the temperature range of 50–1708C, the pristine clay
had a 6.67 wt % loss of the desorbed water, whereas
the organoclay had only a 1.66 wt % loss of the
desorbed water. However, in the temperature range
of 450–9008C, the two samples had almost equal
weight losses (5.98%) of bound water molecules
from the crystal lattice of the organoclay. In
addition, the great difference between the two TG
curves is that the organoclay sample had a large
weight loss (ca. 29.8%) in the temperature range of
230–4508C, which was attributed to the thermal
decomposition of the organosurfactant.

Design of the formulations and foaming process
for preparing the rigid PU foam/organoclay
nanocomposites

It is well known that water easily reacts with isocya-
nate groups to generate polyurea and carbon dioxide
with the release of exothermic reaction heat,1 as
shown in Scheme 1. Therefore, water has been the
typical and sensitive blowing agent of PU foams,
and the content of water in formulations for PU
foams directly determines their cell structure24 and

Figure 1 TG curves of the pristine clay and organoclay.

Scheme 1 Reaction between water and isocyanate group.
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thereby determines the mechanical properties of the
resultant PU foams.

As discussed previously in the TG analysis, bound
water that is intercalated between interlayers of
organoclays cannot evaporate in an oven below
2008C, so when we design formulations for PU
foam/organoclay nanocomposites, the intercalated
bound water between interlayers of organoclays
should be considered.

Sonication can be performed in a water bath 25 and
an oil bath. To prevent water molecules existing in the

atmosphere18 from getting into the system, oil-bath
sonication was used to observe the function of the
organoclay in the foaming process. Water was
extracted from the formulations for the PU foam/orga-
noclay nanocomposites, and no physical or chemical
blowing agent was used. In addition to the role of the
clay as a nucleating agent, the organoclay could also
act as a blowing agent of PU foams. This could be
attributed to the bound water intercalated between
the interlayers of the organoclays, which could be
deduced from the hydrogen bonding that formed

Figure 2 Polarized optical microscopy images of the pristine PU foams and rigid PU foam/organoclay nanocomposites.
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between the organoclay and PU matrix because a
blowing agent was necessary for forming the PU
foams.

The polarized optical microscopy images, magni-
fied 2503 (Fig. 2), obviously show that the appropri-
ate organoclay content could lead to a finer cell
structure, that is, a smaller cell size and a higher cell
density, which in turn enhanced the mechanical
properties of the thermoset PU foams. Figure 2(c)
suggests that the composite with a low organoclay
content (2 phr), in which the cell pores arrayed well,
had a remarkably smaller cell size and higher cell
density than the pristine PU foams. The values of
the cell size of rigid PU/organoclay composites with
various clay contents were obtained by the measure-
ment of at least 30 cell diameters,18 and their histo-
gram curves are shown in Figure 3. Figure 3 shows
that a small loading of clay greatly decreased the av-
erage cell size of the samples, whereas the rigid PU
foam/organoclay composite with 2 phr organoclay
had the smallest average cell size (0.12 mm), which
was only about 40% of the corresponding value
(0.30 mm) of the pristine PU foams. With a continu-
ous increase in the clay loading, the average cell size
of the samples increased dramatically, and a linear
relationship between the cell size and clay content
existed above 2 phr. For example, the rigid PU
foam/organoclay composite with 8 phr organoclay
had an average cell size of 0.8 mm, about 3.7 times
that of the pristine PU foams. This could be attrib-
uted to the poor cell structure. The greater the
amount was of the organoclay incorporated into the
PU matrix, the larger the average cell size was of
the PU foam/organoclay composite. As shown in
Figure 2(e), the cell sizes of the composite with 8 phr
organoclay were not uniform and were much bigger

than those of the pure PU foams because of the rear-
ranged clay in the composites. When the aggregation
of the organoclay occurred, more carbon dioxide
was generated because, as discussed previously, the
organoclay had bound water between its interlayers,
so where the organoclay aggregated, there was more
bound water between the interlayers of the organo-
clay, but where no or less organoclay existed, there
was less or no carbon dioxide generated. There-
fore, the organoclay content had an effect on the
formation of the fine cell structure, which directly
determined the mechanical properties, as discussed
later.

Chemical structure of the rigid PU
foam/organoclay nanocomposites

The FTIR spectra (Fig. 4) show the chemical structure
of the rigid PU foam/organoclay nanocomposites.
The positions of the bands for distinctive functional
groups of the pure PU foams and nanocomposites
are identical, and this indicates that the chemical
structures of the PU foams are not altered by the
presence of the organoclay. However, the degrees of
hydrogen bonding of the rigid PU foam/organoclay
composites are different. In Figure 4, the infrared
bands at 3408 and 3328 cm21 are due to the free
N��H stretching and the hydrogen-bonded N��H
stretching in the PU, respectively. The 1734-cm21

band is caused by the free-of-hydrogen-bonding
carbonyl, and the band at 1707 cm21 is associated
with the hydrogen-bonded carbonyls. The possible
functional groups acting as acceptors in the hydro-
gen bonding with N��H are the urethane carbonyl
(��C¼¼O), the ether (��C��O��C��), and the oxygen

Figure 3 Average cell sizes of the rigid PU foam/organo-
clay nanocomposites.

Figure 4 FTIR spectra of the pristine PU foams, organo-
clay, and rigid PU foam/organoclay nanocomposites.
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of the bound water between the interlayers of the
organoclays. A detailed description of the FTIR
bands in PU can be found elsewhere.26,27

The degree of the carbonyl groups participating in
hydrogen bonding can be described by the carbonyl
hydrogen-bonding index (R), as given in the follow-
ing equation:

R ¼ Cbondedebonded
Cfreeefree

(1)

where Cbonded and Cfree are the concentrations of the
bonded and free carbonyl groups, respectively, and
ebonded and efree are the extinction values of the
bonded and free carbonyl groups, respectively.
Generally, the value of ebonded/efree is between 1.0
and 1.2,28,29 and it was assumed to be 1.0 in this
study. Then, the equation could be simplified as
follows:

R ¼ A1707

A1734
(2)

where A is the intensity of the characteristic absorb-
ance.

Table I reveals that the hydrogen-bonding index
increases with the loading of the organoclays, and
the maximum value of 2.15–2.17 was found at 1 and
2 phr organoclay. After that, the value of the hydro-
gen-bonding index dropped to a value similar to
that of the pure PU foams for 4 and 8 phr, but it
was still larger than that of the pure PU foams. As
mentioned previously, water easily reacts with
isocyanate groups to generate polyurea and carbon
dioxide, so when more water is used to prepare PU
foams, there are fewer carbonyl groups in the
network of the resultant PU foams; this, in turn,
leads to a lower hydrogen-bonding index. In the
case of the rigid PU foam/organoclay nanocompo-
sites, a higher content of the organoclay indicates
that there is more bound water between its inter-
layers that can react with isocyanate groups to gen-
erate polyurea and carbon dioxide and thus result
in a smaller hydrogen-bonding index. In other
words, the values of the hydrogen-bonding index
of all nanocomposites are higher than those of
pure PU foams, and this suggests that nanocompo-
sites have higher internal strength than pure PU
foams.

Morphology of the rigid PU foam/organoclay
nanocomposites

The XRD patterns of the organoclay and PU/organo-
clay nanocomposites are presented in Figure 5. The
basal spacing of the organoclay was 2.5 nm at 2u

5 3.58. The XRD spectra of the PU/organoclay com-
posites show a characteristic broad basal reflection
between 1.4 and 2.58, which corresponds to a basal
spacing of 4.4–6.1 nm, indicating that the clay was
mostly intercalated. The maximum spacing of the
composite with 2 phr clay increased to 6.1 nm, and a
good dispersion of the clay consisting of a mixture
of exfoliated and intercalated structures existed.30

An X-ray analysis also showed that a mixture of
exfoliated and intercalated structures occurred for
low clay contents, whereas for higher contents, the
clay tended to intercalate or aggregate. These results
are corroborated with the TEM photographs shown
in Figures 6 and 7. They show that the morphology
of the composites was a combination of intercalation
and exfoliation with low clay contents (Fig. 6),
whereas an aggregation of organoclay particles
existed in the matrix when the weight fraction
increased (Fig. 7).

Mechanical properties of the rigid PU
foam/organoclay nanocomposites

Figure 8 presents the compressive and tensile
strengths of the nanocomposites with different orga-
noclay contents. The organoclay content had a re-
markable effect on the compressive and tensile
strengths of the nanocomposites. Both the com-
pressive strength and tensile strength increased
dramatically with a small addition of the organo-
clay and reached the maximum value at 2 phr
organoclay; that is, the nanocomposite with 2 phr
organoclay had about a 152% increase in the
compressive strength and a 110% increase in the
tensile strength in comparison with the pure PU
foams (0.56 MPa in compression and 0.86 MPa in
tension).

Figure 5 XRD images of the pristine PU foams and rigid
PU foam/organoclay nanocomposites.
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This result is quite different from those obtained
by other researchers; their articles have suggested no
enhancement or even a decrease in the compressive
strength of rigid PU foam/organoclay nanocompo-
sites.12,17–20 Two factors can be invoked to explain
this difference: (1) the increased internal strength of
the PU matrix due to the higher degree of hydrogen
bonding among the urethane groups and (2) the
finer cell structure of the nanocomposites. With a

finer and more uniform cell structure, rigid PU
foam/organoclay nanocomposites can withstand
more strain in applications.

By careful observation, Figure 8 shows some dif-
ferences for the nanocomposite with 8 phr organo-
clay in the compressive and tensile strengths; in
detail, the nanocomposite had a lower tensile
strength but a higher compressive strength than the
pure PU foams. The reason is that the cell structure

Figure 6 TEM images of the PU/clay 1 and rigid PU foam/clay 2 nanocomposites.
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of the composite with 8 phr organoclay was not uni-
form as stated previously, and because the tensile
strength of a material is generally more sensitive to
a defect in the cell structure than the compressive
strength, the compressive strength and tensile
strength of the sample with 8 phr organoclay
showed somewhat different behavior.

Conclusively, the cell structure is of great impor-
tance for the mechanical properties of PU foams: the

finer the cell structure, the higher the strain level
tolerated.

CONCLUSIONS

It has been found for the first time that an organo-
clay itself can act as a blowing agent of PU foams. In
addition, an organoclay can be used as the reinforc-
ing filler of PU foams, and an appropriate content

Figure 7 TEM images of the PU/clay 4 and rigid PU foam/clay 8 nanocomposites.
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(ca. 2 phr) of the organoclay can effectively improve
the compressive and tensile strengths of PU foams
at the same time. The results prove that the finer cell
structure of nanocomposites and more hydrogen
bonding between PU and organoclays are two key
reasons for the significant improvement in the
mechanical strength of rigid PU foam/organoclay
nanocomposites.
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