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ABSTRACT: Three different surface modifiers, octadecyl
trimethyl ammonium (ODTMA), octadecyl primary ammo-
nium (ODPA), and decanediamine (DDA) were used to
modify Na1�� montmorillonite (MMT), and the resultant
organoclays were coded as ODTMA-MMT, ODPA-MMT,
DDA-MMT, respectively. Rigid PU foams/organoclay
composites were prepared by directly using organoclay as
the blowing agent without the addition of water. Investiga-
tion shows that the morphology of the nanocomposites is
greatly dependent on the surface modifiers of clay used in
the composites. In detail, DDA-MMT is partially exfoliated
in the PU matrix with the smallest cell size, while two
others are intercalated in the PU matrices with smaller cell
sizes. The sequence of their cell sizes is pristine PU foams
> rigid PU foams/ODTMA-MMT > rigid PU foams/
ODPA-MMT > rigid PU foams/DDA-MMT, and the aver-

age cell size of rigid PU foams/DDA-MMT composites
decreases evidently from 0.30 to 0.07 mm. Moreover, all
rigid PU foams/organoclay composites show remarkable
enhanced compressive and tensile strengths as well as
dynamic properties than those of PU foams, and the
enhancement degree coincides well with the relative extent
of internal hydrogen bonding of materials and gallery
spacing of organoclay. For example, in the case of rigid
PU foams/DDA-MMT composite, 214% increase in com-
pressive strength and 148% increase in tensile strength
compared with those of pure PU foams were ob-
served. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci 105:
2988–2995, 2007
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INTRODUCTION

The biggest disadvantage of polyurethane (PU)
foams when used as structural or semistructural
materials is their low mechanical strengths, such as
compressive strength and tensile strength, which are
key physical properties of materials to stand strain
when being used. Recently, clay, or montmorillonite,
has been successfully introduced to a polymer sys-
tem1–5 and extensively used in the polymer industry
either as a reinforcement to improve the physical,
mechanical properties of the final polymer or as a fil-
ler to reduce the amount of polymer used in the
shaped structures, thereby lowering the high cost of
the polymer systems. The special structure of clay
plays important roles in improving mechanical, ther-
mal, and diffuse barrier properties of polymer-lay-
ered silicate nanocomposites.6–9 To date, a great deal
of effort has been devoted to the development of
nanostructured PU/clay composites.10–19 These

investigations show that PU/clay composites exhibit
an improvement in elongation, insulation, aging,19

tensile modulus, and strength, but a decrease or no
enhancement in compressive strength.10,15–18

To overcome the aforementioned problems, we
have devised a novel method to prepare rigid PU
foams/clay nanocomposites, in which organoclay not
only acts as the reinforcement, but also as a blowing
agent for the PU foams.20 Moreover, the most inter-
esting result is that rigid PU foams/organoclay nano-
composites with appropriate organoclay loading have
significant higher values of both compressive and
tensile strengths than those of pure PU foams with
maximum values appearing at 2 phr clay.20

It is well known that the dispersion of organoclay
in the polymer matrix offers a significant influence
on the mechanical properties of polymer/organoclay
nanocomposites, and it is mainly dependent on the
modification agent used to prepare the organo-
clay.21–27 Our previous work mainly focused on
investigating the effects of cell structure and hydro-
gen bonding on the mechanical properties of rigid
PU foams/organoclay nanocomposites fabricated via
the novel method developed by ourselves, and the
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dispersion mode of clay in the PU matrix is intercala-
tion accompanied by less exfoliation. Therefore, there
is an interest to investigate the effect of dispersion
mode of clay in the PU matrix on mechanical proper-
ties of rigid PU foams/organoclay nanocomposites
and to evaluate the possibility of further improvement
in both compressive and tensile strengths by changing
the dispersion mode of clay in the PU matrix.

Herein, to prepare rigid PU foams/organoclay
nanocomposites with various dispersion modes of
organoclay in the PU matrix, three different surface-
modifiers of clay were selected to modify organo-
clays, and their effects on mechanical properties of
the nanocomposites resulting from the different dis-
persion modes of organoclay in the PU matrix were
investigated in detail.

EXPERIMENTAL

Materials

Polyether polyols 4110 (OH value, 430 6 30 KOH
mg/g); viscosity, 2000–3000 mPa/s at 258C) were
obtained from Jiangsu Chemical Research Institute,
China. Diphenylmethylate-4,40-diisocyanate (MDI),
5005, made by Huntsman, USA (NCO wt % 31; vis-
cosity:170–270 mPa s at 258C) was used as received.
A-33 (33 wt %, triethylene diamine in dipropylene-
glycol), dibutyltin dilaurate, silicone oil, and 2,4,6-
Tri(dimethylaminomethyl) phenol (coded as DMP-
30) purchased from Jiangsu Chemical Research
Institute, China. Water was used as the blowing
agent of pure PU foams but not PU foams/organo-
clay nanocomposites.

Three organoclays were used. One was a montmo-
rillonite ion-exchanged with octadecyl trimethyl am-
monium, coded as ODTMA-MMT, which was sup-
plied by Zhejiang Huate Clay Products of China.
The second one was Na1-montmorillonite modified
by octadecyl primary ammonium, coded as ODPA-
MMT, which was provided by Zhejiang Fenghong
Clay Chemicals. The third one was Na1-montmoril-
lonite (cation-exchange capacity 5 90 meq/100 g)
partially protonated by decanediamine (DDA),
coded as DDA-MMT, which was synthesized by ion
exchange reaction between Na1-montmorillonite and
DDA following the procedure described in litera-

tures.25,27–29 The DDA has been partially protonated
by adding insufficient hydrochloric acid to the reac-
tion medium during the process. DDA was previ-
ously mixed with HCl in water and heated at 608C
for a few minutes. The CEC DDA/clay ratio was 1 : 5
and the molar DDA/HCl ratio was 1 : 1. As DDA
has two NH2�� group, the molar DDA/HCl ratio with
1 : 1 was to make DDA excessive and then partially
protonated. DDA was obtained from Huadong Medi-
cine, Equipment Chemical Reagent Branch, China.

Preparation of pure PU foams and rigid PU foams/
organoclay nanocomposites

Pure PU foams and rigid PU foams/clay nanocom-
posites were prepared by one-shot process. For pre-
paring rigid PU foams/organoclay composites, water
was not added into the formulations, and organoclay
was used as both reinforcement and blowing
agent.20 In addition, all rigid PU foams/organoclay
nanocomposites contain 2 phr (parts per hundreds
of resin) organoclay, because it was found to be the
optimum clay loading in our previous work accord-
ing to its integrate mechanical properties.20

The detailed formulations for pure PU foams and
PU foams/organoclay nanocomposites are shown in
Table I. For preparing pure PU foams, according to
the formulation listed in Table I, appropriate content
of catalysts (A-33 and dibutyltin dilaurate), surfac-
tant (silicone oil), crosslinking agent (DMP-30), and
blowing agent (water) were added into 100 g poly-
ether polyols in a plastic beaker with a high shear
stirrer at 3000 rpm for 2 min at ambient temperature
to form component A. Then, MDI was added with a
molar ratio of 1.5 : 1 (relative to polyols 4110, NCO/
OH 5 1 : 2) into component A to assure the complete
reaction of polyols, with the high shear stirrer at 3000
rpm for another 2 min at 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 followed by postcuring at 708C
for 6 h in an oven.

For preparing rigid PU foams/clay nancomposites,
organoclays were dehydrated in an oven at 708C
overnight before use. According to the formulation
listed in Table I, appropriate content of dried orga-
noclay powder was first mixed with 100 g polyether

TABLE I
The Formulations for Preparing of Rigid PU Foams/Organoclay Nanocomposites

Sample code

Clay
content
(phr)

Water
content
(phr)

Polyether
polyols
(phr)

Catalyst A-33
(phr)

Dibutyltin
dilaurate
(phr)

DMP-30
(phr)

Silicone oil
(phr)

MDI 5005
(molar ratio)

Pure PU foams 0 1 100 1.0 0.05 1.5 2.0 150
PU foams/ODTMA-MMT 2 0 100 1.0 0.05 1.5 2.0 150
PU foams/ODPA-MMT 2 0 100 1.0 0.05 1.5 2.0 150
PU foams/DDA-MMT 2 0 100 1.0 0.05 1.5 2.0 150
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polyols in a plastic beaker by a high shear stirrer for
2 min at ambient temperature, and subsequently an
oil bath sonication was applied to the suspension of
organoclay in polyether polyols at 508C for 2 h,
using a KQ-100DE ultrasonicator (100 W, nominal
frequency of 50 kHz). Catalysts (A-33 and dibutyltin
dilaurate), surfactant (silicone oil), and crosslinking
agent (DMP-30) were always added into the poly-
ols/clay mixture to form component A. Then, the re-
sidual process is identical with the corresponding
part of the preparation of pure PU foams. In this
procedure for preparing rigid PU foams/clay nan-
composites, water was not added into the formula-
tions as the blowing agent. All ingredients were
mixed by an impeller at 3000 rpm.

Measurements

The contents of boundwater intercalated between
interlayers of organoclay were determined by ther-
mogravimetry analysis (TGA) in a TA SDT Q600
thermal analyzer under a nitrogen atmosphere. The
sample was heated from 50 to 9008C with a heating
rate of 108C/min.

X-ray diffraction (XRD) was conducted at ambient
temperature on Rigaku (Japan) D/MAX-2550PC dif-
fractometer (40 kV, 30 mA, Cu Ka radiation with k
5 1.54 Å) to measure the d-spacing of organoclays.
Each sample was scanned from 2h 5 0.5 to 308 at a
scanning rate of 58 min21.

Transmission electron micrographs (TEM) were
obtained by using a JEM-1200EX electron microscope
to examine the intercalation and exfoliation states of
clay in composites. The TEM specimens were cut
into thin film with a thickness of 70–90 nm by using
a Diatome diamond knife at room temperature.

The cellular structure of a sample in the thickness
direction was investigated by a polarizing micro-

scope on a XP-J203E polarizer (Shanghai Changfang
Optical Instrument, China). The cell size was meas-
ured by measuring a minimum of 30 cell diameters.15

The Fourier transformed infrared spectroscopy
(FTIR) spectra of PU foams/organoclay composites
were recorded between 400 and 4000 cm21 with a re-
solution of 2 cm21 on a Vector-22 FTIR spectrometer.

Dynamic mechanical analysis (DMA) for rigid PU
foams/organoclay composites from 25 to 2508C were
performed on a NETZSCH DMA 242 C (NETZSCH,
Selb, Germany) operated at a driving frequency of
1.0 Hz and a scanning rate of 58C/min in nitrogen
atmosphere. The specimen geometry was 20 3 5 3
3 mm (length 3 width 3 thickness).

The compressive strength of a sample was meas-
ured by an RGT-X010 universal testing machine
(Shenzhen Reger Instrument, China) with a cross-
head speed of 2 mm/min according to GB/T8813.
The specimen had a dimension of 50 3 50 3 50 mm
(width 3 length 3 thickness). The value of the com-
pressive strength was recorded when the samples
reached 10% deformation.

The tensile strength was tested using a RGT-X010
universal testing machine (Shenzhen Reger Instru-
ment, China) with a crosshead speed of 5 mm/min
according to GB/T9641-88. The size of each sample
was 25 3 100 3 10 mm (width 3 length 3 thick-
ness). For each data point, five samples were tested,
and the average value was taken.

RESULTS AND DISCUSSION

Thermogravimetry analysis of pristine
clay and organoclay

Previous investigations by other researchers have
proved that the desorpted water molecules ab-
sorpted to the cations between interlayers of clay

Figure 1 TGA curves of pristine clay and organoclay.

Figure 2 XRD images of organoclay and rigid PU foams/
organoclay nanocomposites.
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evaporates at the temperature range of 50–1708C,
and the dehydration of the boundwater molecules
from the crystal lattice of pristine clay evaporates at
the temperature range of 450–9008C.29,30 Figure 1
presents the TGA curves for pristine clay and orga-
noclay. It can be seen that at the temperature range
of 50–1708C, the pristine clay has 6.67 wt % loss of
the desorpted water, while organoclay only has 1.66
wt % loss of the desorpted water. However, at the
temperature range of 450–9008C both samples have
almost the equal weight loss (5.98 wt %) of bound-
water molecules from the crystal lattice of organo-
clay. In addition, the great difference between the
two TGA curves is that the organoclay sample has
large amount (about 29.8%) of weight-loss at the
temperature range of 230–4508C, which was contrib-
uted by the thermal decomposition of the surface
modifier.

The morphology of rigid PU
foams/organoclay nanocomposites

The X-ray diffraction patterns of various clays and
PU/organoclay nanocomposites are presented in Fig-
ure 2. The gallery spacing of the Na1-montmorillon-
ite is 1.36 nm at 2u 5 6.58, and the gallery spacing of
ODTMA-MMT platelets or ODPA-MMT platelets is
2.34 nm or 3.62 nm, respectively. The diffraction
peak of rigid PU foams/ODTMA-MMT composite is
at 2u 5 2.038, corresponding to a spacing of 4.37 nm,
indicating that the silicate layer galleries of the
ODTMA-MMT were intercalated when introduced

Figure 3 TEM images of Na1-MMT and rigid PU foams/organoclay composites.

Scheme 1 Reaction between NH2�� and isocyanate
groups.
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into the PU matrix. The spacing of organoclay in the
rigid PU foams/ODPA-MMT composite increases to
6.4 nm, which is much larger than that in rigid PU

foams/ODTMA-MMT composite. For the XRD pat-
terns of rigid PU foams/DDA-MMT composite,
peaks were all totally absent, suggesting the clay pla-
telets may be partially exfoliated in the PU matrix.
These changes of gallery spacing of organoclay indi-
cate that both rigid PU foams/ODTMA-MMT and
rigid PU foams/ODPA-MMT composites are interca-
lated, while rigid PU foams/DDA-MMT is mainly
intercalated or partially exfoliated. This conclusion is
corroborated with TEM photos as shown in Figure 3.
The morphology of rigid PU foams/ODTMA-MMT
composite is intercalation [Fig. 3(b)] compared with
that of Na1-montmorillonite [Fig. 3(a)]. Figure 3(c)
shows that the clay platelets are more largely inter-
calated in the PU/ODPA-MMT nanocomposite,
whereas DDA-MMT platelets are mainly intercalated
or partially exfoliated in the PU matrix [Fig. 3(d)].

The reason leading to the different morphology
can be found from the interaction between organo-
clays and the PU matrix. It is well known that
NH2�� can easily react with isocyanate group
(NCO��),31 as shown in Scheme 1.

So free NH2-groups in the molecule of partly
protonized DDA (NH2��(CH2)10��NH1

4Cl
2) can

Scheme 2 Intercalation of MMT with DDA.

Figure 4 Polarizing microscope images of pristine PU foams and rigid PU foams/organoclay nanocomposites.
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react with the isocyanate group in the molecule of
PU, and thus leading to the partial exfoliation of the
clay platelets (Scheme 2). However, the other two
organoclays do not have reactive groups which can
react with the PU matrix, and so they appear in
interacted states in the PU matrix.

The morphologies of rigid PU foams/organoclay
composites demonstrate that surface modifiers of
clay has a great effect on the dispersion of clay plate-
lets in the PU matrix, which would in turn affect the
mechanical properties of PU foams/organoclay com-
posites.

Figure 4 gives the polarizing microscope images
magnified by 500 times, and the cell sizes of rigid
PU foams/organoclay composites are shown in Fig-
ure 5. It can be seen that three PU foams/organoclay
composites have smaller cell sizes than those of pris-
tine PU foams; the detail sequence of their cell sizes
is pristine PU foams > PU foams/ODTMA-MMT >
PU foams/ODPA-MMT > PU foams/DDA-MMT. In
detail, the average cell size of rigid PU/DDA-MMT
composites decreases evidently from 0.30 to 0.07
mm, indicating that surface-modifiers of clay have a
great effect on the cell structure of rigid PU foams/
organoclay composites, which directly in turn deter-
mines the mechanical properties of the composites
as discussed later in this article.

The chemical structure of PU
foams/organoclay composites

The FTIR spectra (Fig. 6) show the structure of rigid
PU foams/organoclay composites. The positions of
bands for distinctive functional groups of pure PU
foams and nanocomposites are identical, indicating
that the chemical structures of PU foams are not
altered by the presence of organoclay. However, the
degrees of hydrogen bonding of three PU/organo-

clay composites are different. In Figure 6, the infra-
red bands at 3402 and 3328 cm21 are due to the
unassociated N��H stretching and the associated
N��H stretching in the PU molecular, respectively.
The 1741 cm21 band is caused by the free carbonyl,
and the band at 1719 cm21 is associated with the
hydrogen-bonded carbonyls.26,32 The possible func-
tional groups acting as the acceptors in the hydrogen
bonding with N��H are the urethane carbonyl
(��C¼¼¼¼O), the ether (��C��O��C��) and the oxy-
gen of the boundwater between the interlayers of
organoclays. The degree of the carbonyl groups par-
ticipating in hydrogen bonding can be described by
the hydrogen bonding index (R) of carbonyl groups,
as given in the following equation:

R ¼ Cbondedebonded
Cfreeefree

¼ A1707

A1734
(1)

where C is the concentration, ebonded or efree is the
extinction of the hydrogen bonded carbonyl groups
or the free carbonyl groups, respectively, and A is
the intensity of the characteristic absorbance. Gener-
ally speaking, the value of ebonded/efree is between
1.0 and 1.2,33,34 and which is assumed to be 1.0 in
this study.

Table II reveals that the hydrogen bonding indexes
of three rigid PU foams/organoclay composites are
higher than pristine PU foams, and the detail
sequence of their hydrogen bonding indexes is pris-

Figure 5 Cell sizes of rigid PU foams/organoclay nano-
composites.

Figure 6 FTIR spectra of pristine PU and rigid PU
foams/organoclay nanocomposites.

TABLE II
Hydrogen Bonding Index (R) of Rigid PU Foams/

Organoclay Nanocomposites

R

Pure PU foams 0.84
PU foams/ODTMA-MMT 1.79
PU foams/ODPA-MMT 2.17
PU foams/DDA-MMT 2.43
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tine PU foams < PU foams/ODTMA-MMT < PU
foams/ODPA-MMT < PU foams/DDA-MMT, sug-
gesting that rigid PU foams/organoclay composites
have higher internal strength than pristine PU
foams, and the PU foams/DDA-MMT composite has
the highest internal strength among the four kinds
of samples.

On the other hand, the rigid organoclay blocks
form closely packed structures in the matrix of
the elastic PU blocks. These rigid blocks, called the
domains of organoclays, substantially strengthen the
entire system, playing the role of an effective filler.

The mechanical properties of rigid PU
foams/organoclay nanocomposites

Figure 7 shows the DMA plots of rigid PU foams/
organoclay nanocomposites. The elastic modulus of
rigid PU/organoclay composites is much greater
than that of pure PU foams. It is noteworthy that the
intercalated clay can bring in a significant improve-
ment in elastic modulus, while the exfoliated clay is
obviously much more effective. The incorporation of
DDA-MMT, ODPA-MMT, or ODTMA-MMT, respec-
tively, in PU foams leads to an enhancement of the
elastic modulus of 4.8, 4, or 1.5 times over that of
pure rigid PU foams, respectively,. The enhancement
degree coincides well with both sequences of the in-
ternal strength of materials and the gallery spacing
of organoclay. In detail, the higher the internal
strength of materials and/or the gallery spacing of
organoclay, the higher the enhancement degree of
mechanical properties of rigid PU/organoclay com-
posites, when compared with pristine PU foams.

Figures 8 and 9 present the compressive strength
and tensile strength of the PU/organoclay nanocom-
posites, respectively. It is found that both compres-

sive strength and tensile strength increase dramati-
cally with the addition of organoclay in the PU ma-
trix. Comparing the compressive strength and tensile
strength of pure PU foams (0.56 MPa in compression
and 0.86 MPa in tension), with the addition of
ODTMA-MMT, ODPA-MMT, or DDA-MMT in PU
foams, respectively, there are about 80%, 152%, or
214% increase in the compressive strength, respec-
tively, while there is a 44%, 110%, or 148% increase
in the tensile strength. Two factors can be used to
interpret the enhancement in both compressive
strength and tensile strength, that is, the increased
internal strength of materials resulting from higher
hydrogen bonding and the enlarged gallery spacing
of organoclay in the PU matrix.

CONCLUSIONS

The morphology (including the dispersion state of
organoclay in the PU matrix and the cell structure of

Figure 8 Compressive strength of pure PU foams and
rigid PU foams/organoclay nanocomposites.

Figure 9 Tensile strength of pure PU foams and PU
foams/organoclay nanocomposites.

Figure 7 DMA curves of pure PU foams and rigid PU
foams/organoclay nanocomposites.
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rigid PU foams/organoclay composites) of rigid PU
foams/organoclay composites is greatly depended
on the nature of organoclays, and the nature of orga-
noclays lies on their surface modifiers. DDA-MMT
can be partially exfoliated in the PU matrix because
of the reaction between free NH2�� functional
groups in DDA-MMT and the isocyanate groups of
the PU matrix, and the corresponding nanocompo-
site has the smallest cell size. However, ODTMA-
MMT and ODPA-MMT are intercalated in the PU
matrix, and the corresponding composites show
some what smaller cell sizes of the foam matrix than
that of pristine PU foams. In addition, hydrogen
bonding indexes of three rigid PU foams/organoclay
composites are higher than pristine PU foams. Rigid
PU/organoclay composites show remarkable en-
hanced compressive and tensile strengths as well as
dynamitic properties than PU foams, simultaneously,
and the enhancement degree coincides well with the
sequences of the internal strength of materials and
gallery spacing of organoclay.
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