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Abstract

Flexible polyurethane/organically modified nanoclay (organoclay) nanocomposite foams were synthesized by a
two-step reactive process. X-ray diffraction (XRD), scanning electron microscopy (SEM), and tensile and compression
tests have been used in order to investigate clay dispersion, cellular morphology, tensile properties, and dimensional
stability, respectively. The XRD patterns of a polyurethane foam sample containing 2 wt.% of nanoclay revealed clay
intercalation. Furthermore, SEM images of the prepared foams showed that incorporation of clay into the polyurethane
foams results in a reduction of cell size as well as an increase in cell density, and these phenomena were explained on
the basis of nucleation promotion in the presence of clay. In addition, tensile modulus of the prepared foams was
shown to be improved by incorporation of clay. The results obtained from the compression tests proved that the
incorporation of clay into the polyurethane foams leads to deterioration of their dimensional stability. The results
obtained from the mechanical studies were interpreted on the basis of physical and chemical interactions between
clay surface and polyurethane chains.

Keywords: Nanocomposite foam; Cellular morphology; Compression set
Background
Flexible polyurethane foams are used in many applica-
tions because of their ease of handling, excellent cush-
ioning, and tunable physical properties [1]. They are
used in a variety of commercially established applica-
tions like mattresses, automotive and furniture cushions,
and carpet backing, to name a few. The main reaction in
polyurethane foam processing is the polycondensation of
poly-hydroxy compounds (polyols) with diisocyanates.
Foaming phenomenon occurs when a small amount of
blowing agent and water is added during polymerization
process. Water reacts with isocyanate groups giving
carbamic acids, which spontaneously lose CO2, thus
generating the foam bubbles [2]. Nevertheless, flexible
polyurethane foams like other plastic foams have low
mechanical strength and low dimensional stability that
could inhibit their use in some important applications
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such as shoe soles. The mechanical properties could be
partly improved by modification of cellular morphology
as microstructural studies on rigid polyurethane foams,
which have indicated that the compressive strength and
modulus of the foams increase by decreasing cell size
and narrowing cell size distribution through changing
blowing agent. On the other hand, in recent years,
polymer nanocomposites have attracted much attention
because of their high potential to achieve great improve-
ment in properties including dimensional stability, gas
permeability, flame retardancy, and mechanical proper-
ties by adding a small amount of nanoparticles in the
polymer matrices [3-5]. Furthermore, it has been shown
that incorporation of nanoparticles with their large
surface area and fine dimensions as well as very close
contact between particles and the polymer matrix could
alter foam morphology and properties.
‘Nanoclay’ is the term generally used when referring to

a clay mineral with a phyllosilicate or sheet structure
with a thickness of the order of 1 nm and surfaces of
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Figure 1 XRD pattern of (a) neat Cloisite® 30B and (b) polyurethane/
organoclay foam sample containing 2 wt.% organoclay.
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perhaps 50 to 150 nm in one dimension [6]. The mineral
base can either be natural or synthetic and is hydro-
philic. The clay surfaces can be modified with specific
methods to render them organophilic and therefore
compatible with organic polymers. The main reasons for
use of clays are accessibility, easy modification, cheap-
ness, non-corrosiveness, and recyclability [7]. It has been
proven that nanoclay, especially after exfoliation and
surface modification, is an effective nucleation agent to
enhance cell density and to increase the interaction with
blowing agent. So, it seems that flexible polyurethane/
nanoclay nanocomposite foams represent more superior
and practical properties compared with their counterpart
conventional foams. Thus, a great deal of effort has been
devoted to the development of polyurethane/nanoclay
composites and foams in recent years [4,8-10]. It has
been proved that the presence of clay results in an
increase in cell density and a reduction of cell size com-
pared to pure polyurethane foam. However, based on
our best knowledge, there is no report describing the
effect of incorporation of nanoclay on dimensional sta-
bility of flexible polyurethane foam. So, the present work
was conducted in order to investigate the effects of in-
corporation of organically modified nanoclay on dimen-
sional stability of flexible polyurethane foam. In this
work, flexible polyurethane/organoclay foams were pre-
pared using a two-step process. Then, the state of clay
dispersion in prepared composite foams was studied
using X-ray diffraction. Afterwards, the effect of clay in-
corporation on various characteristics of the prepared
foams including cellular morphology, cell size, cell dens-
ity, tensile properties, and dimensional stability was
investigated.

Results and discussion
Clay dispersion in the prepared nanocomposite foams
The layered silicates of nanoclay can act as nucleation
sites and increase cell density for final foam [11]. Inter-
changeably, it could be considered that layered silicates
decrease energy barrier for cell nucleation. The reduc-
tion of the energy barrier in the presence of layered sili-
cates is more pronounced than that of conventional
fillers because nanoclay has larger surface area. Using
nanoclay as nanofiller, two different morphologies may
be obtained: intercalation and exfoliation. Intercalation
occurs with penetration of polymer chains into the inter-
layer region of the clay with maintenance of the ordered
structure. Exfoliation includes polymer chain penetration
into nanoclay layers and crystallite delamination that
causes random dispersion of individual nanometer-thick
platelets of silicate in polymer matrix. Because of the
larger surface area and larger aspect ratio of the nano-
clay layers, the exfoliated structure generally provides
the best improvement of tensile properties in resulted
nanocomposite foam. In this work, nanoclay with a con-
centration of 2 wt.% was added to the polymer in order
to study the morphology of the prepared polyurethane/
nanoclay composite using X-ray diffraction (XRD). The
XRD patterns of the neat nanoclay (Cloisite® 30B; BYK
Additives GmbH, Moosburg, Germany) and composite
sample containing 2 wt.% of nanoclay are shown in
Figure 1. According to Equation 1 (see ‘Methods’ section),
the space between nanoclay layers is equal to 18.5 Å in
pure nanoclay corresponding to the diffraction peak in the
XRD pattern at 2θ = 4.75. Furthermore, as it is seen in
Figure 1, XRD pattern of the composite sample has two
weak diffraction peaks at 2θ = 4.75° and 2.2°, which
could be assigned to the interlayer distances of 18.5
and 40.1 Å, respectively. So it could be concluded that
the interlayer distance is increased profoundly for some
clay stacks, but a portion of clay stacks remains intact.
In addition, because of the low concentration of clay in
the sample, it is not possible to judge, based on the
weak diffraction peaks in the XRD pattern of the com-
posite sample, whether exfoliation of some clay stacks
occurred. Moreover, it should be noted that we used
foam samples with lower concentrations of nanoclay in
our study, but since the XRD pattern of these samples
did not show any diffraction peak, we were obliged to
prepare a composite sample containing 2 wt.% of nano-
clay. Furthermore, preparation of foam samples with
concentrations above 2 wt.% of nanoclay was impos-
sible using our method.

Cellular morphology of the prepared nanocomposite
foams
The effect of incorporation of nanoclay on cellular
morphology of the prepared foam samples was studied.
FESEM images of the neat polyurethane foam sample
and the foam samples containing different concentra-
tions of nanoclay are shown in Figure 2. By comparison
of the images presented in Figure 2, it is seen that incorp-
oration of clay into the polymer matrix leads to a finer
and more uniform cellular morphology. Furthermore,
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Figure 2 SEM images. Neat polyurethane foam sample (a). Polyurethane/organoclay foam samples containing (b) 0.25 wt.%, (c) 0.50 wt.%, and
(d) 1 wt.% of organoclay.

Table 1 Cell density of the prepared polyurethane/
organoclay foam samples calculated according to
equation 2 using their SEM images

Sample designation Organoclay (wt.%) Cell density
(cells/mm3)

PU 0.0 (neat polyurethane foam) 6

PU/C25 0.25 56

PU/C50 0.50 133

PU/C100 1.00 172

PU, polyurethane.

Jahanmardi et al. Journal Of Nanostructure in Chemistry Page 3 of 62013, 3:82
http://www.jnanochem.com/content/3/1/82
Table 1 shows the cell density of the samples calculated
according to Equation 2 (see ‘Methods’). As it is inferred
from the data presented in Table 1, incorporation of clay
into the polyurethane (PU) foam leads to a dramatic in-
crease in cell density so that the cell density increases
from 6 cells mm3 in the case of the neat polyurethane
foam sample to 175 cells mm3 in the case of the foam
containing 1 wt.% of the nanoclay. The obtained results
could be explained by the classical nucleation theory
which was suggested by Colton and Suh [12]. The theory
predicts that as the energy-barrier for heterogeneous nu-
cleation decreases due to the presence of filler particle, the
nucleation rate increases and the nucleation time interval
decreases and hence, almost instantaneous growth of cells
is facilitated. Thus, finer and more uniform cellular morph-
ology is obtained in the prepared polyurethane/clay foams
because of the more and well-dispersed nucleation sites,
which are due to the incorporation and uniform dispersion
of clay.

Tensile properties of the prepared nanocomposite foams
The results of tensile properties measurements of the
samples are summarized in Table 2. As it could be de-
duced from the data presented in the table, incorpor-
ation of nanoclay with high intrinsic elastic modulus
into the polyurethane foam increases tensile modulus.
However, elongation at break of the polyurethane foam
samples is decreased by incorporation of nanoclay. This
phenomenon could be due to adsorption of the polymer
chains on the surface of organoclay platelets which re-
tards the extensibility of the polymer chains [4,13,14].

Dimensional stability of the prepared nanocomposite
foams
Compression set test was utilized to evaluate the dimen-
sional stability of the prepared foam samples. It is be-
lieved that compression set of flexible polyurethane
foams is sensitive to both network structure and cellular
morphology [12]. Figure 3 shows the recovery curves of
the foam samples obtained from compression tests at
70°C. As it is seen, samples containing nanoclay show
more compression set and hence, lower dimensional sta-
bility. However, the initial rate of dimensional recovery
is similar for all the foam samples. This phenomenon
could be attributed to the destruction and re-
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Table 2 Measured tensile properties of the prepared
polyurethane/organoclay foam samples

Sample
designation

Tensile modulus
(MPa)

Elongation at break
(%)

PU 0.450 ± 0.018 426 ± 17

PU/C25 0.520 ± 0.023 419 ± 21

PU/C50 0.535 ± 0.021 402 ± 16

PU/C100 0.562 ± 0.025 384 ± 18

PU, polyurethane.
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establishment of physical bonds between clay surface
and the polymer chains during the compression and re-
laxation stages, respectively, which favor compressed
form and reduce the tendency to reach the initial form
of the samples. In addition, nanoclay used in this study
has OH groups on its surface and according to the hy-
pothesis of Lee et al. might interact with -NCO groups
of the diisocyanate [3,15]. Thus, the grafted clay may act
as a shield which prevents the formation of hydrogen
bonds between -NHCOO groups, as it is shown in
Scheme 1.
Consequently, the grafted clay layers affect the forma-

tion of an elastic network structure of the polymer
which, in turn, inhibits recovery of the chains after re-
moving pressure, resulting in the deterioration of dimen-
sional stability of the foam. It seems that the positive
effects of nanoclay on cellular morphology of the foam
samples which could improve dimensional stability can-
not compete with the unfavorable effect of nanoclay on
the network structure in this regard.

Conclusions
In this work, flexible polyurethane/organoclay nanocom-
posite foams containing various amounts of clay were
prepared using a two-step procedure. X-ray diffraction
patterns showed an intercalated structure for the sample
containing highest concentration of nanoclay. It was also
Figure 3 Recovery curves for the polyurethane foam samples
obtained from compression tests at 70°C.
shown that the incorporation of nanoclay into the poly-
urethane foam samples leads to the increase in cell dens-
ity and more uniform cellular morphology which were
interpreted on the basis of classical nucleation theory by
Colton and Suh. It was also shown that the incorpor-
ation of nanoclay into the polyurethane foam samples
leads to an increase in tensile modulus as well as a de-
crease in elongation at break which was explained in
terms of interactions between the polymer chains and
surface of organoclay layers. Furthermore, the dimen-
sional stability of the polyurethane foam samples was
shown to be deteriorated by incorporation of nanoclay.
In this regard, one can conclude that the chemical inter-
action of organoclay with polymer chains reduces the
amount of junctions which are vital to form an elastic
network in the polymer matrix.

Methods
Materials
In this study, organically modified nanonoclay (Cloisite®
30B) from BYK Additives GmbH, Moosburg, Germany. was
used. Amount of clay surface modification was equal to 90
meq per 100 g clay. Both polyurethane constituents, i.e.,
polyol mixture (including polyol, blowing agent, surfactant,
and curing agent) and a high functionality methylene diphe-
nyl diisocyanate (MDI), were obtained in liquid form from
Coim Co. (Milan, Italy). The both polyurethane constituents
were FX grade, a commercially used grade for production of
shoe sole and were used as received.

Synthesis of polyurethane nanocomposite foams
In this work, the preparation of nanocomposite foam
samples had two steps. In the first step, certain amount
of dried nanoclay which was placed in an oven at 100°C
for 6 h just before the experiment was mixed with cer-
tain amount of diisocyanate for about 5 min by high
shear mixing at room temperature and 2,800 rpm in
order to obtain exfoliated structure of clay nanolayers.
In the second step, the mixture of diisocyanate and
nanoclay was mixed with polyol mixture at the same
conditions of the previous step. The amount of polyol
mixture used was equal to that of diisocyanate for all the
samples. The resulting mixture was then poured in a
plastic mold immediately. The mold was then closed
and immersed in a mixture of water and ice to avoid ex-
cess foam expansion which may lead to the final shrink-
age. The prepared foams had 0.0% to 1.0% by weight of
clay.

Measurements and characterizations
The d-spacing between nanoclay layers was measured
by X-ray diffraction using a Philips model instrument
equipped with cobalt radiation source of 40 kV, 30 mA,
λ = 1.54 nm, 2θ = 2° to 10°, and imaging speed of 0.01 s−1.
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Scheme 1 The interference of grafted clay layer on hydrogen bonding in polyurethane [3].
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The peak position in the spectrum and the Bragg equation
as can be seen in Equation 1 were used to calculate dis-
tances between clay layers:

nλ ¼ 2d sinθ ð1Þ
Since we were not able to have any interpretation

based on the XRD patterns of the samples containing
less than 1% by weight of clay due to lack of any diffrac-
tion peaks, a composite sample containing 2 wt.% of clay
was prepared using the same procedure for the prepar-
ation of the other samples and used only for the sake of
X-ray diffraction.
The morphology of the prepared nanocomposite

foams was observed by field emission scanning electron
microscopy (FESEM) using a Leo 440i unit. Specimens
for FESEM were 1 × 1 × 1 cm3 cut with sharp blade from
the nanocomposite foam samples. The cut specimens
were held in argon plasma and coated with gold for 3
min. Images were obtained using 15 kV accelerating
voltage. Cell density (number of cells per cubic centi-
meter) of the prepared foams (Nf ) was obtained using
Equation 2, in which A is the area in SEM image on the
order of square centimeter, M is the magnification factor
and n is the number of cells in the SEM image [11]:

N f ¼ nM2

A

� �3
2

ð2Þ

Tensile tests were performed on dumbbell-shaped
specimens according to ASTM D 412 using a Testo-
metric testing machine (Testometric Co., Rochdale,
Lancashire, UK) with a load cell of 5 kN and self-
tightening roller grips. The specimens were stamped
out from nanocomposite foam samples. The narrow
section of the dumbbell-shaped specimens had dimen-
sions of 20 × 4 × 2 mm3, respectively. Test specimens
were prepared from foam panels in the flow direction
(thickness was in the foam rise direction). In order to
remove skins from the specimens' surfaces we used
chipper. Five specimens per sample were tested. The
tests were run at a speed of 500 mm min−1.
The constant deflection compression set was mea-
sured according to ASTM D 3574 (test D). Specimens
were 50 × 50 × 22.5 mm3 and deflected to 50% of their
original thickness. Then, they were placed in a forced air
circulating oven at 70°C for 22 h. Compression device
consisting of two flat plates was arranged so that the
plates were held parallel to each other; the plates were
adjustable to the required deflection thickness. Three
specimens per sample were tested. The actual thickness
of the samples was measured and recorded as a function
of time. Afterwards, the samples were brought out from
the compression device. As the test for the different
samples were performed at different times, time inter-
vals at which measurements were carried out were not
essentially similar for all the samples.
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