Article

Effect of the polymer–filler interaction
on the thermo-mechanical response
of polyurethane–clay nanocomposites
from blocked prepolymer

Journal of Reinforced Plastics
and Composites
30(4) 325–335
! The Author(s) 2011
Reprints and permissions:
sagepub.co.uk/journalsPermissions.nav
DOI: 10.1177/0731684410396599
jrp.sagepub.com

Andrea Dorigato, Alessandro Pegoretti and Amabile Penati

Abstract
Thin transparent films of polyurethane–clay nanocomposites were prepared by dispersing different amounts of commercial organo-modified clay in a mixture of cycloaliphatic amines used as chain extender of a blocking prepolymer, in
order to investigate the role of the filler content on the thermo-mechanical behavior of the resulting composites. X-ray
diffraction measurements evidenced the formation of an intercalated structure, regardless to the clay loading.
Furthermore, the optical clarity of the samples was not substantially compromised by the nanofiller addition even at
elevated clay amounts. Interestingly, the relatively strong polymer–filler interaction led to a substantial reduction of the
matrix crosslinking degree for high clay loadings. Consequently, the relative thermal lifetime was positively affected by the
presence of clay up to a filler content of 7 wt%, while uniaxial tensile tests under quasi-static and impact conditions
evidenced an increase of the elastic modulus proportional to the clay concentration, without impairing the original tensile
properties at break.
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Introduction
Polymer–clay nanocomposites represent one of the
most promising classes of materials of the last decades.
Starting from the PA6/clay nanocomposite patented by
Toyota for automotive applications,1–4 many eﬀorts
have been made to develop nanocomposite systems,
utilizing diﬀerent polymeric matrices and various
kinds of nanoﬁllers.5–11
Polyurethanes (PUs) present a unique combination
of high performances and relatively simple production
process. Because of the great variety of chemical
reagents available for their synthesis (macrodiols,
diisocyanates, chain extenders, and crosslinkers), PUs
are probably the most versatile class of polymer.12
Chattopadhyay and Raju13 recently reviewed the history and the modern trends in the preparation of high
performance polyurethanes. One of the most interesting
industrial application of PUs is represented by the
production of organic coatings having aesthetic

appearance and corrosion protection to be applied on
metallic substrates.
In the last few years, many eﬀorts have been made
for the improvement of the thermo-mechanical properties of elastomeric polyurethanes by the introduction of
small amounts of inorganic nanostructured materials.14–57 Among nanoﬁller that could be added to
polymeric matrices, organo-modiﬁed clays were most
frequently utilized because of their relatively low cost
and high eﬀectiveness. Montmorillonites are sodic
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aluminum hydrosilicates characterized by a lamellar
crystalline structure, in which every layer (1 nm thick
and 100–200 nm wide) is constituted by alumina octahedra interposed between two silica tetrahedra. The
lamellae are weakly bonded together through van der
Waals forces. The sodium montmorillonite presents
negatively charged layers, because of the presence of
some Al/Mg and Si/Al substitutions, and positively
charged interlayer domains, for the presence of
sodium ions. Organophilic montmorillonites, to be
used in combination with hydrophobic polymers
(such as PE or PP), can be prepared through the substitution of Na+ ions with cations of quaternary
ammonium salts.
In 1998 Wang and Pinnavaia58 presented the ﬁrst
study on PU/clay nanocomposites, in which a fully
exfoliated material, maintaining a good optical transparency and improving the tensile properties of the
pristine matrix, was obtained. From that moment
many eﬀorts were made to synthesize novel PU/clay
nanocomposite systems. Considering literature references, the improvements due to nanoclay introduction
in polymers are generally related to an enhancement of
their elastic modulus,15,17,19,21,22,24,28,36,37,45,58 of their
tensile strength,17,24,28,34–36,54,56,58 of their tensile
strain at break,17,24,28,34–36,54,56,58 of their storage modulus,21,28,41,44,46,56 of their Shore hardness,28 and tear
strength.24 In some cases, nanoﬁller agglomeration led
to a signiﬁcant reduction of the material toughness,
with a strong reduction of tensile stress at
break21,22,34,45 and strain at break.15,21,22,28,45 In some
papers, a non-monotonic trend of the mechanical properties as function of the clay type14 and
content22,30,33,49,52 has been reported. Furthermore, it
can be frequently found that also the thermal degradation resistance16–19,30,35,42,44,59 and the barrier properties19,23,45 can be improved by the clay addition. If the
clay dispersion in the PU matrix is obtained at an optimal level, the optical clarity of the PU coating15,35 can
be maintained and the corrosion protection of the substrates17,18 can be in some cases improved.
Many eﬀorts were also devoted to the synthesis of
novel PU/clay nanocomposites by using diﬀerent
preparation routes. In most cases, organoclays have
been dispersed into the polyol and the mixture was
then crosslinked by using a diisocyanate and a chain
extender28,29,31,40,43,45,49,50,52,54,56 or a prepolymer.42
Alternatively, the organoclays have been dispersed in
the prepolymer,17,33–35,44 or directly in the PU matrix
by solvent14,16,18,19,21,22,24 or melt 15,22,35,36 procedures.
A latex compounding route to add a sodium
hectorite to polyurethane rubber was also reported by
Varghese et al.46
It was recently demonstrated that blocked polyisocyanates could be quite eﬀective for the production of
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PU coatings in which stable formulations at room temperature are required. In these conditions the curing
reactions could be conducted after the application of
the coatings on metallic substrates by fast thermal
treatments.12 The reactivity of these oligomers, also
called end-capped or masked polyisocyanates, is related
to the ability of the urethane group to be thermally
decomposed. The most frequently utilized isocyanate
masking agents are phenol, caprolactam, malonate,
methyl-ethyl ketoxime, isophenol, and many others.
Quite surprisingly, only little attention has been
devoted to the synthesis of PU-based nanocomposites
from blocked polyisocyanates.49,60
The suitability of PU coatings obtained from prepolymers blocked with MEKO (methyl-ethyl-ketoxime)
and the possibility to utilize this matrix in the preparation of PU–clay nanocomposites was recently investigated by our research group.61 In particular, the
eﬃcacy of the vibration induced equilibrium contact
angle (VIECA) technique to assess a quantitative estimation of the clay hydrofobicity62 was evaluated. The
intercalation degree of the clays dispersed in PU matrix
obtained from a blocked prepolymer resulted to be
strongly related to the water–clay equilibrium contact
angle of the selected organoclays. The PU crosslinking
degree decreased as the clay–ﬁller interaction improved.
Moreover, thermo-mechanical properties showed a
non-monotonic trend as a function of the intercalation
degree, showing a maximum. This behavior was
explained considering that two concomitant and contrasting eﬀects develop as the polymer–clay intercalation degree increases: a positive improvement of the
ﬁller matrix interactions, and a negative reduction of
the matrix crosslinking degree. Consequently, an optimum balance between the above reported contrasting
eﬀects was reached by using a middle hydrophobicity
(CloisiteÕ 25 A) clay.
Starting from these considerations, in this work we
prepared PU–clay nanocomposites by using diﬀerent
amounts of CloisiteÕ 25 A clay, in order to assess the
eﬀect of the clay loading and of the polymer–ﬁller interaction on the microstructural and thermo-mechanical
properties of the resulting composites, with particular
attention to their thermal degradation resistance and to
their tensile mechanical response under quasi-static and
impact conditions.

Experimental
Materials
The polyurethane matrix utilized in this article was a
commercial partly cross-linked polyurethane, supplied
by API – Applicazioni Plastiche Industriali SpA
(Vicenza – Italy), based on a blocked polyurethane
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prepolymer, obtained by MDI (2,40 diphenylmethanediisocyanate) and a trifunctional polyether polyol
(average molar mass ¼ 4700 gmol1, OH content ¼ 34–38 mgKOHg1). The prepolymer had an
ambient temperature viscosity of 110 Pas and was
end-capped by a methyl-ethyl-ketoxime (MEKO).
The chain extender-crosslinker was a mixture of cycloaliphatic amines (density ¼ 0.945 gcm3, weight average molar mass ¼ 230–250 gmol1, viscosity at
20 C ¼ 170 mPas). As explained in the introduction,
an organo-modiﬁed (CloisiteÕ 25 A) clay, provided by
Southern Clay Products, Inc. (Gonzales, Texas), was
chosen for the preparation of the composites. Some
physical and chemical properties of this organoclay
are reported in Table 1.

by the ﬁller concentration. For example, PU-25 A-5
indicated the nanocomposite sample ﬁlled with 5 wt%
of CloisiteÕ 25 A clay.

Testing procedures
X-ray diﬀraction analyses were performed through a
HRD 3000 high resolution diﬀractometer (Ital
Structures, Italy) with a radiation wavelength of
0.15406 nm, an initial 2y angle of 1 , and a 2y increment
of 0.05 . Utilizing the Bragg’s law, it was possible to
evaluate the interlamellar spacing values of the original
clay (d0) and of the clay in the composites (d). The
intercalation degree (ID) could be therefore deﬁned as
follows:63

Composites manufacturing

ID ¼

The selected clay was mechanically dispersed in the
chain extender at room temperature by using a
Dispermat F1 mixer rotating at 2000 rpm for 5 min.
The choice of dispersing the clays in the chain extender
was related to its lower viscosity and to a higher polarity with respect to the prepolymer. The mixture was
then ultrasonicated at room temperature in a
Transsonic 460/H device at 35 kHz for 5 min. The prepolymer was added to the chain extender-clay mixture
at room temperature through mechanical dispersion for
5 min at 2000 rpm. According to the producers’ indications, a prepolymer/chain extender ratio equal to 88/12
was adopted. The mixture was then poured on a nonstick silicon paper and ﬁlmed trough a semi-automatic
doctor blade device. Prepolymer unblocking and reaction with the chain-extender/crosslinking agent was
ﬁnally promoted by a thermal treatment at 160 C for
2 min, in order to obtain uniform ﬁlms with a mean
thickness of 0.5 mm. In this way PU–clay nanocomposites at diﬀerent ﬁller loadings (1, 3, 5, 7, 10 wt%) were
prepared. The pure matrix was denoted as PU, while
the nanocomposites were designated with the name of
the matrix (PU), followed by the type of clay (25 A) and

d  d0
d0

ð1Þ

Digital pictures for the evaluation of the optical
transparency of the specimens were collected by a
Nikon Coolpix 4500 digital camera at a distance of
30 cm from the specimen. ESEM images of the cryofractured surfaces of the nanocomposites were collected
by using a Philips XL30 (Hillsboro, Oregon, USA)
environmental
scanning
electronic
microscope
(ESEM), at an acceleration voltage of 10 kV and a magniﬁcation of 500.
The estimation of the crosslinking degree was performed by measuring the amount of polymer matrix
that could be extracted by immersion in N,N-dimethylformamide (DMF). Specimens were immersed in DMF
for 24 h, and a thermal treatment under vacuum at
50 C for 8 h was then carried on, in order to remove
the solvent. Considering the mass of the specimens
before (mb) and after (ma) the solvent extraction procedure, a crosslinking degree (CD) was estimated as
follows:
CD ¼

ma
mb

ð2Þ

Table 1. Organoclays utilized in this study. Information taken from the producer data sheets
Trade name

Organic modifier

CloisiteÕ 25A

CH3
H3C

N+
HT

Modifier concentration
(meq(100 g)1)

Density
(gcm3)

d001
spacing (nm)

95

1.87

1.86

CH2CHCH2CH2CH2CH3
CH CH
2

3

T ¼ Tallow (65% C18; 30% C16; 5% C14) and HT is Hydrogenated Tallow.
Anion: chloride.
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Thermogravimetric analyses (TGA) were performed by a Mettler TG50 furnace (Schwerzenbach,
Switzerland), connected to a Mettler MT5 balance
and a Mettler TC 10 A unit control. The measurements
were conducted in isothermal mode, at a constant temperature of 250 C under a nitrogen ﬂow of
100 mLmin1. A lifetime was estimated in correspondence of a 3 wt% mass loss (called t0.03).
Both quasi-static and impact tensile mechanical
properties were measured on ISO 527 type 1BA dumbbell specimens punch cut from the polyurethane ﬁlms.
Specimens had a width of 5 mm and a gage length of
30 mm. Quasi-static tensile tests were performed by an
Instron model 4502 testing machine (Norwood, MA,
USA) equipped with a load cell of 100 N at a crosshead speed of 50 mmmin1. Axial strain was evaluated
by an Instron model 2603-080 long travel elastomeric
extensometer with a gage length of 25 mm. At least ﬁve
specimens were tested for each sample. Tensile impact
tests were conducted by a CEAST model 6549 instrumented pendulum (Turin, Italy) in tensile conﬁguration, connected to a Ceast DAS-4000 data acquisition
unit. All the tests were performed at a striking speed of
1 ms1 and with at a impact energy of 1.08 J. At least
ﬁve specimens were tested for each sample.

Results and discussion
Microstructure and morphology
X-ray diﬀraction patterns of pure CloisiteÕ 25 A clay
and of the nanoﬁlled samples are reported in Figure 1,
while in Table 2 interlamellar distances of the clay
powder (d0) and of the clay in the composites (d),
with the relative intercalation degree (ID) values, are
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summarized. From the diﬀractograms it is evident the
presence of well deﬁned diﬀraction peaks, whose intensity was proportional to the ﬁller content. This means
that the original crystalline order of the clay nanoplatelets was maintained also in the composites. Comparing
the diﬀraction signal of the pure clay with that of the
nanoﬁlled samples, a shift of the characteristic peak
toward lower angles could be detected. The interlamellar distance passed from 1.88 nm of the as-received clay
to about 2.90 nm of the nanocomposites, with a relative
ID of about 55%. Considering that the position of the
diﬀraction signal was not inﬂuenced by the clay loading, it can be concluded that an intercalated structure
has been obtained for all the composites, and that the
intercalation degree was independent from the ﬁller
content. Even if in several papers on PU-based nanocomposites the complete exfoliation of the clay nanoplatelets has been reached,64,65 also the simple
intercalation of the lamellae was frequently reported
in literature.66–70
Even if the complete disruption of the original crystalline order of the nanoclay was not reached, the transparency of the nanocomposites to visible light resulted
satisfactory for coating applications, as documented in
Figure 2. As commonly reported in literature references
on polymer–clay nanocomposites,71,72 the relative
transparency of the nanocomposites slightly decreased
with the clay content, but the optical clarity of the coat
was not seriously compromised even at high ﬁller
loadings.
ESEM images of cryo-fractured surfaces of the pure
PU and of the relative nanocomposites are reported in
Figure 3. The surface of the unﬁlled matrix appeared
ﬂat and uniform, with the presence of some spherical
holes with a mean size of 50 mm, probably due to the
oxime evaporation during the chain extension process.
The introduction of the clay modiﬁed the fracture proﬁle, with an increase of the surface roughness with the
clay concentration. It is generally believed that the surface roughening due to presence of the nanoﬁllers could
be responsible of an enhancement of the material

Table 2. Interlamellar distances and intercalation degree of
pure CloisiteÕ 25 A clay and relative PU-clay nanocomposites
from X-ray diffraction measurements tests

Figure 1. X-Ray diffractograms of pure CloisiteÕ 25 A clay and
relative PU–clay nanocomposites.

Sample

d (nm)

d0 (nm)

ID (%)

25 A
PU-25 A-1
PU-25A-3
PU-25 A-5
PU-25 A-7
PU-25 A-10

–
2.92  0.03
2.94  0.01
2.90  0.01
2.92  0.01
2.92  0.01

1.88  0.02
–
–
–
–
–

–
55.1
56.3
54.1
55.1
55.1
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fracture toughness.73–75 As will be discussed below, the
introduction of clay in these systems led only to a slight
improvement in their tensile properties at break.
Crosslinking degree values of pure PU matrix and of
the relative nanocomposites, evaluated according to
Equation (2), are summarized in Figure 4. While the
unﬁlled sample showed a CD value of 92.6%, the introduction of the clay led to a decrease of the crosslinking
degree of the material. Even if the CD drop was practically negligible up to a clay concentration of 7 wt%, a
more signiﬁcant decrease could be registered for
PU-25 A-10 sample. Even if further investigations
should be necessary to interpret this behavior, a tentative explanation could be provided. According to sample
preparation technique, the nanoﬁller was preliminary
dispersed in the chain extender-crosslinker, because of
its lower viscosity. Therefore, as the clay amount
increased, more and more chain extender-crosslinker
was probably segregated between the interlamellar
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galleries of the clay, where it could be hardly reached
by the more viscous prepolymer. The presence of
unreacted prepolymer and chain extender-crosslinker
could explain lower crosslinking degree values displayed
by highly ﬁlled nanocomposites. A similar explanation
was already proposed in our previous work on PU–clay
nanocomposites.62 In that case, the heavy reduction of
the matrix crosslinking degree displayed by the composites ﬁlled by the most hydrophilic clays (CloisiteÕ 30B)
was ascribed to the strong polymer–ﬁller interfacial
interaction that led to the absorption of high amounts
of chain extender in the intragallery spaces, with detrimental eﬀects on the crosslinking kinetics of the material. Also, Kim et al.76 studying the eﬀect of molecular
weight on the adhesion properties of polyurethane/
lamellar silicate nanocomposites, found that the crosslinking of the PU matrix was reduced by the presence of
CloisiteÕ 30B clay. They hypothesized that the increased
viscosity of the nanoﬁlled systems might be a cause of
this decreased crosslinking degree. The reduced NCO
content of the PU prepolymer induced by the reaction
between the isocyanate group and clay organomodiﬁer
was suggested as another possible cause. The negative
inﬂuence of the nanoﬁller introduction on the crosslinking process can be also found in some papers on other
thermosetting nanocomposite systems. Akbari and
Bagheri,73 investigating the deformation mechanism of
epoxy–clay nanocomposite under compressive and ﬂexural loadings, detected from DSC tests on nanoﬁlled
samples the presence of a glass transition temperature
about 20 C lower than the main transition of the neat
matrix. It was hypothesized that alkylammonium ions
might react with to epoxy monomers prior to the curing
agent addition. During the curing process it was therefore possible that the gelation time was rather short and
the crosslinker molecules did not have enough time to
diﬀuse into clay galleries. Therefore, the occurrence of
the second transition was attributed to the presence of
an epoxy matrix with a lower crosslinking density,
induced by epoxy macromolecules entrapped between
the silicate galleries.

Thermal stability

Figure 2. Optical transparency of neat polyurethane matrix
and PU–clay nanocomposites.

In Figure 5(a) isothermal thermogravimetric traces collected at 250 C for the unﬁlled matrix and for the relative nanocomposites are reported; while in Figure 5(b)
thermal lifetime values associated to a mass loss of
3 wt% (t0.03) are summarized. It could be inferred
that the introduction of the clay had a positive eﬀect
on the thermal stability of the sample, with a general
enhancement of t0.03 values with respect to the unﬁlled
matrix. As an example, for PU-25 A-7 sample an
enhancement of the t0.03 value of 57% was registered.
As reported in literature references,16,18,19,30,42 the

330

Journal of Reinforced Plastics and Composites 30(4)

Figure 3. ESEM images of cryo-fractured surfaces of PU–clay nanocomposites.

capability of clay tactoids to collapse on each other thus
forming a continuous barrier. Increasing the ﬁller
amounts, it is likely that the mean distance between
clay lamellae was considerably reduced, and the formation of a thicker and stronger shield was therefore
favored. For high clay concentrations (10 wt%), the
resistance to thermal degradation started to heavily
decrease, probably because of the strong crosslinking
degree drop detected at elevated ﬁller amounts.

Mechanical behavior

Figure 4. Relative crosslinking degrees of PU–clay nanocomposites from insoluble residue evaluation.

improvement of the degradation resistance could be
probably related to the formation of a char layer in
the material, limiting the diﬀusion of the oxygen
through the sample and thus inhibiting the combustion
process. It is also clear that the ability to form a protective shield against oxygen diﬀusion depends on the

In Figure 6, representative stress–strain curves of PU
and of PU-25 A-7 nanocomposite under quasi-static
and impact conditions are compared, while in Table 3
the most important quasi-static tensile properties are
summarized. Regardless of the testing rate, the tensile
behavior of the tested samples was typical of an elastomeric material in its rubbery state.77 Unlike metals this
stress-strain curve showed no (or considerably limited)
linear portion. Therefore, it would have been not practical to calculate Young’s modulus, intended as the
slope of a straight line drawn tangent to the curve
and passing through the origin. Instead, secant
moduli, evaluated as the stress levels at selected elongations (50% and 100%), were reported.
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Table 3. Quasi-static tensile properties of pure PU and relative
PU-clay nanocomposites (v ¼ 50 mmmin1)

Figure 5. Thermogravimetrical analysis on PU and relative
PU–clay nanocomposites: (a) isothermal thermogravimetric
curves at 250 C, (b) lifetime for 3 wt% mass loss (t0.03).

Figure 6. Representative stress–strain curves of PU samples
(dashed line) and PU-25 A-7 nanocomposite (continuous line) in
tensile mechanical tests under quasi-static and impact conditions.

Sample

E50% (MPa)

E100% (MPa)

 b (MPa)

"b (%)

PU
PU-25 A-1
PU-25 A-3
PU-25 A-5
PU-25 A-7
PU-25 A-10

4.6  0.4
4.9  0.7
5.2  0.4
6.1  0.3
6.7  0.9
6.8  0.4

4.6  0.5
4.9  0.7
5.0  0.3
5.9  0.3
6.1  0.7
5.6  0.3

9.7  1.7
9.3  1.9
8.8  0.5
9.5  1.6
10.1  0.9
9.0  0.8

196  37
180  23
186  18
170  16
180  17
205  12

Figure 7. Secant elastic modulus increase vs. strain level of
PU–clay nanocomposites from quasi-static tensile tests.
PU-25 A-1 (#), PU-25 A-3 (), PU-25 A-5 (~), PU-25 A-7 (!),
PU-25A-10 (¨).

It is evident that the enhancement of the strain rate
typical of the impact mechanical tests produced an
embrittlement of the material, with an increase of the
elastic modulus and of the stress at break, accompanied
by a decrease of the strain at break. Quasi-static tensile
properties at break ( b, "b) were substantially retained
even at high ﬁller contents, while the material stiﬀness
increased with the clay concentration, probably because
of the physical chain blocking mechanism provided by
clay nanoplatelets. Even in this case the best mechanical
performances were displayed by PU-25 A-7 composite,
for which a E50% enhancement of the 45% and a little
increase of the stress at break were detected.
In Figure 7 relative elastic modulus values at diﬀerent strain levels and for various ﬁller loadings is
reported. It is evident that the enhancement of elastic
modulus with respect to the pure matrix was more evident at high clay concentrations and decreased with the
deformation level. The best results were found for
PU-25-10, for which an elastic modulus increase of
70% at a deformation level of 10% was registered.
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Table 4. Tensile impact properties of pure PU and relative
PU–clay nanocomposites (v ¼ 1 ms1)
Sample

E50% (MPa)

E100% (MPa)

 b (MPa)

"b (%)

PU
PU-25 A-1
PU-25 A-3
PU-25 A-5
PU-25 A-7
PU-25 A-10

7.5  0.7
7.3  1.2
9.3  1.5
10.6  1.4
10.4  0.5
13.2  0.7

7.6  0.8
7.9  1.2
9.4  1.1
10.3  0.9
9.8  0.5
11.0  0.8

14.0  1.3
10.9  0.9
13.0  1.9
14.5  1.4
12.1  1.2
12.4  1.3

170  19
132  18
141  35
149  16
126  10
126  17

The dependence of the viscoelastic properties of ﬁlled
rubbers from the strain amplitude, often referred as the
Payne eﬀect,78 has been extensively investigated in the
last decades. The concept of ﬁller networking yielded a
good interpretation of the Payne eﬀect for ﬁlled compounds.79 According to this theory, the 3-D structure
network constructed by ﬁller aggregation might significantly alter the dynamic viscoelastic response of rubbers. The existence of this behavior in its physical
meaning was correlated with the density and strength
of a structure formed by the ﬁller–ﬁller interactions.
Payne80 hypothesized that the dependence of the
moduli with strain was determined by the agglomeration and de-agglomeration of the ﬁller network, that
could be destroyed by the application of a strain of
suﬃcient magnitude, leading to the loss of rigidity. At
large deformation, the diﬀerence between unﬁlled and
ﬁlled rubber was only determined by the contribution
arising from the inclusion of rigid particles.81 Recently,
it was found that the modulus drop at high strain
amplitude for rubber–clay nanocomposites could be
also explained considering the breakdown of ﬁller–
rubber network constructed both by ﬁller–ﬁller interaction and by ﬁller–rubber interaction.82,83 Basing on
experimental techniques at our disposal, it is diﬃcult
to assess if the stiﬀening eﬀect provided by clay nanoplatelets at low strains was due to polymer–ﬁller interaction rather than to ﬁller networking. However, the
presence of nanoclay greatly aﬀected the elastic
response of the prepared composites, and a strong
dependence from the strain amplitude was detected.
The most important tensile impact properties of the
pure PU matrix and of the relative nanocomposites are
summarized in Table 4; while in Figure 8 the values of
the speciﬁc energy adsorbed at diﬀerent strain levels are
collected. According to quasi-static tensile tests, impact
elastic modulus increased with the clay content. As an
example, an E50% enhancement of the 77% with respect
to the pure matrix could be detected for PU-25 A-10
composite. The increase of the elastic modulus at deformation of 50% and 100% was responsible of an
enhancement of the speciﬁc energy values adsorbed at
these strain levels. For instance, speciﬁc tensile energy

Figure 8. Specific energy adsorbed by pure PU and relative
PU–clay nanocomposites in tensile impact tests at different strain
levels. Strain ¼ 50% (#), Strain ¼ 100% (), At break (~).

adsorbed at 50% and of 100% strain from PU-25-10
composite were respectively 82% and 71% higher than
that of the neat matrix. Moreover, from Table 4 it is
also evident that the tensile properties at break were
only marginally reduced with the nanoﬁller addition,
with no clear dependence from the clay content. It
can be therefore concluded that the original tensile
energy adsorbed at break under impact conditions
was practically unaﬀected by nanoclay introduction.

Conclusions
Diﬀerent concentrations of organo-modiﬁed clay were
dispersed in an amine chain extender of a blocked prepolymer, in order to prepare transparent elastomeric
ﬁlms of PU–clay nanocomposites, to be thermomechanically characterized.
Regardless to the ﬁller content, X-ray diﬀraction
analyses evidenced the formation on an intercalated
structure, with an increase of the interlamellar spacing
of the 55%. The good dispersion of the clay nanoplatelets allowed the nanocomposites to maintain the original optical clarity of the matrix at an acceptable level
even at elevated ﬁller concentrations. The crosslinking
degree was considerably reduced at elevated clay concentrations, probably because the strong polymer–ﬁller
interaction negatively aﬀected the cure kinetics of the
resin. Consequently, the relative thermal lifetime of the
nanoﬁlled samples increased up to a clay content of
7 wt%, and then decreased
Elastic modulus was enhanced proportionally to the
nanoclay content both under quasi-static and impact
conditions, while the increase of the surface roughness
with the clay content observed in ESEM images could
explain the slight improvement of the tensile properties
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at break detected for nanoﬁlled samples in quasi-static
tests.
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