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The synthesis of thermoplastic polyurethanes (TPU) from the reaction of a NCO group-containing prepolymer and 0, 1.14,
1.71, and 2.28 wt% of trisilanol isobutyl polyhedral oligomeric silsesquioxane (POSS) was carried out in an instrumented batch
mixer. The samples were characterized by thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), X-ray
diffraction (XRD), and scanning electron microscopy (SEM). SEM analysis shows that the incorporation of POSS promoted
strongly aggregation through physical interactions (formation of POSS-rich domains). Modifications in the TPU microstructure
and the reduction in the crystal size were observed in the XRD diffractograms. The incorporation of POSS equally altered the
TPU crystallization, and samples bearing higher concentrations of POSS formed two distinct types of crystalline structures. The
kinetics of crystallization showed that nucleation strongly depends on the balance between TPU crystal formation and POSS-rich
domains.

1. Introduction

Polyurethanes represent a class of polymers with wide appli-
cations, including the medical, automotive, and industrial
sectors [1]. These materials are an important class of
thermoplastic and thermosetting polymers because of their
mechanical, thermal, and chemical properties, which can
be defined through the proper selection of a huge variety
of materials [2]. The characteristic structural element in
the vast majority of polyurethanes is the urethane group,
based on a polyaddition reaction. The urethane bonds result
from the reaction of an isocyanate (–N=C=O) with an
alcohol (−OH) group [1, 3]. The application of polyurethane
elastomers with thermoplastic features was first described
in the 1950s, and they were first marketed in the 1960s.
Currently, thermoplastic polyurethane (TPU) is one of the
most versatile products within the group of engineered
thermoplastics with elastomeric properties [4].

According to Odian [5], thermoplastic elastomers are
multifunctional polymeric materials that usually present
the processability of thermoplastics and the elasticity of

vulcanised elastomers. However, some aspects of these mate-
rials restrict some of their applications even today because
of the peculiarities of their processing. For example, when
processing TPU by mixing in the molten state, they become
extremely susceptible to thermal degradation and thermoox-
idation in the range of temperatures required for processing
[6].

Polyurethanes are generally characterised by their low-
thermal stability due to the thermally unstable urethane
group. The thermal decomposition of urethane starts at
the range from 150 to 200◦C [7]. Above the temperatures
of thermal stability, the urethane bonds dissociate and
reassociate simultaneously [8]. The degradation caused by
the dissociation of urethane bonds is reversible; however,
since reduction in temperature leads to a recovery of
urethane (reaction between the hydroxyl and the terminal
isocyanate) [9–11], Lu et al. [12] described that the thermal
degradation of polyurethanes in the melt state is inevitable
as a result of the fusion that usually occurs around or
above the temperature for stability of the urethane bonds
(temperatures lower than 250◦C). As a result of the process
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of dissociation and reassociation of urethane, the molecular
weight can change. Therefore, heat treatment of thermoplas-
tic polyurethane above a critical temperature, particularly
under experimental conditions or during processing in the
molten state, can significantly change the viscosity, the crys-
tallization behaviour, and even the mechanical properties
of the resulting liquid [8]. Fortunately, with the rise of
nanotechnology as one of the most promising fields in the
development and modification of polymeric materials, many
materials previously found to be too difficult to process can
be revisited.

Polyhedral oligomeric silsesquioxane (POSS) molecules
are structurally well defined as a three-dimensional cage [13,
14]. These compounds bear a silicon-containing inorganic
core surrounded by organic groups. The typical size of the
POSS cages is approximately 1.5 nm. Because of its hybrid
nature and nanometric size, POSS are promising materials
for nanocomposites [13–16]. The incorporation of POSS
cages into the main chain of polymers can result in drastic
changes in their properties, including increased process-
ing temperature, oxidation resistance, surface hardness,
improved mechanical properties, and reduced flammability
and heat release. These improvements have been observed
for a large number of thermoplastic polymers and some
thermosetting polymers [13]. Aiming to improve the thermal
stability of TPU in the range from 150 to 200◦C [7]
associated with the crystallization process, in situ addition
of the trisilanol isobutyl polyhedral oligomer silsesquioxane
(POSS) into the synthesis of thermoplastic polyurethane was
achieved through a torque rheometer. Measurements were
then carried out to evaluate the changes in thermal and
morphological properties generated in the crystal structure
of these nanocomposites.

2. Materials

The materials used in this study were Urecon 185 prepolymer
(18% free NCO Coim), 1,4-butanediol (BDO, MCassab),
and polyhedral oligomer trisilanol isobutyl silsesquioxane
(POSS) (POSS, Hybrid Plastics). These materials were used
as received. The chemical structures of the materials are
illustrated in Figure 1.

3. Methods

3.1. Synthesis in Torque Rheometer. The syntheses were
performed in an instrumented torque rheometer using roller
type rotors counter-rotating at 90 rpm and at a temperature
of 70◦C for 60 minutes. The total volume of the rheometer
chamber is 75 cm−3, the total mass of each mixture being
50 g. The stoichiometry was calculated on the basis of
the equivalents of isocyanate (NCO) and hydroxyl (OH)
groups for the prepolymer and BDO, respectively (molar
ratio NCO/OH = 1/1). A rate of 98% reacted NCO was
maintained throughout the syntheses. Amounts of 1.14,
1.71, and 2.28 wt% of POSS were added in situ to the TPU
synthesis reaction. The polymers were removed from the
rheometer as solids and postcured at 90◦C for 24 hours.

3.2. Thermogravimetric Analysis (TGA). The TGA analysis
(TGA50-Shimdzu) was performed under an N2 atmosphere
(50 mL·min−1) using approximately 20 mg of each sample.
The analysis was performed at a heating rate of 10◦C·min−1

from 25 to 730◦C.

3.3. Differential Scanning Calorimetry (DSC). The DSC
analysis (DSC 50-Shimadzu) was performed under a N2

atmosphere (50 mL·min−1) using approximately 10 mg of
each sample. Samples were initially heated from ambient
temperature to 250◦C at a heating rate of 10◦C·min−1,
cooling until the temperature of −80◦C and then heated
again at a rate of 10◦C·min−1 to 250◦C.

3.4. X-Ray Diffraction (XRD). X-ray diffractograms were
collected using a sample holder mounted on a Shimadzu
diffractometer (XRD-6000) with monochromatic CuKα
radiation (λ = 0.15418 nm) and the generator working at
40 kV and 30 mA. Intensities were measured in the range
of 3 < 2θ < 35◦, typically with scan steps of 0.05◦ and 2
s/step (1.5◦ min−1). Peak separations were carried out using
Gaussian deconvolution. The determination coefficients (r2)
were close to unity (0.9982 and 0.9991). The d spacings
were calculated using the Bragg equation [17, 18], and
the crystallite sizes (L) were calculated using the Scherrer
equation [17, 18].

3.5. Scanning Electron Microscopy (SEM). Scanning electron
microscopy (SEM) was carried out using a Superscan S-
550 instrument with a secondary electron detector and an
acceleration voltage of 15.0 kW. The scanning was carried out
at a magnification of 200× (50 μm) and 1200× (10 μm). The
samples were previously covered with gold.

3.6. The Avrami Method. Throughout the decades, several
kinetic models were developed to quantify the kinetic param-
eters involved in solid state reactions. For example, the orig-
inal derivation performed by Avrami [19–21] was simplified
by Meares [22] and Hay [23]. Equation (1) represents the
original derivation Avrami used for isothermal experiments.
Equation (2) presents the double logarithm used to obtain
the kinetic parameters proposed by Avrami:

α(t) = 1− e−kt
n
, (1)

ln[− ln(1− α(t))] = ln k + n ln t, (2)

where k is the Avrami constant dependent on the rate of
nucleation or crystal growth and n is the Avrami exponent
dependent on the dimensional process.

Taking into account the influence of the rate of heat-
ing/cooling on nonisothermal crystallization on the parame-
ter k, Jeziorny [24] proposed the following relation using the
Avrami equation:

ln k′ =
(

ln k

φ

)
, (3)
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Figure 1: Chemical structures used for obtaining the nanocomposites studied.

where φ is the heating rate in ◦C·min−1. Through the analysis
of Jeziorny, in this case α is a function of temperature (α(T)).
Therefore, the constant k′ was corrected as a function of φ.

4. Results and Discussion

4.1. Morphologic Characteristics. Figure 2 shows images ob-
tained by cryogenic fracture in scanning electron microscopy
(SEM) at ×200 and ×1200 related to images I and II, respec-
tively. The images (a), (b), (c) and (d) correspond to 0, 1.14,
1.71 and 2.28 wt% of POSS, respectively. The morphology of
the TPU presents detachment regions at interfacial fractures
[25]. The incorporation of POSS nanocages (images Ib,
Ic and Id) changed the morphology and showed more
detachment regions than those observed for pure TPU. This
modification in the microstructure was more evident by
observing images IIa, IIb, IIc and IId. The POSS incorporated
in situ in the TPU reaction was dispersed as clusters with
diameters from 1 to 3 μm throughout the TPU microstruc-
ture.

This dispersion occurred because POSS has a strong
aggregation effect through physical interactions [26]. This
strong aggregation effect may be due to the silicon and oxy-
gen cage being hydrophobic, as well as the isobutyl branches
having poor chemical interactions with the TPU, which
is hydrophilic in character. In this way, the only face of
the nanocages interacting with the matrix would be the
hydroxyls on the open face of the POSS cage (Figure 1).

4.2. X-Ray Diffraction (XRD). Three diffraction peaks in the
range 2θ = 18 − 23◦ can be noted in Figure 3. These diffrac-
tion peaks with interplanar spacing (d-spacing) of 0.463,
0.413, and 0.379 nm were related to the lateral distances in
the contours (interfaces) of the hard crystallised segments
[27, 28]. These diffraction peaks were superimposed on
the amorphous halo (Figure 3(b)) for the dispersion of
TPU chains with regular interplanar spacing [29]. The hard
segments of the crystal were related to various hydrogen
bonds between urethane groups [30].

In the range of reflection of 2θ ≈ 11◦, the diffraction
peaks corresponding to a d-spacing of 0.851 nm were asso-
ciated with the reflections reminiscent of the plan (001) and
related to the perpendicular region of the lamellar surface
[28]. The presence of POSS was confirmed in the scanning
range of 2θ = 7 − 8◦ with d-spacing of 1.2 and 1.1 nm for
peak V and VI, respectively [31]. Through the calculation of
the crystallite size by the Scherrer equation [17, 18], it was
possible to evaluate the influence of POSS domains in the
crystalline structure of the TPU. The determination of the
crystal size is detailed in Table 1.

The diffraction peaks of V and VI were associated with
the microphase separation of the crystalline structure of
POSS [31]. The incorporation of POSS reduced both the
crystallite size (LI) of the region perpendicular to the lamellar
surface [28] and LII. For the sizes LIII and LIV, there was
no clear tendency related to the incorporation of POSS, but
all POSS-containing samples showed reduced LIV compared
with pure TPU. As the sizes of crystals in the region
between 2θ = 18 − 23◦ were related to the formation of
spherulites [32], the reduction in size of the crystals and the
perpendicular region to the lamellar surface showed that the
presence of POSS microdomains promoted modifications in
crystal formation. Moreover, the larger the amount of POSS
incorporated, the smaller the size of the POSS crystalline
domains (LV and LVI in Table 1) and, consequently, the
smaller the crystalline domains formed between the TPU
hard segments (LI and LII in Table 1).

4.3. Crystallization Behavior by the Avrami Method. Consid-
ering the effects of the incorporation of POSS in the crystal
structure of the TPU, it was possible to verify through the
crystallization thermograms in Figure 4 that the addition of
1.14 wt% of POSS increased the TPU crystallization temper-
ature.

This observation suggests that the crystallization was
negatively impacted by nucleation through the POSS micro-
domains (Figure 2). The samples containing 1.71 and
2.28 wt% of POSS had even a higher range of crystallization
temperature than the sample containing 1.14 wt% and
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Figure 2: (a), (b), (c), and (d) morphological images obtained by scanning electron microscopy (SEM) for TPU and the TPU/POSS systems
studied corresponding to 0, 1.14, 1.71, and 2.28 wt% of POSS at magnifications of ×200 and ×1200 for I and II, respectively.
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showed a double crystallization peak that indicated the
formation of two distinct types of crystalline structures.

The sample containing 1.14 wt% did not cause the same
effect probably due to the fact that the amount of POSS seen

Table 1: Crystallite sizes obtained by the Sherrer equation for the
diffraction peaks studied.

Sample LI (nm) LII (nm) LIII (nm) LIV(nm) LV (nm) LVI (nm)

TPU 148.27 21.07 123.42 96.24 — —

1.14% 30.37 20.49 127.79 60.78 54.49 162.35

1.71% 21.24 18.31 94.04 53.79 68.44 126.11

2.28% 16.73 17.27 135.38 58.57 22.99 107.85

in the SEM analysis (Figure 2) is not sufficient to modify the
crystallization.

The Avrami method was used to determine the kinetic
parameters of crystallization at a heating rate of 10◦C·min−1.
By integrating the exothermic crystallization peaks observed
in Figure 4 it was possible to determine the conversion for
the samples studied using the following relationship:

α = 1
ΔHc

∫ t

0

d(ΔHt)
dt

dt, (4)

where α is the fraction converted at time t, ΔHc is the total
heat involved in the process of crystallization, and ΔHt is the
heat generated at each time instant (t) [33, 34].

The conversion (α) curves in Figure 5 represent the evo-
lution of the crystallization process, and as observed in the
DSC thermograms, it was noted that the samples containing
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Figure 4: Crystallization thermograms obtained at a cooling rate
of 10◦C·min−1 after removal of the thermal history carried out at a
heating rate of 10◦C·min−1 from −50 to 240◦C.

1.71 and 2.28 wt% of POSS presented two velocity crystal-
lization gradients. These two ranges of crystallization will
be discussed as the first and second stages of crystallization
in these samples. With the determination of α and making
use of (2), Figure 6 representing the adjustment made to the
Avrami equation was obtained [19–21].

According to Liu et al. [35], the Avrami equation
represents only the initial polymer crystallization growth
steps. The spherulites grew outward with a constant radial
growth rate until a shock occurred as a result of the end of
growth at the intersection of the crystals. Thus, the region
for obtaining kinetic parameters related to the linear fit was
determined at the more linear region in Figure 6. Table 2
presents the results obtained from DSC thermograms and
the Avrami model. The degree of crystallinity calculated from
the DSC analysis was determined by considering the enthalpy
of crystallization of a 100% crystalline material (H100% =
196.8 J·g−1) [34].

From the results depicted in Table 2 it was possible to
observe a crystallization shift to higher temperatures for the
sample containing 1.14 wt% of POSS. Moreover, the samples
containing 1.71 and 2.28 wt% presented decreased enthalpy
and degree of crystallinity, respectively. The reduction in
ΔHc and degree of crystallinity (% Cryst.) in the samples
containing 1.71 and 2.28 wt% were associated with higher
dispersion of the POSS compared with the sample containing
1.14 wt%. The 1.14 wt% sample had higher ΔHc. This
probably occurs because at this POSS content, the effect of
spatial restriction at crystal interfaces is reduced. This would
explain the increase in the crystallization temperature and
crystallinity degree. It was also observed (LVI in Table 1)
that the incorporation of a higher nanocage content pro-
motes a reduction in the POSS microphase sizes. The pres-
ence of POSS microdomains favoured the interaction of rigid
segments with the POSS nanocages through the effect of
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space hindrance at the interface of crystal growth as com-
pared with pure TPU. This observation was supported by a
double crystallization peak, which suggests that these sam-
ples were undergoing distinct nucleation and crystal growth
phenomena.

The value of the rate constant (k′), corroborated with
the results observed in the crystallization thermograms. With
the increase in POSS content, the constant velocity of crystal
growth and the half-life (t1/2; i.e., the time required for 50%
of the crystallization to occur) for the first crystallization
stage decreased. The half-life reduction could be associated
with the fact that smaller crystals were forming in the
presence of POSS; thus, even with reduced k′ the lowest
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Table 2: DSC and kinetic crystallisation parameters for the Avrami method obtained at a heating rate of 10◦C·min−1.

Sample Tc (◦C) ΔHc (J·g−1) % Cryst. k′ (min−1) t1/2 (min) n r

TPU 138.54 24.02 12.21 16.18 0.32 2.77895 0.9986

1.14 wt.% 150.84 28.36 14.41 13.18 0.26 2.15848 0.9988

1.71 wt.% 140.2 and 115.9 19.68 10.00 13.88 and 16.00 0.26 and 0.33 2.21 and 2.83 0.9975

2.28 wt.% 140.8 and 117.9 18.82 9.56 13.62 and 18.77 0.25 and 0.39 2.16 and 3.50 0.9992

values of t1/2 were principally dependent on the size of the
crystalline domains and the type of crystal formed. The
Avrami exponent (n) values were found to be n ≈ 3 for
pure TPU. The effect on the crystallization here described
by the Avrami method would be that crystallization is
controlled by three-dimensional diffusion in the form of
spheres (spherulites) [22], characteristic of the type of
crystals formed in the TPU crystallization [24, 32].

Begenir et al. [36], studying the crystallization behaviour
of polyurethane elastomeric copolymers and polyether-b-
amide, observed that the crystallization occurred in three
dimensions from precores of hard segments due to regions
of microphase separation (crystalline and amorphous). The
authors also described that crystallization occurred through
the association of hard segments by hydrogen bonding
between urethane groups. Table 2 shows that by adding
POSS (considering only the first stage of crystallization of
the samples containing 1.71 and 2.28 wt%), the Avrami
exponent values found were n ≈ 2. The exponent n tending
to 2 indicates that the crystallization could occur sporadically
as two-dimensional discs [22]. This change in the values
of n is in agreement with the reduction in crystal sizes LI

and LII in Table 1. Then, for the second crystallization stage
observed for samples containing 1.71 and 2.28 wt% of POSS,
the values of k′, t1/2, and n were similar to those of pure
TPU. The values of k′, t1/2 in the second crystallization stage
(for 1.71 and 2.28 wt% of POSS) demonstrate as seen earlier
the formation of radial spherulites. The sample containing
1.14 wt% of POSS showed only one value of n ≈ 2, and
the formation of disks could increase crystal packing. This
assumption would explain why higher values were observed
for %Cryst. and ΔHc for the sample containing 1.14 wt% of
POSS.

Figure 7 illustrates the crystallization behaviour related
to the results shown in Table 2. For the exponent n ≈ 3
(pure TPU), the dimensional processes demonstrated that
crystal growth occurred radially along with the formation
of small cores until the formation of well-defined crystals.
The spherulites were composed of lamellar structures, which
grow out radially. The individual chains were folded back
and tangentially to the spherical surface of the growing
spherulites [37]. However, at 1.14 wt% of POSS, the Avrami
exponent tended to n ≈ 2. This result shows that POSS
impeded the radial crystal growth, thus making crystals ori-
ented in at least one dimension of the plane. This behaviour
corroborated the reduction in LI displayed in Table 1.

According to Sperling [38], the crystal growth rate in
the radial direction is constant until spherulites are formed.
However, impurities, such as atactic components, can be-
come a hindrance at the interlayer region. According to

Zheng et al. [39], POSS tends to crystallise in two-dimen-
sional lamellar structures. Although lamellar structures are
found in low amounts of POSS, the plates became more
organised for increased amounts of POSS. Strachota et al.
[26] described the POSS undergoing strong aggregation
due to physical interactions. As the nanocages interact
strongly with each other [26] and tend to crystallise in two
dimensions to form lamellar structures [39], it was possible
to rationalize why the Avrami exponent tended to n ≈ 2 for
the TPU crystallization in the presence of POSS.

For the samples containing 1.71 and 2.28 wt% of POSS,
two stages of crystallization were observed (Figure 7). The
first crystallization stage was typical of disk formation with
n ≈ 2 due to the effect of nucleation on POSS, which acted
as a system impurity. In the second crystallization stage, the
change in the Avrami exponent (n) from 2 to 3 suggests that
after the formation of crystals in the form of discs, spherulites
formed.

This second stage was possibly related to the dispersion of
the nanocages and the POSS crystalline domains reduction
in size as determined by XRD. Moreover, since both the ΔHc

and the percentage of crystallinity (%Cryst.) suggested the
formation of smaller crystals, the higher heterogeneity in the
formation of the two crystalline phases was ascertained.

5. Conclusions

The influence of isobutyl trisilanol POSS on the crystalline
structure of thermoplastic polyurethane was studied. POSS
was added to replace the percentage mass of 1.4 butanediol
in the in situ synthesis reaction by a torque rheometer.

The incorporation of POSS showed that clusters along
the TPU microstructure occurred as a result of a strong ag-
gregation effect through physical interactions between the
nanocages.

The POSS reduced crystallite sizes were associated with
spherulites formation at the crystallographic plane LI and at
the interlayer region of the crystals LII. Increased POSS per-
centages also entrained diminished microdomains (LVI) size.

The crystallization temperature was increased for the
1.14 wt% of POSS sample. However, for 1.71 and 2.28 wt% of
POSS in the system, a double crystallization peak was noted,
indicating the formation of two distinct types of crystalline
structures. The adverse behaviour observed for the sample
containing 1.14 wt% of POSS was associated to the low level
of the nanocages incorporation. The double crystallization
peak for the 1.71 and 2.28 wt% of POSS samples occurs
probably because of the reduction in crystal size at the LI

and LII planes in XRD analysis and by the spatial hindrance
caused at the crystal interface.



Journal of Nanomaterials 7

Chain segments of the TPU in molten state

Soft
segments

First stage

Crystallization

Hard
segments

TPU

+

+

10 wt% of POSS

First stage

Crystallization

First stage

Crystallization

15 wt% of POSS
and

20  wt% of POSS

Second stage

Crystallization

TPU

Spherulites
n = 3

Discs
n = 2

Discs
n = 2

Spherulites
n = 3

Figure 7: Schematics for the TPU and the nanocomposites nucleation and crystal growth phenomena.

The rate of crystal growth and the reduction in half-lives
with increasing POSS content in the first crystallization stage
was likely associated with the formation of smaller crystals in
the presence of POSS. In the presence of POSS, crystallization
occurs as two-dimensional discs, forming lamellar struc-
tures. The samples containing 1.71 and 2.28 wt% of POSS
showed two crystallization stages, forming disks at first and
then moving to spherulites. These results suggest that even
the formation of clusters upon POSS incorporation showed
a strong influence on the crystal nucleation and growth
mechanism and these modifications should be considered for
future applications of this type of nanoparticles.
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