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ARTICLE INFO ABSTRACT
Keywords: Thermoplastic polyurethane (TPU) doped with multi-walled carbon nanotubes (MWCNTSs) at 1, 3,
Nanomaterial-reinforced polymer films 5, and 7 wt% has been studied. The effect of MWCNTSs on thermal, viscoelastic, and electric

Viscoelastic properties

properties in the TPU matrix was characterized by differential scanning calorimetry (DSC), dy-
Electrical properties

namic mechanical analysis (DMA), and by impedance spectroscopy. The results show that the
thermal, electrical, and viscoelastic properties, such as the glass transition temperature, shifted
towards high temperatures. The melting temperature decreased, and the conductivity and the
storage modulus increased by 61.5 % and 58.3 %. The previously observed behavior on the films
is due to the increase in the mass percentage of carbon nanotubes (CNTs) in the TPU matrix. Also,
it can be said that the CNTs were homogeneously dispersed in the TPU matrix, preventing the
movement of the polymer chains, and generating channels or connections that increase the
conductivity and improve the thermal properties of the material.

1. Introduction

Nanoreinforced materials have emerged as an alternative to solve various problems within the science of composite materials. It is
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Table 1
Geometric parameters: thickness, width, and length for TPU films with 1, 3, 5, 7 % wt MWCNTs.
Parameters TPU/MWCNTs sample
1% wt 3 % wt 5% wt 7 % wt
Length (mm) 40.23 + 0.10 40.14 + 0.10 39.53 £ 0.10 40.31 £ 0.10
Width (mm) 5.98 £ 0.10 5.88 £ 0.04 5.63 £ 0.10 5.78 £ 0.10
Thickness (mm) 1.61 + 0.01 1.74 + 0.02 1.79 + 0.01 1.87 £ 0.01

common to use synthetic and natural fibers in combination with polymeric matrices, aiming to improve some properties by nano-
reinforcing the fibers to the polymer [1-3]. Now, a compatible mixture based on elastomers such as TPU is common for developing
new materials in different applications such as energy storage, automotive components, environmental solutions, medical devices,
among others [4]. Some examples are Wung et al. [5] who studied the effect of PVC on the morphology of the mixture with segmented
TPU. Here, PVC was shown to be miscible in the TPU matrix [4]. But previously, Laukaitiené et al. [6] reported that increasing the TPU
matrix’s PVC content increases the degree of dissolution of the soft and rigid segments in the TPU matrix. On the other hand, Jeong
et al. [7] found that the increase in PVC volume decreases the hysteresis in the repeated cyclic test.

Therefore, research is being carried out on the use of nanofillers such as carbon nanotubes, nanoclays, graphene nanostructures,
nanofillers, among others, to improve the properties of miscible mixtures [4,8,9]. These nanostructures improve the mechanical
properties and stiffness of new composite materials but also serve as fixed structures that improve the material electrical and shape
memory behaviours [10]. However, the current challenges are to obtain polymeric matrices with an adequate dispersion of nano-
particles that allow overcoming limitations during applications that require super thin homogeneous properties on the surface or
volume of the material. One of the nano-reinforcements with many publications are multi-walled carbon nanotubes (MWCNTs) which,
due to their characteristics (such as low density, excellent mechanical strength, thermal stability, and high thermal and electrical
conductivity), allow the improvement of morphological, structural, and electrical properties of polymer-based composite materials
such as TPU. However, the potential use of carbon nanotubes as reinforcing agents in polymer nanocomposites can only be achieved
when their optimal dispersion in the matrix is ensured [11]. But this optimal dispersion is not easy to achieve in viscous polymeric
matrices due to the intrinsic nature of CNTs, where there are always interlocked or agglomerated carbon structures due to the van de
Waals intermolecular interactions. Therefore, previous works have reported that chemical modifications to carbon nanotubes are
required to improve dispersion and adhesion within the polymer matrix [11].

Based on the above considerations, the objective of this research is to investigate the influence and reinforcement of the content of
carbon nanotubes (at 1 %, 3 %, 5 % and 7 % by weight) in the polymeric structure of thermoplastic polyurethane (TPU) films provided
by the Technological Institute of Plastics - AIMPLAST of Spain. The purpose is to study the thermal, mechanical, and electrical
properties of the resulting films.

2. Materials and methods
2.1. Materials

For the construction of the TPU Films, it was used as received for this study. Carbon nanotubes were purchased from NANOCYL®,
Belgium. The MWCNTs have a mean length of 1.5 pm, a mean diameter of 9.5 nm, and a carbon purity of 90 %. The electrical and
mechanical characterization of the nanocomposite material is presented in our previous work reported in Ref. [12].

2.2. Preparation of TPU/MWCNTs nanocomposite films

TPU Pellets and TPU/MWCNTSs nanocomposite Pellets with 1, 3, 5, 7 at wt% of MWCNTs were processed by compression molding
in a hot plate press LabPro400 Fontijne Press (Netherlands) with stainless steel frames with 200 pm. The process parameters used were
10 kN compression force for 5 min at 200 °C.

2.3. Characterizations
Several analytical, mechanical, and electrical methods are described to characterize the films composed of TPU/MWCNTs.

2.3.1. DSC studies

Differential Scanning Calorimeter (DSC), model TA Instruments Q100 was used to measure the enthalpies and temperatures of the
various thermal events of the different TPU/MWCNTs nanocomposite plate samples when they are thermally treated. Each sample was
first subjected to a thermal cycle from 20 to 180 °C; then two cycles of heating and cooling from 180 to —80 °C (the last heating cycle
was up to 300 °C) at a rate of 8 °C/min to remove the absorbed water. All heating and cooling runs were evaluated under 50 ml/min
nitrogen gas flow.

2.3.2. Dynamic mechanical analysis
The viscoelastic behavior of the TPU/MWCNTs films was carried out in a DMA RSA-G2 (Texas Instruments, Dallas, TX, USA)
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Fig. 1. DSC thermograms of TPU/(1, 3, 5, 7 % wt) MWCNTs.
equipped with an air chiller unit ACS-3. To identify the studied materials, the following test modes were performed.

2.3.2.1. Strain sweep tests. To identify the linear viscoelastic region, strain sweeps were performed using a tension geometry. The tests
were performed at temperatures of —50 and 80 °C, with a frequency of 1 Hz and a range of strains from 0.001 % to 1 %. Table 1 shows
the width, length, and thickness values used in the samples analyzed in the tests for the loss and storage modulus as a function of
temperature for samples 1, 3, 5, 7 % wt. MWCNTs.

2.3.2.2. Temperature ramp tests. The temperature ramp tests were performed between —80 °C and 150 °C, at 1 Hz, 5 °C/min, and 0.15
% strain (taken from the linear viscoelastic domain of the plot E' vs. strain obtained in the strain sweep tests). The effect of carbon
nanotubes loading in storage modulus (E"), and Tan(delta) (loss factor) values were recorded.

2.3.3. Impedance spectroscopy studies

The electrical properties of the films were characterized using a Wayne Kerr 6420 impedance analyzer with an excitation signal of
100 mV, which measured impedance data in the frequency range of 20Hz to 500 kHz. The films were measured using a two-electrode
configuration, with gold as electrodes. To estimate the relevant electrical parameters of the films, an equivalent circuit model inspired
by Ref. [12] was employed. This model provides the resistance (R) associated with each conduction mechanism. By employing the
equation 6 = d/AR (d and A represent the thickness and area of the films, respectively), the conductivities of each conduction
mechanism were calculated.

3. Results and discussion
3.1. The thermal properties

3.1.1. Glass transition temperature, melting temperature, hard segments, and soft segments

Fig. 1 shows the DSC scan for samples with 1, 3, 5, and 7 % by weight of MWCNTs during both heating (a trend with a red arrow)
and cooling (a trend with a blue arrow) processes. In the heating scan, the curve exhibits the typical melting temperature associated
with the TPU matrix [3,13,14]. In the region close to —28 °C, a broad exothermic peak is observed, which can be attributed to the
crystallization temperature (T.) of the soft segments of the TPU [3,15,16]; in samples containing 1 %, 3 %, 5 %, and 7 % wt. MWCNTs.
Meanwhile, Ty is not displayed clearly on the thermogram.

In addition to the low-temperatures, all samples exhibited three endothermic transitions. The first transition (T, (SS)) occurred
between approximately —3 °C and 26 °C and is associated with the melting temperature of soft segments (SS). The second transition
(T (SS/HS)) occurred around 47 °C and is linked to the interactions between the soft and hard segments (HS). Particularly, the
disorder of hard segments not ideally packed in the interfacial region between the soft and hard phases [17]. The third transition
(T (HS)) took place at approximately 80 °C and corresponds to the melting temperatures associated with the short-range and
long-range ordering of the hard segments [18,19].

Lastly, in the cooling scan for temperature values above —1 °C, three exothermic bands are observed; each of these bands is
associated with a recrystallization temperature (T,) which is strongly linked with the endothermic bands studied previously [20]. In
addition, the exothermic band found around —34 °C could be related to the recrystallization of the soft segments [21,22].

3.1.2. Enthalpies and characteristic peaks for DCS sweeps
Fig. 2 shows the enthalpies associated with the bands observed in the DCS of TPU films with different concentrations of carbon
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Fig. 2. Enthalpy as a Function of Multi-Walled Carbon Nanotubes concentration in TPU Films.

Table 2
Temperature data, Tonser (for calculated areas), calculated enthalpy. The above information is for heating and cooling in DSC experiments for TPU/
MWCNTs film samples.

TPU/MWCNTs films —80 °C-180 °C (Heating) 180 °C to —80 °C (Cooling)
Tpeak (°C) Tonset (°C) Enthalpy (J/g) Tpear (°C) Tonset (°C) Enthalpy (J/g)
1 % wt —22.40 —33.41 10.761 —36.81 —41.50 1.341
2.70 0.72 1.36] 2.480 0.60 4.58]
15.40 8.71 51.31} 6.63 8.70 5.831
48.10 44.33 3.50] 23.00 18.70 6.77|
- - 5.10 45.90 43.41 1.631
3% wt —26.70 —39.22 295.001 —30.43 —39.40 24.891
-1.14 —4.80 0.17] 2.50 0.47 3.85)
17.32 5.80 305.301 8.50 6.42 3.861
47.50 45.32 4.80] 23.50 19.20 5.68]
- - - 49.00 43.70 7.591
5 % wt —21.00 —34.60 115.311 —38.84 —33.30 1.95¢
-1.35 1.53 0.23] 2.47 0.79 4.51)
15.53 1.59 203.40| 8.80 6.60 5.681
44.30 46.90 56.521 23.31 19.21 6.00]
- - - 49.12 44.20 7.251
7 % wt —27.50 —37.70 113.901 —36.90 —24.13 1.341
-3.02 -3.11 0.351 0.26 3.10 66.21
6.90 5.51 2.19] 6.51 8.93 5.14]
18.80 8.10 251.32] 18.43 23.20 6.551
46.30 52.23 54.331 43.90 50.70 7.92)
—22.40 —-33.40 10.761 —36.80 —41.52 3.851

Note: The enthalpy values with the arrow pointing up correspond to enthalpy for exothermic behaviors (1), and the values with arrows pointing down
correspond to endothermic enthalpies (|).

nanotubes. The enthalpy associated with the temperature of —24 + 4 °C (soft segments) exhibited an increase in the percentage of
carbon nanotubes for samples with 1 %, 5 %, and 7 % wt. In contrast, the enthalpy linked to the temperature of 48 °C + 4 °C (hard
segments) remained nearly constant. However, the sample with 3 % wt showed an irregularity, as its enthalpy values at both —24 °C
and 48 °C were significantly higher than those presented by the sample with 7 wt % [1-3]. Regarding the enthalpy associated with the
melting temperature of the soft segments, around 14 °C, we observed values of 120.96 J/g for TPU-1%, 352.75 J/g for TPU-3%,
417.82 J/g for TPU-5%, and 456.25 J/g for TPU-7%. The noteworthy increase in the enthalpy of fusion can be attributed to the
restrictive effect of MWCNTSs on the TPU matrix [23]. A comparison between thermoplastic polyurethane incorporated with graphene
oxide and thermally reduced graphene oxide suggests that reduction is not always necessary [5,23-26].

Table 2 show the thermal characteristics and enthalpic changes associated with TPU films at different carbon nanotube concen-
trations, providing valuable information for further research and development in the field of polymer composites. The obtained
temperature data revealed distinct melting peaks during the heating cycle for all TPU/MWCNTs film compositions [24,26-29]. As the
concentration of MWCNTs increased, the Tpeax values generally shifted towards higher temperatures, indicating a modified thermal
behavior. The Topset Values also showed variations, suggesting changes in the onset of the melting process. The enthalpy changes
provided valuable insights into the energy absorbed or released during the phase transitions. For the heating cycle, the enthalpy values
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Fig. 4. Storage modulus curves of TPU/MWCNTs.

exhibited both upward and downward trends. The positive enthalpies (1) indicated exothermic behaviors associated with energy
release, while the negative enthalpies (|) represented endothermic processes with energy absorption. These observations highlight the
influence of MWCNTSs on the energy storage/release capabilities of the TPU films [30-33].

During the cooling cycle, similar trends were observed in the enthalpy values. The positive enthalpies (1) indicated exothermic
cooling behavior, while the negative enthalpies (}) indicated endothermic cooling processes. These results further emphasized the
impact of MWCNTs on the thermal behavior of the TPU films during cooling.

Enthalpy, a thermodynamic property, is an essential parameter that reveals the energy changes associated with phase transitions or
reactions occurring within the TPU/CNT films. In this context, Table 2 provides valuable insights into the enthalpies exhibited by the
TPU films at various concentrations of carbon nanotubes. Moreover, the characteristic peaks observed during the heating and cooling
cycles allow for the identification of exothermic or endothermic transitions.

3.2. Viscoelastic behavior of TPU/MWCNTs films

3.2.1. Strain sweeps

The behavior of the storage modulus as a function of strain percentage at —50 °C and 80 °C is presented in Fig. 3. The results
demonstrate that the values of the storage modulus decrease as temperature increases and increase with the content of MWCNTSs. This
is due to the softening effect of the TPU matrix at higher temperatures and the stiffening effect of the MWCNTSs. A linear viscoelastic
region is observed up to 0.2 % strain for all films within the studied temperature range. A strain of 0.15 % was selected for temperature
sweeps.
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Fig. 5. Tan(delta) curves of TPU/MWCNTs films.

Table 3
Glass transition temperature (Tg) and melting temperature (Ty,) of the TPU/MWCNTs films.
TPU/MWCNTs films (wt%) Ty band T band
Temperature range (°C) Maximum peak Temperature range (°C) Maximum peak
Ty (°C) Tm (°C)
1.0 —77-23 —58 23-53 42
3.0 —77-15 -57 16-54 37
5.0 —-77-14 —52 14-54 34
7.0 —77-14 -34 14-66 33

3.2.2. Temperature sweeps

The curves in Fig. 4 show the elastic responses to deformation called storage modulus as a function of temperature. The storage
modulus improves with MWCNTSs content for all the films, but the most significant change is seen for the 5 % and 7 % wt. film; This
change indicates that the carbon nanofillers have a strong effect on the elastic properties of the TPU matrix due to the restricted
movement of the TPU chains. This increase in storage modulus could be attributed to a strong interfacial interaction between the
MWCNTs and the TPU matrix [34].

Another crucial aspect to highlight in the observed response is the distinction of four temperature regions. The first region is below
—48 °C, followed by the second one between —48 °C and —20 °C. The third region spans from —20 °C to 20 °C, and finally, the fourth
region is above 20 °C. Within the first three regions, a notable shift in the storage modulus is observed. In the first and third regions, a
strong loss of the storage modulus is observed, associated with the glass transition temperature and the melting temperature mentioned
above. However, in the second region, the storage modulus increases, reaching a maximum of about —20 °C. The literature reported
that the Ty value for Sui, Guopeng, was around —32 °C. In the case of Ehteramian, Maryam, they found Tg at —23.8 °C [4], and for
Rostami, Amir, and Mehdi I. Moosavi they reported it at —27.6 °C [9]. There is a similarity in the literature with region 2, with which it
can be assumed that there is a T, for the soft segments. But, in the case of the Tan(delta) response, it is overlapped with the band whose
maximum intensity is around —57 °C.

Fig. 5 shows Tan(delta) plots with two representative bands, which are reproduced in all the films but with variation in the
maximum temperature peak and the average width in each band. The first band observed can be associated with the value of the glass
transition temperature of the TPU matrix, and the second band could be associated with the melting temperature of the interaction
between the hard and soft segments, Ty,(SD/HD), of the TPU matrix previously describe in DSC analysis [4,9,35].

Table 3 shows the temperature ranges and the maximum intensity peak for the bands associated with Tg and Ty,. The maximum
value associated with the T; band of the samples 1, 3, 5, and 7 wt% changes to higher temperature values when the percentage of
nanotubes increases, this temperature change would indicate that the MWCNTs were adequately dispersed in the TPU matrix, and the
TPU/MWCNTs matrix interaction would hinder the movement of the polymeric chains [36].

The decrease in the intensity of the T band as the percentage of MWCNTs increases is related to the internal friction between the
different elements that make up the system (matrix-matrix, matrix-nanotubes, nanotubes-nanotubes) when the material is subject to
external stresses [26,34,37]. In the case of the maximum peak of the Ty, band, it moves to lower temperatures with the increase in the
concentration of carbon nanotubes in the TPU matrix.

The DSC analysis validates the thermal properties elucidated in Section 3.1 (The thermal properties) by identifying distinctive
characteristic peaks and temperature ranges. Notably, the conspicuous exothermic band observed at approximately —20 °C. Addi-
tionally, the DSC analysis discerns discrete temperature peaks corresponding to the melting temperature of soft segments (T (SS)),
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Fig. 6. (left) Complex impedance plot for the TPU films with 3 wt% MWCNTs. (Right) Plot of the electrical conductivity as a function of the
MWCNTs content. o and op represent the tunneling and percolation conductivity for each system. The conductivity value for the pure TPU was
extracted from [40,44].

interactions between soft and hard segments (Ty,(SS/HS)), and the ordering of hard segments (T, (HS)), all of which were expounded
upon in relation to the thermal characteristics of the TPU matrix. Consequently, the comprehensive synthesis of these sections es-
tablishes a direct correlation between the described thermal properties and the precise peaks and transitions observed during the DSC
analysis. This congruence not only substantiates the initial thermal assertions but also provides further insights into the intricate
thermal behavior exhibited by the TPU/MWCNTs films.

3.3. Electrical properties of TPU/MWCNTs films

An electrical characterization of the TPU/MWCNTSs nanocomposite films was carried out through impedance spectroscopy (IS)
experiments performed at room temperature. Like previous work performed on TPU/MWCNTs nanocomposite plates reported in
Ref. [12], conductivity values of different conduction mechanisms have been determined by using an equivalent circuit model on
complex impedance plots of -Z’’vs Z’. We used the same equivalent circuit that was previously employed to fit the impedance mea-
surements of TPU/MWCNTs plates, and it revealed the presence of percolation and tunneling conduction. Both conduction mecha-
nisms were easily observed in the TPU films with 1, 3 and 5 wt% of MWCNTs (Fig. 6 illustrate one of them). However, it was not
possible to observe the electronic tunneling conduction in the film with the maximum MWCNTSs concentration studied here (7 wt%);
the excellent conductivity of the percolation process for the film (its values exceed those previously reported for TPU/CNT composites
with the same weight fraction [12,38-43]) exceeded the sensitivity of the dielectric test fixture to measure small currents.

As it is well-known, the incorporation of carbon nanotubes into the TPU polymer matrix enhances the electronic conductivity of the
nanocomposite, reaching a conductivity value of 0.16 S/cm for 7 wt% MWCNTSs. It is important to notice that, in comparison to the
conductivity tendency observed in the plates, there is not an important increase in conductivity when the TPU is doped with 1 wt%
MWCNTs. On the contrary, a progressive increase is observed (on a logarithmic scale), suggesting that a drastic reduction in thickness
of the nanocomposite (to the scale hundreds of microns) would facilitate better control of the conductivity properties of carbon
nanotube doped TPU systems [45-51].

4. Conclusion

In conclusion, this study investigated the effects of adding MWCNTSs to TPU films. The results showed significant improvements in
various properties with the inclusion of MWCNTSs. The thermal analysis revealed that the incorporation of MWCNTs shifted the T, to
higher temperatures and affected the Tm, indicating changes in the molecular dynamics and crystal behavior of TPU. Through thermal
analysis DMA, it was possible to identify that the glass transition temperature of the TPU/MWCNTSs mixture ranged from —58 °C to
—34°C, for 1 wt % and 7 wt % of nanotubes respectively. The storage modulus improves in all films, with the most significant change
observed between the 1 % and 3 % by weight samples. A similar behavior is observed between the 5 % and 7 % by weight samples, with
the enhancement attributed to a strong interfacial interaction between the MWCNTs and the TPU matrix. Impedance spectroscopy
studies indicated a substantial increase in the conductivity of the TPU films with the inclusion of MWCNTs. The MWCNTs acted as
conductive pathways, improving the electrical properties of the material, and suggesting potential applications in energy storage and
electronic devices. In general, the homogeneous dispersion of MWCNTs within the TPU matrix has a positive influence on the thermal,
viscoelastic, and electrical properties of TPU films. These results contribute to the development of nanocomposite materials with
tailored properties for various applications. Further research is needed to optimize the dispersion of MWCNTs and explore specific
industrial applications for TPU/MWCNTSs nanocomposites.
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