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The Raman spectrum of TPU, 3D and their composites are shown in figure 1(b). From the spectra 

of 3D fillers, we evidence the characteristic D, G and 2D bands at 1340 cm-1, 1570 cm-1, and 2689 

cm-1 respectively. The presence of 2D band is an indicative of FLG, arising due to the second-

order overtone of in-plane transverse optical phonons from sp2 hybridised carbon atoms, which is 



sensitive to interlayer interactions, and stacking.58 The G and D bands respectively are due to E2g 

phonon mode that represents in-plane vibrational symmetry, and lattice disorders in sp2 hybridized 

carbon structures. The spectra of neat TPU consisted the prominent peaks at 1445 cm-1, 

corresponding to CH2 bending; and two peaks at 2922 cm-1 and 2785 cm-1, which are associated 

with CH2 stretching; a peak at 1080 cm-1 corresponding to C-O-C stretching.59 In case of 

composites, the characteristic D, G and 2D bands persisted, while the intensity of 2D band 

diminished. Similarly, the peaks corresponding to CH2 bending (between 2700 and 2930 cm-1), C-

O-C stretching (at 1080 cm-1) also exhibited a significant decrease in intensity. This results due to 

the reduced chain mobility in TPU moieties as a result of incremental 3D reinforcement. 

Structural confirmation of 3D nanofillers 

The macroscopic characteristics of elastomeric nanocomposites are greatly influenced by the 

nature of distribution and degree of agglomeration of nanofillers within polymer matrices. 

Henceforth, to explicate the structural confirmation of 3D nanofillers within TPU, we have 

performed SEM, as well as USAXS studies on the samples. In addition to as-prepared 

nanocomposites, we have imaged the same films after introduction of cyclic strain to understand 

the stress effects in their morphological features. From figures 2(a) to 2(c), the comparative SEM 

micrographs elucidating surface characteristic of as prepared, and strain introduced PUD15 films 

are shown. It has been observed that, upon introduction of a mechanical strain (20% shown in 

figure 2(b)), the surface of films gets wrinkled due to strain-localisation effect.60 When the films 

were subjected to multiple stretch-contraction cycles at larger strain values (greater than 30%), we 

could observe multiple strain induced fracture sites. Few of such are shown in figure 2(c). These 

surface deformations usually occur for the strains above their elastic limit. Such disruptions result 

in irreversible sheet resistances during cyclic stretching.   



Following the surface evaluation, the cross-sectional SEM imaging was performed to explore 3D 

structures. It is worth mentioning that, from both the cases viz. SEM and USAXS, the hierarchical 

conformation of 3D filler structures, in a polydisperse fashion within the matrices has been 

evidenced. This aspect has been widely discussed in carbon nanofiller systems, including our 

previous studies on CB, and CNTs within polymer matrices.38,39 The representative hierarchical 

3D filler structures within PUD20 samples are shown in Figures 2(d) to 2(f), in the order of 

aggregates, their distribution, and primary particles (a few particles cluster) respectively. In each 

case, no uniform or correlated size distribution is observed. In other terms, the distribution of 

nanofillers within TPU is polydisperse in nature. It is expected that such a distribution elevates the 

number of short contacts favouring overall electron transport. 

 

Inferences from USAXS model fitting 



1D USAXS scattering plots of the TPU/3D composites are shown in figure 3. From the double 

logarithmic plots, one could observe that there are no characteristic peaks, which immediately 

infers the absence of strongly corelated or ordered structures in the system. To interpret structural 

conformities of 3D fillers, a simplified Guinier-Porod model has been fit to the obtained scattering 

data, which are shown in the figure 3. It is to be noted that the filler structures (including their 

agglomerates) are not confined into an explicitly definable geometry. Hence, a standard, shape 

independent model that could account for the non-symmetric structures is being considered for our 

case. One should note that the Guinier-Porod model does not account for indexing the 

polydispersity of scatterers. Hence, the degree of polydispersity is unquantifiable under present 

consideration.  

 



The structural parameters viz. Rg, s, and m that define size and shape has been obtained out of 

the best fits. In the present case, aggregate confirmations are the structures of interest, according 

to which, the constraints are defined for parameters. The obtained values along with fitting 

parameters are shown in table 1. One could observe that the minimum and maximum values of Rg 

are chosen in such a way that they correspond to the extrema of probed q values (with 0.0318 nm-

1 < q < 0.922 nm-1) guided by the equations: and Rg = R(3/5)0.5. The equation 

corresponding to radii of globular spheres has been considered, since the preliminary fittings 

consistently yielded the value of s close to zero, for all composites.  

. Note: The fits resulted negligible 

residuals distributed around the fitted values 

From the obtained values, information on the nature of scatterers could be inferred 

comprehensively. To start with, we observe that the value of dimension-indicative parameter s is 

nearly zero for all the composites. From the theory of Guinier-Porod model, one could approximate 

that the aggregate conformities (on a global average) are globular structures.54 Due to Van Der 

Waals forces between the fillers in vicinity, the aggregates inherently tend to confine 

symmetrically. Yet, the functionally rich TPU matrix tend to elicit its contribution to give rise to 

matrix-filler (or interfacial) interaction. It could be seen from SEM images that the clusters lacked 

     

 

 

    

     

     

     



symmetrical morphologies. Hence, the resultant structures are a result of the balance between the 

said two interactions.  

Contrary to the previously reported value of m between 3 and 4 for lamellar graphitic structures 

with surface fractals61, and even lesser (1< m <2) for CNTs 62, the 3D structures display an 

intermediate behaviour. The obtained values of exponent (m) bridge between the mass and surface 

fractals, which depicts the structures to be branched, irregular networks.54 Such branched 

structures of 3D aggregates could be accounted affirmative for the formation of transport networks 

within the TPU/3D composites. Moreover, the fit has yielded Rg values as ~ 48.5 nm, 52.2 nm and 

53.0 nm corresponding to aggregate sizes (D) of 125.3 nm, 134.7 nm, and 136.9 nm for PUD10, 

PUD15 and PUD20 samples respectively. These values correspond to few 

aggregate structures. It is understandable that the incremental filler loading results in large clusters 

due to pronounced filler-filler interaction than matrix filler interaction. From the electrical 

transport studies, we have observed that the percolation threshold is just above 10wt%; 

Concurrently, we see that, there is a relatively significant increase in average aggregate size just 

above percolation threshold - i.e. between 10 and 15wt% than the increment in between 15 and 

20wt%. And, the subsequent addition of nanofillers may result in a relatively decreased rate of 

aggregation in matrices. This accounts to the fact that - just before percolation, the fillers span the 

matric, and a feeble loading above percolation onsets the bridging of interfacial transition zones 

between isolated clusters and primary particles.[6] This typical transition in morphology at 

percolation has been previously observed in carbon black aggregates63,64. It is affirmative to 

observe the respective behaviour in a dimensionally distinct 3D nanocomposite system as well, 

since, this suggests that 3D fillers also obey the similar percolative behaviour as that of other 

carbon fillers in polymer matrices.  



Mechanical characteristics  

DMA analysis has been carried out to understand the interfacial interactions between 3D filler 

and TPU matrix. In our previous study38,39, we have observed the effect of one- and two-

dimensional carbon fillers viz. MWCNT and graphene addition in polar and non-polar matrices. It 

has been observed that the intermolecular interactions between the moieties are critically affected 

by temperature, which alter the polymer chain dynamics. It has also been reported that the carbon 

filler infusion within matrices, not only affects the mechanical characteristics, yet it amends the 

critical temperature (such as glass transition) of composites.65 Here, we have studied the (tensile) 

moduli of samples in a functional temperature range of typical strain sensors, which is between 

room temperature (RT ~26oC) to 100oC. 

From the plot shown in figure 4, one could clearly evidence a consistent surge in storage modulus 

of TPU, with the addition of nanofillers. The room temperature storage modulus of the samples 

has been observed to be ~34.7, 54.2, 91.1 and 160.7 MPa for neat TPU, PUD10, PUD15 and 

PUD20 samples, respectively. Clearly, an increment of 56% in modulus with 10wt% nanofiller 

addition has been observed. While a significant surge of 163

. This surge in modulus suggests the effect of 3D reinforcement within 

polymer moieties, resulting in a diverse mechanical behaviour of the nanocomposite. TPU being 

functionally rich, shows a higher degree of interfacial interaction with 3D carbon interfaces. The 

intrusion of 3D filler intervenes the dynamics of TPU polymer chains to result in an increased 

rigidity of composites. It is seen from the plot that, the modulus decreases with increase in 

temperature, which is attributed to an increased chain mobility. The predominant matrix-filler 



interaction, hence suppresses with the emergence of active polymer chains - onset by an externally 

applied temperature.  

 

From the degree of linearity in modulus versus temperature curves, one could understand the 

stability of filler networks within composites. A typical non-linear fall with temperature is 

observed at higher filler loadings, which is attributed to the breakdown of filler networks within 

elastomers.  Henceforth, we could infer from data that the 3D networks are significantly stable 

with temperature within TPU matrices which is beneficial for applications. To achieve enhanced 

electrical conductivity, the infusion of larger amount of nanofillers shall befit, but at the cost of 

reduced flexibility of the composites.  

Electromechanical characteristics 

The electromechanical studies, which depict stain-sensing capabilities of the prepared 

conductive films, has been systematically investigated under a controlled unidirectional, as well 

as cyclic strain. From the measurements, it was observed that PUD10 composite does not show a 





strain in steps of 0.5 mm, at a strain rate of 0.5 mm/sec, with a relaxation time of 2.5 seconds in 

each step has been applied and the respective electrical response are recorded. The obtained results 

are shown in figure 5(a) and 5(c). Both the films displayed an excellent response upon loading, 

with an appreciable stability in each step. It is clearly evident from the results that the relative 

resistance change ( ) is significantly higher for PUD20 composite compared to PUD15. This 

is attributed to the higher concentration of 3D in PUD20, which facilitates the formation of a 

greater number of conductive network pathways. Furthermore, while imparting strain, there occurs 

a proportionally greater number of network breakdown, which reflects in the form of decreased 

electrical conductivity. 



 

 



 

 

 



 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 



 


