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ABSTRACT 

Hierarchical organization of carbon nanomaterials is the best strategy to combine desirable 

factors and synergistically impart mechanical and electrical properties to polymers. Here, we 

investigate the relaxation behavior of carbon nanofillers filled polyurethane (PU) with special 

reference to particle size and aspect ratio, filler morphology, filler loading to understand the 

conductive network formation of fillers in the PU matrix. Typically, an addition of 2 wt% 

hybrid fillers of graphene nanoplatelets (GNPs), conductive carbon black (CB) and multi-

walled carbon nanotubes (MWCNTs) in PU at 1:1:2 mass ratio (GCM112-PU2) showed 

lowest surface resistivity ~106.8 ohm/sq along with highest improved mechanical properties. 

Our results demonstrate how hierarchical compositions may function in polymer 

configurations that are useful for thermal and electrical systems. 
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1. Introduction  

In the nanocomposites research, a lot of emphasis has been placed on the study of 

carbon nanofillers, including but not limited to, carbon nanotubes (CNTs) and graphene[1–5]. 

The high electrical conductivity, high aspect ratio and cylindrical shape of CNTs, have made 

them interesting components for the preparation of conductive polymer nanocomposites 

[6,7]. The use of CNTs in nanocomposites has been limited by the challenges in maintaining 

their properties after processing, dispersing them in polymers, and producing them cost 

effectively [8]. Solving problems that result in the cost-effective fabrication of polymer 

nanocomposites with  high mechanical performance that possess satisfactory electrical and 

thermal conductivities is desirable for engineering applications such as electrical conducting 

adhesives [9,10], flexible electronics [11,12], sensors and actuators [13,14],  antistatic 

coatings [15–17], electromagnetic interference shielding materials [18–21], etc.  Different 

nanofillers have been used to prepare nanocomposites with almost all types of polymers, such 

as thermoplastics, thermosets and elastomers that exhibit unusual property combinations and 

unique design possibilities [22–27,27–29]. Many products based on polymer nanocomposites 

have been already developed by proper selection of matrix, nanofiller, synthesis method and 

surface modification of either the nanofiller or polymer [15,17,19,26,27,27–31]. For the 

numerous general and industrial applications, the enhancements in thermal, electrical, and 

mechanical properties of nanocomposites have resulted in major interest [31–34].  The 

applications of high performance nanocomposites include: packaging, fuel cell, solar cell, 

fuel tank, plastic containers, power tool housing, and cover for portable electronic equipment 

such as mobile phones, etc. Generally, silicone, epoxy, acrylate and urethane based 

electrically conductive adhesive are popular for electronics applications such as EMI 

shielding or for antistatic systems [18–21]. Though epoxy is strong, it will crack on surfaces 

while urethane based adhesives offer high peel strength and flexibility.  So, PU based 
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electrically conductive adhesive composites were prepared in this study to use in the 

structures that expand or contract with temperatures.  

The conceptual structural unit of sp2 hybridized carbon nanofillers includes a broad 

class of carbonaceous solids and primarily consist of elemental carbon bonded through sp2-

hybridization [35,36]. The sp2 carbon nanofillers such as CNTs, carbon nanofibers (CNFs), 

and graphene have been used at lower weight percentages than the conventional fillers  to 

create polymer composites with electrical conductivity without decreasing the mechanical 

properties [7,37]. In previous studies, highly suitable conditions for the transfer of either a 

mechanical load or an electrical charge from the individual nanotubes or graphene to the 

polymer composite have been sought after [37–39]. The basic conditions to obtain the desired 

properties of a nanofillers based composite is the efficient dispersion of the individual 

nanofillers and the establishment of  strong affinity (covalent or non-covalent) of the 

nanofillers with the surrounding polymer matrix [40,41]. Among the various bonding types 

that are used for the functionalization of CNTs and graphene, covalent bonding is preferred 

because it provides the greatest stability and strongest coupling of the polymers to the 

nanotube walls and graphene surface [42,43]. The addition of the covalent bond on the 

carbon atom changes its hybridization from sp2 to sp3   and that disrupts or suppresses the 

electronic properties of nanotubes or nanosheets [38,39,44]. While the functionalization of 

CNTs or GNPs or CB by covalent and non-covalent bonding plays an important role for the 

dispersion of the nanofillers in the polymer matrices; there are two potential drawbacks to 

creating electrically conductive composites with nanofillers after their covalent 

functionalization. The first drawback is that the aspect ratios of the nanofillers decrease due 

to the rupture of nanofillers during modification. The second drawback is that the covalent 

grafting of any polymer or any functional groups on the surface of carbon nanofillers disturbs 
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the path for the flow of electrons [45]. The changes in the intrinsic conductivity of the carbon 

nanofillers directly influence the electrical conductivity of the composite created. 

The nanofillers should be properly distributed in the polymer matrix to form an 

effective conductive path and the electrical resistances at nanofillers-polymer and/or at 

nanofillers-nanofiller interfaces must be minimized. The quality and the quantity of the 

nanofillers interconnection are very important for the preparation of the electrically 

conductive nanocomposites [37,39]. The fine dispersion of the carbon nanofillers in a viscous 

polyol liquid is a key factor for the preparation of the carbon nanofiller based PU 

nanocomposites with desirable properties. Non-polyol based methods such as, non-covalent 

stabilization of nanofillers in a solvent, are possible with the addition of a surfactant but are 

generally considered to be undesirable for the polymer nanocomposites in terms of the 

electrical and mechanical properties. Xia et al. [46] reported that ball milling can be used to 

break up agglomerates of CNT into polyol and thereby create a stable dispersion of the CNTs 

in polyol. Ultrasonication has been shown to be more effective than the use of simple stirring 

or ball milling for the preparation of metastable suspensions of CNTs or GNPs or 

CB/polymer mixtures without damaging the fillers [47],[48].  To overcome the problems 

associated with the dispersion of the pristine carbon nanofillers in the polymer matrix, we 

utilized a simple and an effective technique for the dispersion of the pristine carbon 

nanofillers in tetrahydrofuran (THF) by using a component of PU i.e. polyol (PTMEG1000) 

as stabilizer during sonication. The dispersion of the pristine carbon nanofillers (GNPs, CB 

and MWCNTs) in polyol was found to be agglomerate-free for CNTs and GNPs even after 

the removal of the THF. 

Usually, the formation of the conductive networks of hybrid fillers in polymers can be 

controlled by adjusting filler concentrations and ratios to achieve the lowest percolation 

threshold. Araby et al. [49] developed the electrically conductive and mechanically strong 
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GNPs based styrene butadiene rubber (SBR) composites by a melt compounding method, 

where the electrical percolation threshold was achieved at 16.5 vol % GNPs loading. The 

GNPs used in their experiment were added without any interface modification and processed 

by industrial methods. Furthermore, they also observed the improvement of the Young’s 

modulus and the tensile strength 560% and 230%, respectively with the addition of 24 vol% 

of the GNPs. Yuen et al. [50] reported the improvement of the tensile properties of 

CNTs/polyimide composites by using an acid-modified and an amine-modified multi-walled 

carbon nanotubes. In their study, the surface and volume electrical resistivity of unmodified 

CNTs/polyimide composites were lower than those of the modified CNTs/polyimide 

nanocomposite. It is obvious that the surface modification of CNTs by covalent bonds 

reduces the electrical conductivity due to disturbing the sp2 hybrid carbon of CNT for 

delocalization of π-π electron. Li et al. [51] demonstrated a strongly aspect ratio dependent 

percolation threshold for the electrical conductivity of CNTs (3 wt %), CNFs 5 (wt %), GNPs 

(12 wt %) and CB (15 wt %) based poly(propylene) (PP) nanocomposite through a facile 

solution dispersion method, where  CNTs and CNFs could  form a  filler network in the PP 

matrix at a lower loading  than CB and GNPs. The morphological differences of the 

conductive networks depend on the nature of the fillers.  

Lan et al. [52] showed facile fabrication technique of reduced graphene oxide (RGO) 

based PU/PP nanocomposites with high electrical conductivity and improved mechanical 

properties. They achieved very low percolation threshold (0.054 wt %) of RGO and favorable 

double percolation effect due to selective location of RGO in the PU phase. Wen et al. [53] 

studied the effect of CB and CNTs in PP for the electrical conductivity of composite and 

obtained highest efficient grape-cluster-like conductive network at a CB:CNTs weight ratio 

of 6. The percolation thresholds for CB/PP and CNTs/PP were 5.3 vol% and 3.2 vol% 

respectively; these values were decreased to 2.6 vol % for CNTs/CB/PU hybrid 
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nanocomposite. This is an indication of the synergism of CB and CNTs in PP for electrical 

conductivity. Oh et al. [54] reported enhanced electrical networks of polydimethylsiloxane 

nanocomposites via the use of a CNTs-graphene hybrid system. They noticed synergistic 

effects in the electrical conductivity in the CNT-graphene hybrid nanocomposite system by 

formation of 1D (CNTs) - 2D (graphene) interconnection [55]. Appel et al. [56] prepared the 

PU nanocomposites from a solvent-free dispersion of carbon nanofillers in polyol by an in-

situ polymerization method. In their study, the maximum possible loading of carbon 

nanofillers CNTs, thermally reduced graphene oxide (TRGO) and CB was 2 wt % due to 

rapid increase of the viscosity of the composite before casting. Even though they increased 

the mechanical properties of PU after loading all carbon nanofillers, the value of electrical 

conductivity of all the nanocomposites were far below the percolation threshold. There are no 

reports that show the electrical conductivity of PU nanocomposites prepared by the solvent 

free bulk in-situ polymerization method till date in open literature. 

In this study, we used single, binary and ternary carbon nanofillers in PU for the 

preparation of the electrically conductive and mechanically robust nanocomposites by the 

solvent free bulk in-situ polymerization. Instead of the chemical modification of the carbon 

nanofillers, an ultrasonication of the carbon nanofillers dispersion in tetrahydrofuran (THF) 

and polyol was employed, and the masterbatches of nanofillers in polyols was obtained after 

the removal of the solvent. The polyol prevented the re-agglomeration of the nanofillers and 

the stable dispersion of the nanofillers in polyol (5 phr) was achieved.  The synergetic effect 

for the electrical properties of the PU nanocomposites was achieved at only 2 wt % loading of 

ternary hybrid fillers at definite weight ratio due to the different dispersion characteristics of 

the GNPs, CB, and MWCNTs in the polyol. Here, we achieved highest value of relaxation 

modulus and relaxation time of ternary carbon nanofillers based conductive PU 
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nanocomposite due to the obstruction of the movements of polymer chain segments by the 

hierarchical organization of the nanofillers. 

2. Experimental  

2.1. Materials 

Natural graphite (NG) (98%, 50 mesh) was purchased from Hyundai Coma Ind. Co. Korea. 

Lithium metal (granule, 99.8%), naphthalene (99.8%), tetrahydrofuran (THF) (inhibitor free, 

HPLC grade) and tetra-ethylammoniumbromide (TEAB) all from Sigma-Aldrich were used 

for the intercalation of the NG. The MWCNTs used in this study were prepared by a 

chemical vapor deposition method (multi-walled CNTs, supplied by Iljin Nanotech Co., Ltd., 

Seoul, Korea). The diameter and length of CNTs range 10-30 nm and 10-50 µm, respectively, 

with an estimated aspect ratio of 500–5000. Conductive CB (Ketjenblack, EC-600JD) was 

used as another carbon nanofiller, which has a spherical shape with a diameter in the range of 

20-60 nm. Poly(tetramethylene glycol) (PTMEG) (Average Mw = 1000 g/mol), 4,4’-

methylene diphenyl diisocyanate (MDI), and 1,4-butanediol (BD) from Sigma-Aldrich were 

used for the in-situ polymerization of  the PU nanocomposites. 

2.2. Preparation of graphene nanoplatelets 

Graphene nanoplatelets (GNPs) were synthesized from the natural graphite (NG) by our 

previously reported an ion-exchange induced intercalation and exfoliation method with minor 

modification [58,59]. Here, donor-type ternary graphite intercalation compounds (GICs) of 

natural graphite were formed with lithium ions and tetrahydrofuran (NG-Li-THF) then ion 

exchange was carried with tetra-ethyl ammonium cations to expand the interlayer distance. 

Typically, NG (10 g), lithium metal (1.16 g), tetrahydrofuran (THF) (50 ml) and naphthalene 

(17.7 g) were added in the three neck flask with continuous flush of nitrogen in the flask. 

Then, the flask was sealed with paraffin tape and carried out continuous magnetic stirring for 

24 h at room temperature. The stoichiometric amount of TEAB was added in the above 
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mixture for ion-exchange induced intercalations and further agitated at room temperature for 

24 h. The resulting product, GICs was washed with THF and dried at 70 oC in a conventional 

oven for 3 h. Then GICs (1 g) in quartz glass bowl was transferred into a microwave oven 

and treated for 1 min under the flow of nitrogen for the exfoliation into graphene nanosheets. 

The volumetric expansion ratio was measured at around 200 times. The cooled product was 

dispersed in 1% HCl solution and sonicated for 2 h and washed several times by using 

mixture of ethanol and acetone (1:1 by volume) and dried in the oven for 3 days at 90 oC. 

2.4. Preparation of PU hybrid nanocomposites  

The processing steps for the fabrication of the ternary hybrid nanocomposite is shown in 

Figure 1. First, masterbatches of carbon nanofillers in polyol (5 phr) were prepared separately 

by using ultrasonication. Sonication time was varied depending on the nature of carbon 

nanofillers.  Typically, GNPs dispersion in THF (0.5 wt %) with polyol was prepared after 

sonication at 250 W for 12 h. The sonication time of CB and MWCNTs dispersion in THF 

with polyol was fixed 12 h and 7 h, respectively keeping all the other conditions same as 

GNPs. Then, the carbon nanofillers dispersion in polyol (5 phr) was obtained after the 

removal of THF by vacuum distillation at 60 oC. The masterbatches of carbon nanofillers in 

polyol was dried in a vacuum oven for 3 days at 90 oC. A hybrid of different fillers in polyol 

with desired concentration was prepared   by mixing the masterbatches and dilution with neat 

polyol. Then, the composites of carbon nanofillers based PU prepolymer were prepared after 

the reaction of MDI with the carbon nanofillers dispersed polyol at 65 oC for 1 h. BD was 

added for chain extension and the mixture was casted in a preheated mold to cure at 120 oC 

for 24 h once a vacuum was used in order to remove any bubbles generated during stirring. 

The molar ratio of MDI, PTMEG, and BD was fixed 2:1:1 having HS content 37.1% for neat 

PU and nanocomposites preparation.  

2.5. Characterization 
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Transmission electron microscopy (TEM; JSM-6400) was used to measure the morphology, 

thickness and size of GNPs, MWCNTs and CB. The pristine nanofillers in THF (0.5 wt %) 

were sonicated for 7 h and diluted to 0.01 mg/ml for TEM measurement. The masterbatches 

of carbon nanofillers in polyol was diluted 0.01 mg/ml with THF and copper grid was dipped 

3 times and dried in oven at 70 oC for 3 h for TEM measurement. For the sample preparation 

of nanocomposite (GCM112-PU2), it was dissolved in DMF and mild sonicated for 10 min. 

The concentration was fixed 0.01 mg/ml for the preparation of all TEM samples. High 

resolution transmission electron microscopy (HRTEM; JEOL 2100 microscope, Japan) was 

performed at 200 kV for the determination of the thickness of GNPs. The nature of carbon 

nanomaterials especially the defect and order of graphitic layer were determined by Raman 

scattering (633 nm, neon laser). The electrical surface resistivity of nanocomposite films 

(thickness = 1.0 mm) was measured at room temperature using surface resistivity tester 

(Trustat ST-3 from SIMCO, Japan) [60]. The tester was just placed on the top of the PU 

composite film to measure its surface resistance. The measured values are the average of the 

three measurements. Mechanical strength of composites was measured by using a Universal 

Testing Machine (ASTM D 412-98a) at room temperature with a cross head speed of 500 

mm/min. The slope of initial low strain region was used to determine the Young’s modulus of 

neat PU and composites. The  stress relaxation tests in a solid state of  a neat PU and 

nanocomposites were proceed in a tensile mode on rectangular-shaped specimens at  30 and 

50 oC, using  dynamic mechanical analysis (DMA) Q800; from TA Instruments Inc., USA. 

The tensile strain applied was 20%, which was chosen based on the results of a static tensile 

test, and an equilibrium time was set 5 min for each temperature measurement. The 

microscopic features of nanocomposites were characterized by field emission scanning 

electron microscopy (FE-SEM Hitachi Co., Tokyo, Japan). The cryogenically fractured 

surface of the composite was coated with gold for FE-SEM measurement. The rheological 
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behaviors of the polyol and the masterbathes of carbon nanofillers (5 phr) in polyol were 

studied at 60 oC by a TA Instruments, AR 2000 Rheometer. The measurements were 

performed by employing a parallel plate rheometer during steady shear and in the oscillation 

shear mode. Stress relaxation of nanocomposites and neat PU in melt state (180 °C) was 

performed in an ETC Steel parallel plate (25 mm diameter of upper geometry) using the 

above same Rheometer. The test was performed under a nitrogen atmosphere with 10% strain 

of sample for 10 min. This strain value was chosen at the linear region after a series of tests.  

 
3. Results and discussion 

3.1. Rheological analysis of the masterbatches of carbon nanofillers in polyol  

TEM image of GNPs shows thin folded multi layers of graphene sheets with lateral size ~5 

µm on the TEM grid (Figure 2a). The HRTEM image of GNPs (Figure 2b) shows numerous 

graphitic layers at the edge having thickness ~8 nm [58]. The aggregated network structure of 

CB was observed in Figure 2c. Even after the sonication of MWCNTs in THF, agglomerated 

structure of CNTs were observed on the TEM grid (Figure 2d). We clearly observed the 

effect of the addition of polyol for the debundling of MWCNTs during the sonication of the 

mixture of CNTs and polyol in THF (Figure S-1b). The polyol prevented the reagglomeration 

of the MWCNTs even after the removal of solvent. We believed that the surface of 

MWCNTs absorbed the polyol that prevented the re-aggregation of nanotubes even after the 

removal of the solvent [48,61]. Similar phenomenon was observed for GNPs, where polyol 

absorbed on the surface of GNPs and prevented the re-stacking of GNPs sheets even after the 

removal of solvent (Figure S-1a). In the case of CB/polyol masterbatch, even the polyol was 

absorbed on the surface of CB as shown in TEM image (Figure S-1c), the agglomerated 

structure of CB was not broken completely even after 12 h sonication. Sonication time was 

fixed based on the several experiments for the effective dispersion of fillers. In case of CB, 

even more than 12 h sonication did not show significant differences. The hybrid of GNPs, CB 
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and CNTs at 1:1:2 ratio in polyol in Figure S-1d shows the network structure of three fillers 

in polyol, where well separated CNTs as well as small aggregates of CB and large thin flat 

surface of GNPs are embedded within the hybrid polyol mixture. Raman scattering 

spectroscopy is widely utilized for the characterization of carbon nanofillers and can explain 

in terms of D/G ratio and also by the 2D band shape, as shown in Figure 3. The prepared 

GNPs showed the D band at 1365 cm−1  and  G band at 1613 cm−1 and the ratio is 0.78, which 

suggests that, even though the flake size is small, disorder in the sp2 carbon lattice [59]. The 

intensity and the location of the 2D band are sensitive with the doping of the metals or 

interaction with the impurities. The shape of the 2D peak of GNPs in our work is changed, 

which might be due to the decreased size of the graphene flakes or edge doping. The strong 

intensity of D band of MWCNTs and CB indicates the disorderness of graphitic layers in 

both MWCNTs and CB.  

Neat PU is electrically insulator and mechanically not strong enough for many 

engineering applications.  Availability of the stable masterbatches of the carbon nanofillers in 

the polyol is desirable to prepare the mechanically robust and electrically conductive PU 

nanocomposites for many real world applications. Rheological study of the masterbathes of 

nanofillers in the polyol provides the information about the dispersion state and the 

agglomeration process of nanofillers in the polyol. Generally, the nature of nanofillers 

significantly affects the viscosities of masterbatches. It is expected that the strong interaction 

and the fine dispersion of the nanofillers in polymer enable the enhancement of viscosity 

[62,63]. As mentioned above, even the nanofillers are used without modification, the 

absorption of polyol on the surface of nanofillers made stable dispersion of nanofillers in 

polyol even after the removal of solvent [48,61]. Especially, debundalization of CNTs was 

found effective after sonication in THF in presence of polyol and prevented the reaggregation 

even after the removal of solvent. Similarly, sonication of GNPs dispersion in THF in 
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presence of polyol, exfoliates the GNPs into thinner layer and found stable dispersion after 

removing solvent. Furthermore, we observed stable masterbatches of CNTs and GNPs in 

polyol (PTMEG, Mw=1000) even after 6 months at room temperature. So, we felt the 

necessity of rheological characterization to know the structure of carbon nanofillers in the 

masterbarches of polyol. Figure 4a&b compares the viscosity curves of carbon nanofillers (5 

phr) dispersion in polyol at 60 oC. Here, pure polyol (PTMEG 1000) shows Newtonian 

behavior with independence of a shear rate. The masterbatches of nanofillers dispersion in 

polyol shows shear thinning behavior with increasing the shear rate [60,64]. The strong shear 

thinning behavior of the carbon nanofillers in polyol is the indication of the network 

formation (Figure 4b) [65–67]. However, the nature of the viscosity curves of the different 

fillers in polyol is significantly different. At 5 phr GNPs in polyol, the increment of the 

viscosity is significantly higher than the neat polyol, but lowers than the 5 phr CNTs or CB 

dispersion in polyol. The Newtonian region disappears and the only shear thinning region 

remains throughout the entire shear rate for 5 phr CNTs and CB dispersion in polyol. The 

strong nanofiller-nanofiller interaction is responsible for the increase in shear viscosity 

without the Newtonian plateau region and play a dominant role in the rheological behavior of 

the nanocomposites [68]. The existence of yield stress in the all masterbatches is a sign of the 

strong particle-particle interactions [67]. In other words, non-interacting particle-filled 

systems do not show the yield stress. Furthermore, the nanotubes are entangled (knotted) at 

low shear stress and exhibit a solid-like behavior. Above a critical shear stress, they transform 

to a liquid-like state by dispersing the nanotubes that is clearly observed in 5 phr MWCNTs 

in PTMEG at 60 oC (Figure 4b). Moreover, at the first region of the viscosity curve of 

masterbatch of MWCNTs, the viscosity decreases by up to one decade with continuous 

decreasing the stress and then the stress remained approximately constant. The first region 

attributes a thixiotropic behavior due to the microstructural changes. Then, the value of shear 
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viscosity was decreased with increasing shear stress in the 2nd region without thixiotropic 

behavior. The viscosity curves of carbon nanofillers (5 phr) dispersion in polyol were also 

obtained at three different temperatures for the further understanding of the nanofiller-

nanofiller interaction in polyol (Figure S-2). The synergistic effect of hybrid fillers was 

clearly reflected in the viscosity curves of GCM112-polyol at 80 oC, 60 oC and 40 oC (Figure 

S-2d). The storage modulus (G’) and the loss modulus (G’’) from the dynamic frequency 

scan measurements for the masterbatches of the carbon nanomaterials in polyol (5 phr) are 

compared in Figure 4(c) and (d) respectively. Figure 4(c) shows the effect of the carbon 

nanomaterials on G’ of masterbatches, in which the magnitude of G’ for GNPs is nearly one 

order magnitude lower than CNTs, CB and ternary hybrid fillers (GCM112). For the 

masterbatch of 5 phr GNPs in polyol, the degree of dependence of low-frequency G’ on the 

frequency, ω, reflects the sensitivity of GNPs on the viscoelastic properties. With 5 phr 

loading of the CNTs and CB in polyol may already experience the solid-like viscoelastic 

response results from the formation of percolated network [66]. The unique behavior of the 

masterbatch of GNPs in polyol than the other masterbatches might be due to the GNP-polyol 

interlayer slipperiness caused by the low surface friction of graphite [51]. We observed the 

frequency dependent behavior for the G’’curves of all masterbatches in Figure 4(d). 

 

3.2. Electrical, thermal and mechanical properties of PU hybrid nanocomposites 

Preparation of single or binary carbon nanofillers based PU nanocomposite by a solvent free 

bulk in-situ polymerization can improve the mechanical properties of nanocomposite 

significantly due to the fine dispersion of fillers in the PU matrix. But, the primary 

conductive networks of fillers are broken during processing of the PU nanocomposites by the 

solvent free bulk in-situ polymerization through prepolymer method; as a result the surface 

resistivity of composite was observed high [59]. In this study, PU nanocomposites were 
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prepared via solvent free bulk in-situ polymerization, where re-agglomeration of carbon 

nanofillers was not possible due to the solidification of PU within 2-3 min of chain extension. 

Furthermore, there are some limitations to prepare large content of the carbon nanofillers 

based conductive PU composites by solvent free bulk in-situ polymerization. Even we 

proceeded the experiment with the maximum possible loading of nanofillers such as GNPs (5 

wt %), MWCNTs (2 wt %) and CB (3 wt %) in PU by solvent free bulk in-situ 

polymerization, a surface resistivity of PU composite was not decreased significantly (Table 

1). Due to the elastomeric nature of PU, it often has far higher percolation thresholds for the 

electrical conductivity than the other polymers [49]. 

In MWCNTs/PU composite (2 wt %), even the primary networks are broken during 

processing; long length (~20 µm) with high aspect ratio of MWCNTs are able to form the 

secondary networks by the contact of the end of MWCNTs for electrical conductivity in the 

range of hopping or tunneling distance. The synergistic effect can generate from the 

combination of two or more conducting fillers with unique geometric shapes and aspect ratios 

as well as different dispersion characteristics in polymer [53,54,69,70]. Ma et al.[71] reported 

the remarkable enhancement of the electric conductivity of the epoxy matrix with the addition 

of CNTs into the composites filled with CB, where the CB nanoparticles were filled between 

the gap of CNTs, and the conductive networks were generated. In our study, a new strategy 

was designed to improve the electrical and mechanical properties of PU composites by the 

incorporation of hybrid of 0-D CB, 2-D GNPs, and 1-D MWCNTs for lowering the cost of the 

final product. Here, the long and twisted MWCNTs can bridge adjacent GNPs and inhibit their 

aggregation, while the grape-like CB aggregates enriched around the junction of MWCNTs 

and GNPs resulting in an increased contact surface area among the carbon structures in the 

polymer for the formation of the hierarchical carbon conductive networks. The optimum ratio 

of   the three fillers CB, MWCNTs and GNPs in PU for the electrical and mechanical properties 
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was found based on the several experiments. The sample codes and the electrical surface 

resistivity of the different composites are presented in Table 1. Except CNT-PU2, all the 

nanocomposites containing single and binary carbon nanofillers showed very high surface 

resistivity. Generally, we can expect that the addition of the hybrid of GNPs and CB or GNPs 

and MWCNTs in PU should show synergistic effect [53,54,69,70] for the electrical 

conductivity than the single filler loading in PU, but in this study, electrical conductivity was 

not achieved at total 2 wt %  loading of binary hybrid filler with different ratios in PU.  

Furthermore, the preparation of the series of the composites containing more than 2 wt % of 

the hybrid filler was not possible due to the high viscosity of the composite before casting by 

the solvent free bulk in-situ polymerization. For the ternary hybrid filler loading, interestingly, 

only 1:1:2 and 1:1:3 ratios of GNPs, CB and MWCNTs showed the improvement of the 

electrical properties of the 2 wt % PU composite, while 1:1:1 and 2:1:1 and 1:2:1 ratios of 

GNPs, CB and MWCNTs in PU has an insulating property. From the above results, it can be 

understood that the formation of the hierarchical conductive networks is dominated by the 

MWCNTs with their high aspect ratio.  The amount of MWCNTs content is only 0.66, 0.5 and 

0.5 wt % in GCM111-PU2, GCM211-PU2, and GCM121-PU2 respectively, which is not 

enough to form the bridge among the GNPs with CB for the formation of the hierarchical 

conductive networks. Figure 5 shows the electrical surface resistivity versus a fix content (2 

wt %) of different carbon nanofillers in single, binary and ternary forms, where the 

improvement of the electrical properties was noticed only for CNT-PU2 and GCM112-PU2. 

Furthermore, it was not possible to prepare a series of more than 2 wt. % ternary hybrid 

composites due to a very high viscosity of the composite after chain extension with BD. The 

effect of single, binary, and ternary carbon nanofillers on the degradation of polyurethane 

nanocomposite was compared using TGA thermograms (Figure S-3). It is worth to note that 

first step degradation of the hard segment of PU in the all composites was found slightly earlier 
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temperature than neat PU. But, the degradation temperature of the soft segment (second step 

degradation) was found at higher temperature than neat PU. Specially, the second step 

degradation temperature of ternary hybrid composite, GCM112-PU2 was observed 

significantly higher temperature than other composite and also the ash content was found nearly 

20%. Figure S-4 displays the Raman scattering spectra of neat PU and carbon 

nanomaterials/PU composites. Neat PU shows strong peaks at 1180, 1251 and 1308 cm-1 

(urethane amide I, II and III), 1433 cm-1[ ʋsym(Ar) and urethane amide] and 1612 cm-1 

ʋsym(Ar).[48] Based on the nature of the carbon nanofillers in PU, characteristic differences on 

the position and intensity of D-band and G-band of nanocomposites were clearly observed. 

Along with the characteristic peaks associated with neat PU, D-band and G-bands are clearly 

observed in GNP-PU2. However, the D/G ratio was changed from 0.78 (GNPs) to 0.63 (GNP-

PU2), which was the evidence of the further exfoliation of GNPs into thin sheet during 

sonication with THF and polyol. Raman scattering spectra of CB-PU2 shows strong broad peak 

of the D-band at 1311 cm-1; and G-band was masked with 1612cm-1 ʋsym(Ar) of PU. In CNT-

PU2, G-band was observed with the fusion with 1612cm-1 ʋsym(Ar) of PU with some 

broadening. The presence of all three nanofillers in PU is reflected on the Raman scattering 

spectra of GCM112-PU2, where the D/G ratio was 0.79 and the nature of D and G bands 

indicates the mixture effect of three fillers. Generally, increasing disorder in graphitic fillers 

broadens D and G bands, and the relative intensity of D band increases [72]. An FT-IR 

spectroscopy was performed to know the extent of inter-urethane hydrogen bonding interaction 

in the neat PU and hybrid nanocomposites (Fig. S-5). Neat PU as well as all the nanocomposites 

have two distinguished bands: at 1731 and 1702 cm-1. The peak at 1731 cm-1 is associated with 

-C=O groups that are ‘‘free’’ (non-hydrogen bonded) and the peak at 1702 cm-1 resulted from 

a hydrogen bonding with urethane N-H groups. At 2 wt% loading of all carbon nanomaterials 

in PU, the intensity ratio between hydrogen-bonded and ‘‘free’’ carbonyl domain was 



18 
 

decreased from 1.107 (Neat PU) to 1.07 (GNP-PU2), 1.09 (CB-PU2), CNT-PU2 (1.07), GNP-

CB-PU2 (1.09) and GCM112-PU2 (1.06), respectively that was inferred from the decrease 

peak intensity at 1702 cm-1[73]. The insertion of the carbon nanofillers in the hard domain of 

PU suppresses the hydrogen bonding in HS and enhances the phase mixing in PU. Even the 

phase mixing was observed in composites, the mechanical properties of composites were 

improved efficiently by the fine dispersion of nanofillers [74]. 

Tensile test was performed to investigate the effect of carbon nanomaterials as a 

reinforcing phase in the polyurethane nanocomposites. Tensile strength and Young’s 

modulus of the nanocomposites after the introduction of carbon nanomaterials in PU are 

summarized in Table 1. Pure PU shows a stress-strain curve with low value of Young’s 

modulus. Significant improvement of Young’s modulus was achieved with the addition of all 

carbon nanomaterials in PU. The effect of 2 wt % carbon nanomaterials on the tensile 

properties of PU nanocomposites is shown in Figure 6. Among the 2 wt % of single carbon 

nanomaterials based PU composite, MWCNTs showed the best performance for the 

improvement of the modulus and tensile strength. Although the tensile strength of CNT-PU2 

composite was slightly higher than the neat PU, the Young’s modulus of neat PU (11.92 

MPa) was increased more than 2-fold with the 2 wt % CNT addition, CNT-PU2 (26.02 MPa). 

Furthermore, all the single-nanofiller-containing composites showed an improvement of 

Young’s modulus more than 100%.  

The debundalization of MWCNTs during sonication in THF and polyol mixture is 

effective to obtain finely dispersed nanocomposite, which is effective for the improvement of 

mechanical properties of nanocomposites. Even the slight aggregation and entanglement of 2 

wt % MWCNTs in PU was ensued, elongation at break of composite is still near to neat PU. 

Previous reports show that addition of MWCNTs more than 0.5 wt % decreases the fracture 

strength of PU due to strong tendency of MWCNTs agglomeration [75,76]. Our results show 
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that even 2 wt % MWCNTs has higher tensile strength than the neat PU due to effective 

dispersion of MWCNTs with polyol. The strong increase in the elastic modulus of PU with 

MWCNTs addition is related to stiff MWCNT and MWCNTs interaction with the polymer. 

Molecular dynamics simulations showed that MWCNTs limit the configurational states of 

polymer chains; thus, increase stiffness [75]. A decrease in strength with the addition of 

GNPs was observed up to 5 wt % GNPs, which was expected due to limited effectiveness of 

load transfer from GNPs to PU. GNP diameter should be more than ~30 µm for effective 

strengthening, but our GNPs diameter was ~5µm, which limited the load transfer from PU to 

GNP according to shear-lag theory [77]. Nonetheless, GNPs and CB based PU composites (2 

wt %) had higher elongation at break than the neat PU. These results suggest that the GNPs, 

CB and CNTs preferentially affect the hard microdomains rather than the soft segments of 

PU to keep the large strain-to-failure of the polyurethane nanocomposites [64]. 

Furthermore, the binary hybrid nanofillers showed the better improvement of tensile 

strength and Young’s modulus than the average value of two corresponding single filler loading 

at 2.0 wt %, which is the indication of the synergistic effect for the mechanical reinforcement 

in hybrid nanocomposites (Table 1)[54,59,70,71,78]. In GCM112-PU2, the three fillers of 

different dimensions are finely dispersed in the PU matrix and perform as a single filler with 

high aspect ratio and show the synergetic effect for the improvement of mechanical properties 

[54,71]. Although numerical studies reveal the origins of strengthening and stiffening in 

polymer nanocomposites containing single-type fillers [79]. High-fidelity simulations are 

required to identify and quantify synergistic mechanical enhancement in three-filler-containing 

nanocomposites.  

3.3. Hierarchical conductive network structure in the hybrid nanocomposite 

 The degree of the carbon nanofillers dispersion in the PU matrix primarily determines 

the nanofillers reinforcing efficiency, which can directly evaluate by the morphological 
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characterization. Figure 7a-f shows the representative FESEM images of the polymer 

composites with 2.0 wt % different carbon nanofillers. For the GNPs (Figure 7a) and CB 

(Figure 7b) nanocomposites, both GNPs sheets and CB nanoparticles were isolated and 

formed islands other than the network paths in the matrix and expected that both should have 

high surface resistivity in this dispersion state. Furthermore, the spherical geometry of CB 

particles has tendency to form agglomerates easily and did not disperse uniformly in the PU 

matrix and part of them tended to form aggregates in certain regions (Figure 7b). Even the 

exfoliation of GNPs occurred by the application of ultrasonication; agglomeration and 

bending also happened in the GNPs system depending on the processing condition (Figure 

7a), which leads to limited exploitation of the high aspect ratio property [80]. 

As shown in Figure 7c, it is clear that the dispersion of MWCNTs in the PU matrix is 

more uniform than CB and GNPs dispersion. At 2 wt % loading of MWCNTs in PU, the 

electron conduction path was formed. In certain areas, the MWCNTs clusters appeared and 

some MWCNTs were entangled, which are attributed to the strong intermolecular forces 

among MWCNTs and interfacial interactions between the MWCNTs and the PU matrix. At 2 

wt % loading of binary fillers MWCNTs and GNPs based PU composite (Figure 7d), 

conductive networks were not formed due to aggregation of GNPs and insufficient bridging 

of MWCNTs between graphene sheets. Specially, in the ternary hybrid system GCM112-PU2 

(Figure 7e,f), addition of 0.5 wt % CB prevented the aggregation of GNPs (0.5 wt %) and 

hierarchical conductive network was constructed by bridging with 1 wt % of MWCNTs. The 

above results show that the influence of MWCNTs on the properties of PU composites is 

different with CB and GNPs, which can be ascribed to the structure and aspect ratio 

difference among them. Figure 7g,h shows TEM micrographs of the GCM112-PU2 

nanocomposite, where the conductive networks are formed by the combination of MWCNTs, 

GNPs and CB. Well separated MWCNTs from the bundle of MWCNTs are observed in TEM 
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images of GCM112-PU2.  Furthermore, small clusters of CB were seen at the junction of 

MWCNTs and GNPs (Figure 7h) for the hierarchical conductive network formation in the 

ternary hybrid filler system. 

  

3.4. Understanding the relationship between stress relaxation behavior and conductive 

network structure of carbon nanomaterials in the hybrid PU composites    

 Stress relaxation is a well-known phenomenon in a thermoplastic polymer in which a 

sample is very quickly distorted to a set length, and the decay of the stress exerted by the 

sample as a function of time is measured [46,81–88]. In our knowledge, there are not any 

studies on the stress relaxation behavior of carbon nanofillers based PU nanocomposites. The 

role of nanofillers’ structure, morphology, and networking in polymer composite on the 

relaxation behavior is not well explored and the relaxation mechanisms are not fully 

understood yet. The main objective of the present study is to investigate the relaxation 

behavior of  carbon nanofillers filled PU with special reference to particle size and aspect 

ratio,  filler morphology, filler loading to understand the  conductive network formation of 

filler in the PU matrix. The presence of carbon nanofillers in PU leads to the formation of a 

significant interphase zone with changed polymer mobility, namely chain immobilization, 

which results in the enhancement of stress relaxation of composite [85–87]. Good 

nanofillers–matrix interfacial bonding further increases relaxation modulus and relaxation 

time through frustrating chain disentanglement, stretching and fragmentation of the 

macromolecule.  

Figure 8a presents the schematic diagram of the stress relaxation test, where single 

strain 10% was employed for the measurement. Figure 8b shows the effect of nanofillers on 

the stress relaxation modulus of nanocomposites at melt state (180 oC) by using Rheometer. 

The presence of nanofillers in polymer can enhance the viscosity of reaction system, 
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changing molecule diffusion ability. In this study, all the pristine nanofillers were used 

without any surface modification, so, the final dispersion and distribution of nanofillers is 

dominant on the relaxation modulus of nanocomposites without any effect of cross-linking 

between PU matrix and carbon nanofillers. The plot of the stress relaxation time (calculated) 

and surface resistivity of PU nanocomposites is shown in Figure 9. The network structure of 

carbon nanofillers largely affected the confinement of the PU chain as a result electrically 

insulating nanocomposites (CB-PU2 and GNP-CB-PU2) exhibited small value of stress 

relaxation time than electrically conductive nanocomposites (CNT-PU2 and GCM112-PU2). 

Furthermore, the addition of three different dimensional carbon nanofillers in GCM112-PU2 

with fine dispersion constructs the conductive networks and decreases the mobility of the 

system i.e. slow down the movement of molecular segment. As mentioned above, the 

conductive network structure in GCM112-PU2 was formed by the combination of three 

different dimensional fillers in PU matrix where MWCNTs served as bridges among the 

GNPs and grape-like CB aggregates enriched around the junction of MWCNTs and GNPs. 

Even the short conductive channels are formed in GCM112-PU2 than CNT-PU2, the easy 

broken of the network structures in hybrid composite at melt state (180 oC)  than only 

MWCNTs entanglement in CNT-PU2 results the values of the stress relaxation modulus and 

relaxation time in GCM112-PU2 were lower than CNT-PU2. Figure 10 displays the effect of 

nanofillers on the stress relaxation modulus of nanocomposites at very far below the melting 

point of PU nanocomposite viz. at 30 oC and 50 oC by using dynamic mechanical analysis. 

Interestingly, the relaxation modulus and relaxation time of GCM112-PU2 composite were 

observed higher than CNT-PU2 composite in the solid state of composite by performing 

stress relaxation test using dynamic mechanical analysis. It is due to the fact that the network 

of the three conductive nanofillers in PU in the solid state are strong enough, which can 

obstruct the movements of polymer chain segments and restrain the relaxations of chain (Fig. 
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S-6). Therefore, the relaxation modulus of GCM112-PU2 is higher than CNT-PU2 

composite. Finally, relaxation time and modulus of both conductive nanocomposites CNT-

PU2 and GCM112-PU2 are significantly higher than that of the insulating polymer 

nanocomposite such as CB-PU2 and GNP-CB-PU2 both in solid and melt state due to 

obstruction and slow down the movement of molecular segment [87].  

 In this study, modified Kohlrausch–Williams–Watt (KWW) equation [85,86] for 

single stretched exponential function was used to fit the stress relaxation curves.  

σ(t) =(σmax-σmin) exp(-t/τ)β +σmin  ……………………….(1) 

 Where t is the decay time in the relaxation test, σ(t) is the relaxation stress at time t,  σmax is 

the unrelaxed stress at t=0, σmin is the final time recorded stress at  t~infinity and τ is the 

characteristic relaxation time. The stretching parameter β in equation (1) determines the 

narrowness of the distribution (0<β≤ 1), which is ~0.6 for flexible and isotropic polymers. 

  Time dependent relaxation modulus, E(t)  and related form of the KWW equation are 

shown as follows  

E(t)= σ(t)/εo   …………………………………………….(2) 

E(t) = (E0-Ef) exp(-t/τ)β+Ef   ……………………………..(3) 

Where E0 is the unrelaxed modulus i.e. instantaneous modulus E(t=0),  Ef  is the long time 

relaxed modulus i.e. Ef (t= tf), tf is the final time recorded in stress relaxation test. Equation 

(3) can rearrange to obtain equation (4), which is useful to calculate the β and τ.  

ln ln [1/R(t)] =β ln (t/τ) ………………………………….(4) 

Where R(t) is relaxation function  and R(t) = E(t)- E(f)/(Eo - Ef). 

The linear plot of ln ln [1/R(t)] vs ln(t) is shown in Figure S-7, where the slope as β and a y- 

intercept as - β lnτ. The value of β indicates the degrees of molecular mobility in polymer 

chains and inversely relates to the width of the relaxation spectrum. When β is closer to 0, it 

indicates a relatively large number of individual processes or a high degree of cooperativity 
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in the relaxation process. There is only one relaxation process at the extreme case of β=1 with 

the narrowest spectrum [85,86]. In our study, neat PU and all composites showed β 

=0.7±0.05, which lies within the range of elastomeric materials, affirming the validity of this 

model. Furthermore, β value of single filler and binary filler filled composites as well as neat 

PU showed in the range of 0.66 to 0.68, but GCM112-PU2 showed significantly high value 

~0.75 due to narrowest relaxation time distribution compared with the neat PU and other 

composites. Figure 11 shows the plot of stress relaxation time at 50 oC versus surface 

resistivity of different types of carbon nanomaterials based PU nanocomposites. 

It is clear that surface resistivity of carbon nanofillers/PU composites decreases with 

increasing the relaxation time of that nanocomposite. Here, the sample of lowest surface 

resistivity (GCM112-PU2) shows the longest relaxation time than the other nanocomposites. 

This is due to the restriction of the movement of molecular segments of PU by the network 

structure formed by the combination of three different carbon nanomaterials in GCM112-

PU2. Finally, we propose the structure of different types of   2 wt % carbon nanofillers based 

PU composites as shown in Figure 11 (right). It is postulated that the conductive networks are 

broken during the preparation of GNPs/PU prepolymer and chain extension with BD (Figure 

11a). The re-agglomeration of filler was not possible due to the high viscosity of prepolymer 

composite after chain extension with BD. In CNTs/PU composite (Figure 11b), even the 

primary conductive networks are broken during the processing, large length (~ 20 µm) with 

high aspect ratio of CNTs is able to form the network by the contact of the end of CNTs for 

electrical conductivity in the range of hopping or tunneling distance. In CB/PU (Figure 11c), 

not only the low aspect ratio of CB, but also the relatively poor dispersion of CB than other 

fillers in PU matrix also affected for the lower surface resistivity.  For GCM112-PU2 

composite, synergetic effect of   three fillers was observed, when the CB occupied on the 

dead network of MWCNTs and GNPs; with enough MWCNTs for bridging among the GNPs 
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(Figure 11d). Here, the formation of hierarchical carbon network structure was effective to 

reduce surface resistivity in the hybrid PU nanocomposite.  

 

4. CONCLUSIONS 

The synergy arising from the combination of three conducting carbon nanomaterials with 

unique geometric shapes and aspect ratios as well as different dispersion characteristics in 

nanocomposite of PU has been demonstrated first time. In CNT-PU2 composite, even the 

primary networks are broken during the processing; large length (~ 20 µm) with high aspect 

ratio of MWCNTs is able to form the conductive network by the contact of the end point of 

CNTs in the range of hopping or tunneling distance and surface resistivity was reached 108.6 

ohm/sq. The low aspect ratio of CB and the relatively poor dispersion of CB than other fillers 

in PU matrix are responsible for the high surface resistivity of CB-PU2 composite (1011.9 

ohm/sq). In GNP-PU2, the formation of islands other than the network paths in the matrix 

depending on the processing condition limited the exploitation of the high aspect ratio 

property of GNPs and expected high surface resistivity (1011.5 ohm/sq). Synergetic effect of 

three fillers for conductive network formation in GCM112-PU2 and GCM113-PU2 was 

possible by the extension of CNTs between the large flat surface area of GNPs, and the 

aggregation of CB at the junction of CNTs and GNPs largely reduced the surface resistivity ~ 

106.9 ohm/sq. On the other hand, the amount of CNTs content was not enough in GCM111, 

GCM211, and GCM121 to form the bridge among the GNPs with CB for the formation of 

conductive network. As a result, even the same amount of the total content of nanofillers, 

different ratio of hybrid fillers showed different electrical properties. The effect of 

ultrasonication for the exfoliation of carbon nanomaterials was evaluated by rheological 

measurement of masterbatches of carbon nanomaterials in polyol. The observation of the 

strong shear thinning behavior of   the masterbatches of carbon nanofillers in polyol with 
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increasing shear stress is the indication of the network formation of fillers due to the strong 

particle-particle interactions. Even the particle-particle interaction was noticed in the 

masterbatches of carbon nanofillers in polyol; our method for the preparation of 

nanocomposite is solvent free bulk in-situ polymerization, where re-agglomeration of carbon 

nanofillers was not possible due to solidification of PU within 2-3 min of chain extension. 

The fine dispersion and conductive networks formation of nanofillers in PU decreases the 

mobility of the system i.e. slow down the movement of molecular segment in 

nanocomposites; as a result stress relaxation modulus and relaxation time were increased for 

conductive composites than insulating composites. Finally, in GCM112-PU2, the three fillers 

of different dimensions are finely dispersed in the PU matrix and they perform as a single 

hierarchical filler with high aspect ratio for the improvement of electrical, thermal, and 

mechanical properties.   
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Figure Captions 

Figure 1. The general fabrication route for PU nanocomposites with the hybrid of GNPs, CB 

and MWCNTs as nanofillers. 

Figure 2. TEM micrographs of (a, b) GNPs, (c) CB and (d) MWCNTs. Scale bar 0.5 µm for 

(a), 10 nm for (b), 100 nm for (c,d). 

Figure 3. Raman scattering spectra of (a) GNPs (b) CB and (c) MWCNTs. Disorder in the sp2 

carbon lattice of GNPs, MWCNTs and CB. 

Figure 4. Steady shear viscosity of the masterbatches of carbon nanofillers (5 phr) in polyol at 

60 oC: (a) shear viscosity versus shear rate, (b) shear viscosity versus shear stress, (c) storage 

modulus (G’) and (d) loss modulus (G’’). Strong shear thinning behavior of the carbon 

nanofillers in polyol in figure 4b is the indication of the network formation. 

Figure 5. Electrical surface resistivity of carbon nanofillers (2.0 wt %) based PU 

nanocomposites. GCM112-PU2 showing lowest surface resistivity due to the formation of 

conductive networks by the combination of MWCNTs, GNPs and CB. 

Figure 6. Stress-strain curves of single fillers based PU composites (up); (a) neat PU, (b) GNP-

PU2, (c) CB-PU2, and (d) CNT-PU2. Stress-strain curves of hybrid fillers based PU 

composites (down); (a) neat PU, (b) GNP-CB-PU2, (c) GNP-CNT-PU2, and (d) GCM112-

PU2. 

Figure 7. FESEM images of (a) GNP-PU2, (b)  CB-PU2,(c) CNT-PU2, (d) GNP-CNT-PU2, 

(e,f) GCM112-PU2. (g,h) TEM images of GCM112-PU2. Small clusters of CB were seen at 

the junction of CNTs and GNPs for the network formation in GCM112-PU2.  Scale bar 200 

nm for (a,b,c,e,f,g), 300 nm for (d) and 100 nm for (h). 

Figure 8.  (a) Representative diagram of stress relaxation test. (b) Stress relaxation modulus 

vs. time for neat PU and composites at 180 oC. Lower values of the stress relaxation modulus 
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and relaxation time of GCM112-PU2 than CNT-PU2 due to the easy broken of the network 

structures in hybrid composite at melt state than only CNTs entanglement in CNT-PU2. 

Figure 9. Comparison of stress relaxation time at 180 oC and surface resistivity of different 

types of PU nanocomposites. 

Figure 10. Stress relaxation modulus vs. decay time for neat PU and composites at (a) 30 oC 

and (b) 50 oC. 

Figure 11. Plot of surface resistivity vs. stress relaxation time for neat PU and carbon 

nanomaterials/PU composites at 50 oC. Schematic representation of 2 wt % loading of carbon 

nanofillers in PU by solvent free bulk in-situ polymerization (a) GNPs, (b) MWCNTs, (c) CB 

and (d) GCM112. 

Table Caption 

Table.1 

Sample code and summary on the electrical and mechanical properties of GNPs, CB, and 

MWCNTs based PU hybrid nanocomposites prepared by solvent free bulk in-situ 

polymerization. 

 

 

 

 

 

 

 

 

 



41 
 

 

 

Fig. 1 

 

 

 



42 
 

 

 

 

Fig. 2 

 

 

 

 

 

 

 

 

 

 

 

(a) (b)

(d)(c)



 

 

 

Fig. 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



44 
 

 

 

Fig. 4 

 

 

 

 

 

 

 

 

 

 

 

 

0.1 1 10 100
10-1

100

101

102

103

104

 PTMEG1000-60
 GNP-PTMEG5-60
 CNT-PTMEG5-60
 CB-PTMEG-5-60
 GCM-PTMEG5-60

Vi
sc

os
ity

 (P
a.

s)

Shear rate (s-1)

(a)

0.1 1 10 100 1000
10-1

100

101

102

103

104

 PTMEG-1000-60
 GNP-PTMEG5-60
 CNT-PTMEG5-60
 CB-PTMEG-5-60
 GCM-PTMEG5-60

Vi
sc

os
ity

 (P
a.

s)

Shear stress (Pa)

(b)

1 10 100
102

103

104

 GNP-PTMEG5-60-G''
 CNT-PTMEG5-60-G''
 CB-PTMEG5-60-G''
 GCM112-PTMEG5-60-G''

G
'' (

Pa
)

Frequency (Hz)

1 10 100
102

103

104

 GNP-PTMEG5-60-G'
 CNT-PTMEG5-60-G'
 CB-PTMEG5-60-G'
 GCM112-PTMEG5-60-G'

G
' (

Pa
)

Frequency (Hz)

(c)

(d)



45 
 

 

 

Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 
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Fig. 9 
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Fig. 10 
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Fig. 11 
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Table. 1 

 

Sample 
code 

Filler (wt %) 
  

Total filler 
content   
(wt %) 

Log surf. 
Resistivity 

(Ω/□)  

Tensile 
strength 
(MPa) 

Young's 
modulus 
(MPa) 

  
GN
Ps CB CNTs         

PU0 0.0 0.0 0.0 0.0 12.5±0.3 36.48 11.92 

GNP-PU1 1.0 0.0 0.0 1.0 12.5±0.4 32.56 18.25 

GNP-PU2 2.0 0.0 0.0 2.0 11.5±0.4 29.43 21.44 

GNP-PU3 3.0 0.0 0.0 3.0 10.1±0.5 18.83 25.16 

GNP-PU5 5.0 0.0 0.0 5.0 10.0±0.4 8.5 29.34 

CB-PU1 0.0 1.0 0.0 1.0 12.3±0.7 26.33 17.3 

CB-PU2 0.0 2.0 0.0 2.0 11.9±0.6 21.93 22.7 

CB-PU3 0.0 3.0 0.0 3.0 9.3±0.5 8.71 19.88 

CNT-PU1 0.0 0.0 1.0 1.0 10.6±0.3 40.3 19.09 

CNT-PU2 0.0 0.0 2.0 2.0 8.6±0.2 38.47 26.02 

GNP-CB-
PU2 1.0 1.0 0.0 2.0 11.2±0.5 27.54 24.2 

GNP-CNT-
PU2 1.0 0.0 1.0 2.0 10.3±0.3 34.7 26.8 

GCM111-
PU2 

0.66
7 0.666 0.667 2.0 10.1±0.3 30.4 28.6 

GCM112-
PU2 0.5 0.5 1.0 2.0 6.9±0.2 39.26 35.45 

GCM113-
PU2 0.4 0.4 1.2 2.0 6.7±0.2 37.21 38.02 

GCM211-
PU2 1.0 0.5 0.5 2.0 10.7±0.5 32.4 31 

GCM121-
PU2 0.5 1.0 0.5 2.0 11.1±0.4 28.1 24.3 
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