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ABSTRACT 1 

A new technique to show good electroconductivity was proposed using carbon nanotube (CNT) 2 

localization in co-continuous immiscible polymer blends comprising ultra-high-molecular-3 

weight polyethylene (UHMWPE) and polycarbonate (PC). When UHMWPE was added to 4 

PC/CNT in the molten state in an internal mixer, CNTs started moving to the UHMWPE phase. 5 

However, CNTs require a long time to diffuse into the UHMWPE phase owing to a low 6 

diffusion constant. Consequently, they remain at the interface between PC and UHMWPE. 7 

When the blends have co-continuous structure, the localized CNTs at the phase boundary act 8 

as a conductive path, leading to a good electroconductivity. Although a similar morphology is 9 

obtained by adjusting the balance of interfacial tensions among polymers and CNT, it is 10 

difficult to find a system showing appropriate interfacial tensions. Since the present method is 11 

applicable to various polymer blends, it will be an important technique to prepare a conductive 12 

nanocomposite.  13 

 14 

Keywords: Polymer blend; Co-continuous structure; Electroconductivity; Carbon nanotube  15 
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INTRODUCTION 1 

The most obvious aim when formulating polymer nanocomposites containing 2 

conductive fillers is electroconductivity. When a composite comprises a single polymer species 3 

and a conductive filler, the conductivity is determined by the dispersion of the filler in the 4 

polymer, by the shape and size of the filler particles1-5 —as described by the percolation 5 

theory6,7—and by the conductive performance of the filler itself. In the case of a polymer blend 6 

with a phase-separated structure, good conductivity is obtained with a relatively small amount 7 

of fillers when the matrix phase has a conductive path. This phenomenon is called double 8 

percolation and employed in various systems these days.8-13 When in equilibrium, filler 9 

dispersion is determined by the balance of interfacial tensions Γi-j between i and j, i.e., the 10 

thermodynamic effect, which is described by the wetting coefficient ωa as follows:14,15 11 

 A Filler B Filler
a

A B

Γ Γω
Γ

− −

−

−
= .        (1) 12 

When ωa is smaller than -1, fillers exist in polymer A. In contrast, fillers remain in polymer B 13 

when ωa > 1. Moreover, they are localized at the interface when -1 < ωa < 1. 14 

Nanofiller localization also results from kinetic effect.10,16-22 Lee et al.16 prepared a 15 

conductive rubber sheet by compression molding of small rubber particles on which conductive 16 

fillers were coated. In this system, the slow diffusion of nanoparticles into the rubber is 17 

responsible for creating a conductive path. A similar technique was proposed by Chan et al.,17 18 

Zhang et al.,19 and Jia et al.10 using ultra-high-molecular-weight polyethylene (UHMWPE), 19 

and by Grunlan et al.18 using latex rubber. Recently, Wu et al.21 employed this technique for a 20 

blend containing polypropylene (PP), and Zheng et al.22 used it for a thermoplastic elastomer 21 

obtained by the dynamic vulcanization method. These reports demonstrated that the 22 

distribution of nanofillers in a polymer blend with phase separation is often different from the 23 

equilibrium one owing to the high viscosity of such blends. When a nanofiller has a low 24 

interfacial tension with respect of a high-viscosity polymer, it must reside on the surface of the 25 
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high-viscosity phase. Such localization in co-continuous structures enables the formation of an 1 

electrically conductive path with a significantly small amount of conductive fillers. 2 

Carbon nanotubes (CNTs) are one of the best-known conductive nanofillers.23-29 The 3 

interfacial tension Γ with a polymer can be estimated by the Girifalco-Good equation30,31 from 4 

the surface free energy γ. 5 

1 2 1 2 1 2 2Γ γ γ γ γ− = + − .        (2) 6 

The surface free energy of CNT, which must be affected by the production method, was 7 

reported to be 45.3 [mN/m]32 and 78.4 [mN/m]33. The values are much higher than those of 8 

most conventional plastics, e.g., 25.4 [mN/m] for polyethylene (PE) and 32.1 [mN/m] for 9 

polycarbonate (PC) at 200 °C,34 leading to ωa > 1 or ωa < 1. Therefore, CNTs often stay in one 10 

phase in an immiscible polymer blend. In the case of PE/PC blends, it is predicted that CNTs 11 

are dispersed in the PC phase. In a previous study, however, it was found that multi-walled 12 

carbon nanotubes (MWCNTs) are preferentially dispersed in high-density polyethylene 13 

(HDPE) in a phase-separated blend of PC and HDPE.35 Moreover, MWCNTs were dispersed 14 

in ethylene–propylene copolymer (EPR) droplets in a blend of PP and EPR.36 These results are 15 

attributed to the adsorption of HDPE and EPR molecules on the MWCNT surfaces during melt 16 

mixing. Furthermore, HDPE molecules were adsorbed on the MWCNTs more readily than 17 

EPR, suggesting that the ethylene unit is responsible for surface adsorption.35,37 The surface 18 

adsorption was accelerated by high-temperature mixing, presumably owing to the frequent 19 

generation of radicals. These results demonstrate that bound molecules generated during 20 

mixing play an important role in nanofiller distribution. 21 

In the present study, UHMWPE, instead of HDPE, was employed with PC as polymer 22 

species. According to the previous researches on PC/HDPE blends,35,37 CNTs were 23 

homogeneously distributed in the HDPE (molecular weight = 4.9 x 104) phase as a result of the 24 

surface adsorption. In the case of the present system using UHMWPE (molecular weight = 3.3 25 
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x 106), the diffusion constant of CNTs in the UHMWPE, which is inversely proportional to the 1 

polymer viscosity,38 is much lower than that in the HDPE. As a result, they accumulated at the 2 

interface, providing good electroconductivity when a blend has a co-continuous structure.  3 

When the interphase localization of nanofillers is attained by the thermodynamic effect; 4 

i.e., balance of interfacial tensions among polymers and CNTs, we have to select only restricted 5 

systems having -1 < ωa < 1. Furthermore, the interfacial tension between a polymer and CNT 6 

(Γi-CNT) is usually much higher than that between different polymers (ΓA-B). Therefore, most 7 

immiscible polymer pairs cannot satisfy the requirement of ωa to be localized at phase 8 

boundary. In other words, only an immiscible blend having a large interfacial tension (ΓA-B), 9 

leading to coarse morphology, can have CNTs at the boundary. Of course, such blends usually 10 

show poor mechanical properties. Therefore, the technique presented in this paper should be 11 

noted as a novel method to obtain a conductive polymer composite. 12 

 13 

MATERIALS AND METHODS 14 

Materials 15 

The following commercially available polymers were employed in this study: Panlite 16 

L-1225Y bisphenol A polycarbonate (PC) (melt mass-flow rate (MFR) = 11 g/10 min; Teijin 17 

Ltd., Japan) and UH900 ultra-high-molecular-weight polyethylene (UHMWPE) (Asahi Kasei 18 

Corp., Japan). The number- and weight-average molecular weights of the PC—characterized 19 

by an HLC-8020 size exclusion chromatography (SEC) (Tosoh Corp., Japan) using chloroform 20 

as an eluent and a polystyrene standard—were Mn = 1.9 × 104 (Da) and Mw = 9.7 × 104 (Da), 21 

respectively. The average molecular weight of the UHMWPE, according to its intrinsic 22 

viscosity, was 3.3 × 106 (Da). The densities of the PC and the UHMWPE at 23 °C were 1200 23 

kg/m3 and 940 kg/m3, respectively. 24 
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A composite comprising PC and 20 wt.% multi-walled carbon nanotubes (CNT) (NT-1 

7; Hodogaya Chemical Co., Ltd., Japan)—i.e., PC/CNT (80/20 weight fraction ratio)—was 2 

kindly provided by Hodogaya Chemical Co., Ltd. in pellet form. The diameters of the CNTs 3 

ranged from 40 to 80 nm, and their lengths were between 10 and 20 μm. The density of the 4 

composite was approximately 2300 kg/m3. Further details were described in the literature.39-41 5 

 6 

Sample preparation 7 

Prior to melt blending, pure PC and PC/CNT (80/20) were dried at 120 °C for 8 h in a 8 

vacuum oven to remove the moisture to avoid hydrolysis reaction.12 PC/CNT (80/20), pure PC, 9 

and UHMWPE were mixed in a Labo-Plastmill internal batch mixer (Toyo Seiki Seisaku-syo, 10 

Ltd., Japan) at 250 °C for 20 min at a blade rotation speed of 50 rpm. The weight fractions of 11 

PC/CNT/UHMWPE were 60/8/32, 46/8/46, and 32/8/60, with 5000 ppm of Sumilizer-GP 12 

thermal stabilizer (Sumitomo Chemical Co., Ltd., Japan). The obtained samples were 13 

compressed into flat 1 mm-thick sheets using a table-type test press laboratory compression 14 

molding machine (Tester Sangyo Co., Ltd., Japan) at 250 °C and 10 MPa for 6 min, and 15 

subsequently cooled to 25 °C for 3 min. 16 

 17 

Measurements 18 

The temperature dependency of the dynamic tensile moduli was measured using a 19 

Rheogel-E4000 dynamic mechanical analyzer (UBM Co. Ltd., Japan) at 10 Hz between 100 20 

and 220 °C at a heating rate of 5 °C/min. Rectangular 1 mm-thick specimens were cut from the 21 

compressed films. 22 

Surface and volume resistivities of the sheets were evaluated using MCP-HT450 and 23 

MCP-T610 constant voltage-supplied resistivity meters (Mitsubishi Chemical Analytech Co., 24 
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Ltd., Japan). The average value for each sample was calculated from nine measurements made 1 

at 23 °C. 2 

The flat PC/CNT/UHMWPE sheets (each approximately 1 mm thick) were immersed 3 

in chloroform for 3 days at room temperature to remove the PC fraction. Then the insoluble 4 

portions were dried and weighed to determine the soluble fraction S, defined as follows: 5 

100×
−

=
i

fi

w
ww

S ,         (3) 6 

where 𝑤𝑤𝑖𝑖  is the initial weight of the sample, and 𝑤𝑤𝑓𝑓 is the weight of the dry insoluble portion. 7 

The insoluble part in chloroform was further immersed in xylene at 140 °C for 4 h to determine 8 

the weight fractions of soluble and insoluble portions in hot xylene. 9 

A Spectrum 100 Fourier-transform infrared spectroscopy (FTIR) analyzer (Perkin 10 

Elmer, Inc., MA, USA) was used for the characterization. The soluble portions in chloroform 11 

and hot-xylene were used for the samples after drying. 12 

The thermal properties of the samples were evaluated using a DSC8500 differential 13 

scanning calorimeter (DSC; Perkin Elmer, Inc.) under a nitrogen atmosphere. Each sample was 14 

heated from room temperature to 200 °C at a scanning rate of 10 °C/min to evaluate its heat of 15 

fusion and melting point (Tm). Then the sample was cooled to room temperature at 10 °C/min 16 

to evaluate the crystallization temperature (Tc). 17 

The PC/UHMWPE morphology was observed using a TM3030Plus scanning electron 18 

microscope (SEM; Hitachi, Ltd., Japan). The cut surfaces of samples were immersed in 19 

aqueous solution of 15 wt.% of potassium iodide at 70 °C. Then, 5 wt.% of iodine was added 20 

and kept at 70 °C for 4 h for staining. The energy dispersive X-ray analysis was also performed 21 

after drying. 22 
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The CNT distribution was observed using an S4100 SEM (Hitachi, Ltd., Japan). Prior 1 

to observation, all specimens were coated with OsO4 by a sputter coating machine. The surface 2 

of chloroform-insoluble portions and that of the cryogenically fractured ones were used.  3 

 4 

RESULTS AND DISCUSSION 5 

Effect of blend ratio 6 

Initially, the dynamic mechanical properties were evaluated for binary blends of PC 7 

and UHMWPE at various blend ratios without CNTs. The temperature dependencies of the 8 

dynamic tensile moduli—i.e., the storage modulus E′ and the loss modulus E′′—are shown in 9 

Fig. 1 (a). Because the melting point (Tm) of UHMWPE is around at 135 °C (as shown later) 10 

and the glass transition temperature (Tg) of PC is approximately 165 °C, blends with a co-11 

continuous structure must show step-wise decreases in the E′ curve at both the Tm of UHMWPE 12 

and the Tg of PC. 13 

As shown in Fig. 1 (a), there were almost no changes in E′ or E′′ at the Tm of UHMWPE 14 

for PC/UHMWPE (65/35), suggesting that UHMWPE was the dispersed phase while PC was 15 

the continuous one due to the huge viscosity difference. In contrast, there was a stepwise 16 

decrease in the E′ of PC/UHMWPE (50/50), although the modulus drop at Tm was not so 17 

obvious. This result was expected because a large portion of the PC, which had a lower 18 

viscosity, must have formed a continuous phase in this blend. In the case of PC/UHMWPE 19 

(35/65), there was a clear stepwise decrease in E′ and a distinct peak in the E′′ curve at the Tg 20 

attributable to PC. Beyond the Tg of PC, the blends containing large amounts of UHMWPE—21 

i.e., PC/UHMWPE (50/50) and PC/UHMWPE (35/65)—exhibited a plateau region in the 22 

moduli curves, suggesting that UHMWPE formed a continuous phase. PC must also have 23 

formed a continuous phase in these blends, because they exhibited a marked drop in the 24 
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modulus at the Tg of PC. These results suggest that PC/UHMWPE (50/50) and PC/UHMWPE 1 

(35/65) had co-continuous structures. 2 

 3 

 4 

Fig. 1. Temperature dependence of dynamic tensile moduli such as (closed symbols) storage 5 

modulus E’ and (open symbols) loss modulus E” for (black circles) PC/UHMWPE (65/35), 6 

(red diamonds) PC/UHMWPE (50/50), and (blue triangles) PC/UHMWPE (35/65):  7 

(a) without MWCNTs and (b) with MWCNTs (8 wt.%). 8 

 9 

The dynamic mechanical properties for the composites with 8 wt.% CNT are shown in 10 

Fig.1 (b). The blend ratios of PC to UHMWPE were the same as those in Fig. 1(a). The dynamic 11 

mechanical properties were similar to those of the blends with enhanced moduli arising from 12 

the addition of rigid fillers, suggesting that PC/CNT/UHMWPE (46/8/46) and 13 

PC/CNT/UHMWPE (32/8/60) had co-continuous structures. 14 

 The melting of UHMWPE in the composites was clearly detected by the DSC 15 

measurements for all composites. As shown in Fig. 2, the peak temperatures of 16 

PC/CNT/UHMWPE (60/8/32), (46/8/46), and (32/8/60) in the first heating curve were located 17 

at around 133 °C. The heats of fusion, ∆H, were 56.8, 81.4, and 105.8 J/g, respectively. 18 
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Assuming that the heat of fusion of a perfect polyethylene crystal is 293 J/g,42 the degrees of 1 

crystallinity per UHMWPE in the composites were around 60 wt.% for all composites. 2 

 3 

 4 

Fig. 2. DSC heating curves for PC/CNT/UHMWPE (60/8/32), (46/8/46), and (32/8/60) at 5 

10 °C/min. 6 

 7 

The effect of the CNT addition on the morphology was studied by SEM observation 8 

using the samples stained by iodine to differentiate PC and UHMWPE clearly. It was clarified 9 

by energy dispersion X-ray spectroscopy that the dark region is the PC phase. As seen in Fig. 10 

3, co-continuous structures were detected for both samples, i.e., PC/UHMWPE (50/50) and 11 

PC/CNT/UHMWPE (46/8/46). Furthermore, the CNT addition was found to result in fine 12 

morphology, which is ascribed to the viscosity increase of the PC phase by CNTs.40 The fine 13 

morphology attained by the CNT addition is reasonable, because the increase in the viscosity 14 

of the PC phase reduces the viscosity difference with UHMWPE. It is well-known that the 15 

viscosity matching plays an important role in the fine morphology of an immiscible polymer 16 

blend.43-46 The CNT dispersion in the blend, which was unclear in Fig. 3 due to the low 17 

magnification, will be shown later. 18 

 19 
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 1 

Fig. 3. Scanning electron microscope (SEM) images of cryofractured surface of  2 

(left) PC/UHMWPE (50/50) and (right) PC/CNT/UHMWPE (46/8/46) stained with iodine. 3 

 4 

CNT dispersion in PC/CNT/UHMWPE 5 

The immersion experiment using chloroform as a solvent was performed to determine 6 

the CNT dispersion. This is known to be a conventional method to characterize the structure 7 

of a polymer blend composed of a crystalline polymer and an amorphous polymer.12,35,37 8 

Photographs of the composites following immersion in chloroform are shown in Fig. 4. The 9 

weight fractions of the dissolved portion, which were confirmed as the PC fraction by FT-IR 10 

spectroscopy (Fig. 5), were measured after drying. The results were shown in Table 1. As seen 11 

in the table, the weight fractions of the soluble portions of PC/CNT/UHMWPE (60/8/32) and 12 

(46/8/46) were almost the same as the original weight fractions of the PC in those composites. 13 

However, that of PC/CNT/UHMWPE (32/8/60) was less than the original one of the PC. This 14 

is plausible because a part of PC covered with UHMWPE cannot be dissolved. As shown in 15 

Fig. 4, the solutions containing PC were fairly transparent as similar to PC/CNT/HDPE,35 16 

demonstrating that the CNTs were localized in the insoluble portion, i.e., the UHMWPE. 17 

Considering that the CNTs were mixed with the PC first, most of the CNTs transferred from 18 

the PC to the UHMWPE during mixing. According to our previous study, this is attributed to 19 

the surface adsorption of polyethylene chains on the CNT surface.35 20 
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 1 

 2 

Fig. 4. Photographs showing the immersion of PC/CNT/UHMWPE (60/8/32), (46/8/46), and 3 

(32/8/60) in chloroform. 4 

 5 

 The insoluble parts in chloroform were further immersed in xylene at 140 °C for 6 h. 6 

Prior to the measurement, we confirmed that the UHMWPE was fully dissolved in the hot 7 

xylene. The solutions were found to be transparent and there was an insoluble part. The 8 

insoluble part must be composed of CNTs and polyethylene as demonstrated in our previous 9 

paper.35 The weight contents of the xylene-insoluble part were slightly larger than those of the 10 

CNT in the composites.35 Furthermore, the dissolved portions were confirmed as UHMWPE 11 

by the FT-IR spectroscopy (Fig. 5). 12 

 13 
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 1 

Fig. 5. FT-IR spectra of the soluble parts in (a) chloroform and (b) hot-xylene in 2 

PC/CNT/UHMWPE (60/8/32), (46/8/46), and (32/8/60), and those of the individual pure 3 

polymers.  4 

 5 

Table 1. Insoluble/soluble parts in chloroform and hot-xylene 6 

Samples Soluble part in 
chloroform (wt.%) 

Insoluble part in chloroform (wt.%) 
Soluble part  

in hot-xylene (wt.%) 
Insoluble part  

in hot-xylene (wt.%) 
PC/CNT/UHMWPE  

(60/8/32) 62 29 9 

PC/CNT/UHMWPE  
(46/8/46) 44 45 11 

PC/CNT/UHMWPE  
(32/8/60) 25 59 16 

 7 

 The thermal properties of the insoluble portions in hot xylene were evaluated after 8 

vacuum drying to confirm the FT-IR results. The DSC heating and cooling profiles are shown 9 

in Fig. 6, in which Tm and Tc of UHMWPE were detected in the insoluble portions. The Tc 10 

seems to be slightly higher than that of pure UHMWPE. This will be owing to the strong 11 

nucleating ability of CNTs.47,48  12 

 13 
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 1 

Fig. 6. DSC (a) heating and (b) cooling curves; insoluble portions in hot xylene of 2 

PC/CNT/UHMWPE (60/8/32), (46/8/46), and (32/8/60) with the data of pure UHMWPE.  3 

The heating and cooling rates were 10 °C/min. 4 

 5 

The morphology of surface and inside of the insoluble portion in chloroform was 6 

investigated using SEM. To characterize the inside of the insoluble portions, the cryogenically 7 

fractured surface was used for the SEM observation. As shown in left pictures in Fig. 7, the 8 

CNTs were homogeneously distributed on the surface of the insoluble portions, i.e., the 9 

UHMWPE phase, irrespective of the blend ratios. In contrast, as shown in the right pictures in 10 

Fig. 7, it was impossible to confirm the presence of the CNTs on the fractured area denoted by 11 

an arrow, i.e., inside the UHMWPE phase. These results indicate that the CNTs were localized 12 

at the interface between the PC and the UHMWPE. According to our previous study,35 in the 13 

case of PC/CNT/HDPE composites (Mn = 8.7 × 103 and Mw = 4.9 × 104 for HDPE), the CNTs 14 

were homogeneously distributed throughout the whole HDPE phase. 15 

The diffusion constant of a particle is known to be inversely proportional to the 16 

viscosity of a medium. Since the molecular weight of the UHMWPE is almost 60 times higher 17 

than that of the HDPE used in the previous study, the zero-shear viscosity, which is 18 

proportional to M 3.4, is 1 x 106 times higher. Therefore, the diffusion coefficient of CNTs in 19 
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the UHMWPE must be 1 x 106 times lower than that in the HDPE.38 Consequently, most CNTs 1 

were localized at the surface of the UHMWPE phase, as illustrated in Fig. 8. 2 

 3 

 4 

Fig. 7. Scanning electron microscope (SEM) images of (a) the surface and (b) the 5 

cryofractured surface of the chloroform-insoluble portion of PC/CNT/UHMWPE.  6 

 7 

 8 
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Fig. 8. Schematic illustration of CNT dispersion in (a) PC/CNT/UHMWPE (46/8/46) and (b) 1 

PC/CNT/HDPE (46/8/46).  2 

 3 

Resistivity of PC/CNT/UHMWPE 4 

The surface and volume resistivities are summarized in Fig.9. Although the surface and 5 

volume resistivities for the blends without CNTs were too high to be evaluated (> 1.0 x 1010 6 

Ω/sq. for surface resistivity and > 1.0 x 1010 Ω cm for the volume resistivity), 7 

PC/CNT/UHMWPE (46/8/46) had good conductivity. This was expected because 8 

PC/CNT/UHMWPE (46/8/46) had a co-continuous structure with CNT localization at the 9 

phase boundary. The resistivities of PC/CNT/HDPE (46/8/46) were also evaluated as 10 

references, and found them to be markedly high (1.0 x 1010 Ω/sq. for the surface resistivity and 11 

> 1010 Ω cm for the volume resistivity). We conclude that composites containing UHMWPE 12 

have the potential to provide good electroconductivity. 13 

Although the level of the electroconductivity in this study is not prominent as compared 14 

with recent advanced reports using the double percolation method (101 – 103 Ω cm for 15 

composites with 1-10 wt.% of CNTs),10,11,13 it is presumably attributed to low 16 

electroconductivity of the CNT used in this study. It is well known that the electroconductivity 17 

is dependent upon the characteristics of CNTs.1-6 18 

 19 
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 1 

Fig. 9. (a) Surface and (b) volume resistivities for PC/CNT/UHMWPE.  2 

 3 

CONCLUSIONS 4 

In the present study, we investigated the structures and electroconductive properties of 5 

composites comprising PC, UHMWPE, and CNTs. Although the CNTs preferred the 6 

UHMWPE phase, they were localized on the surface due to a low diffusion constant of CNTs 7 

in UHMWPE. Because of the interphase localization, the blends with co-continuous structures 8 

have good electroconductivity owing to the presence of an electrically conductive path. The 9 

slow diffusion of CNTs is responsible for the peculiar CNT distribution, which can be 10 

applicable to various polymer blends having a high-viscosity component. From the viewpoint 11 

of thermodynamics, i.e., wetting coefficient, only limited blend systems exhibit the interphase 12 

localization of nanofillers. In fact, the CNT dispersion at interphase is not allowed at the 13 

equilibrium state also for the present blend systems, which can be predicted by the wetting 14 

coefficient. Therefore, the results obtained in this study will be important to widen the material 15 

design for conductive polymer blends. Moreover, the morphology control of this method is 16 

applicable to various nanocomposite systems. 17 

 18 
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