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Abstract 
 

It was well established that microwave radiation was utilized initially to enhance the electrical conductivity of polymer 
nanocomposites (PNCs) by introducing carbon nanotubes (CNTs) without using any solvent. High electrical conductivity was 
obtained in polypropylene (PP) nanocomposites with low CNTs loading levels. Under an inert gas protection, the CNTs were 
heated through the transformation of electromagnetic energy into mechanical vibrations. The surface of PP was easily molten 
by the heat generated by CNTs, then a well-formed CNTs network was built under proper microwave treatment period and 
subsequent hot pressing. CNTs loading levels and processing temperatures played an important role in the crystal structure, 
crystalline fraction and crystallization temperature of both nest PP and its PP/CNT PNCs. Moreover, the pressing temperature 
and CNT loading levels had an obvious effect on the electrical conductivity, which were the main factors on network formation. 
Electron transport with a three-dimensional route was observed from the study of the variable range hopping (VRH) 
mechanistic. The unique negative magnetoresistance (MR) phenomenon was shown in the PNCs and theoretically discussed 
by the forward interference model. The calculated optical band-gap of PNCs decreased with increasing the CNT loading. Other 
properties have been also well tested and analyzed.  
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1. Introduction 

Microwave irradiation is a form of electromagnetic irradiation, 

which is between infrared radiation and radio waves. Its 

wavelengths are 0.001 - 1 m with frequencies ranging from 

300 (0.001 m) - 0.3 (1 m) GHz.[1] Microwaves have multiple 

applications in communications, navigation, radar technology, 

radio astronomy, spectroscopy and heating recourse.[2,3] In 

addition,  two operating frequencies of micro-waves 

commonly used in industrial, scientific and medical 

equipment are 0.915 and 2.450 GHz to avoid the interferences, 

which are hold by the Federal Communications Commission.[4] 

Moreover, one of the commercially available microwave 

network analyzers is allowed to operate at wide frequencies 

from 0.1 to 20 GHz.[5] In 1947, Raytheon built the first 

commercially available microwave oven. Over the past seven 

decades, the microwave oven has been an indispensable 

appliance in almost kitchens possessing advantages of shorter 

cooking time and energy saving over traditional cooking ways.  

Notwithstanding the microwave oven for heating food is 

broadly used, the application of this machine to process 

materials is a relatively new investigation. There are multiple 

benefits from microwave assisted research, including higher 

production quality, reduced processing times, low costs, new 

product development, and reduced hazards.[6] Normally, 

traditional thermal processing is to transfer energy to the 

materials via convection, radiation, or conduction of heat 

through the surface of materials. During this process, the 

energy is transferred based on thermal gradients. However, 
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microwave irradiation energy is directly transferred to 

materials through the interaction of microwaves with 

molecules, and thus displays the principle that the 

electromagnetic energy converts to thermal energy, rather than 

heat transfer.[7,8] Hence, the molecular structure is important in 

the ability of the objects to interact with the microwave. 

Furthermore, microwaves will selectively heat the composites 

or multi-phase materials possessing diverse dielectric 

properties with a higher dielectric loss.[6] Therefore, it is a great 

advantage to fabricate materials with unique and new 

microstructures via selectively heating distinct phases. 

Accordingly, microwave technology acquired fast popularity 

in the fabrication of metallic, ceramics and polymers based 

products, and composite materials.[9-11] 

Polymer nanocomposites (PNCs) have gained 

tremendous impetus as a result of their outstanding 

performances arising from their unique and special physico-

chemical properties such as low costs, low manufacture 

conditions, lightweight, and functional characteristics of 

nanofillers including outstanding thermal stability, robust 

flexibility and tunable mechanical, magnetic, rheological and 

electrochemical properties.[12-17] In the rapid development of 

advanced materials, the PNCs with electrical conductivity or 

semiconductivity have drawn enormous attention because of a 

great deal of applications like energy storage devices,[18,19] 

sensors,[20-22] kinesiology,[23-25] aerospace vehicles,[26] 

anticorrosion coatings[27] and microwave absorbers.[28-30] 

Generally, electrically conductive PNCs are fabricated by 

mixing the insulative polymer matrix with conductive 

nanofillers. Carbon nanotubes (CNTs) are outstanding 

conductive nanofillers, which already have had great 

applications in various devices with lightweight,[31] high aspect 

ratio,[32] excellent elastic modulus,[33,34] and great electrical and 

thermal conductivity.[35] In particular, the response of CNTs to 

electromagnetic waves as the most attractive topic has been 

investigated by many researchers. Since strong absorptions are 

obtained with powerful outgassing, heating and light emission 

when CNTs are heated by microwave irradiation.[36] In recent 

years, numerous researchers have used microwaves to purify 

and functionalize raw CNTs.[37,38] However, the microwave 

irradiation used as a green technology to prepare highly 

electrically conductive polymer/CNT nanocomposites as 

engineering materials has been rarely reported so far.  

In this study, we explored the efficacy of microwave 

irradiation as an environment-friendly method for the 

fabrication of electrically conductive PNCs with low loading 

level CNTs. The formation of CNTs network on the surface of 

PP granules depends on the microwave heating time, and the 

final electrical conductivity is related to different processing 

temperatures. This solvent-free preparation procedure was 

adjustable and repeatable. The microstructure of the PNCs was 

studied by both scanning electron microscope (SEM) and 

transmission electron microscopy (TEM). Thermogravimetric 

analysis (TGA) was utilized to examine the thermal stability 

of PNCs. The effects of CNTs on the PP were investigated by 

X-ray diffraction (XRD) and differential scanning calorimeter 

(DSC). The rheological behaviors of the PNCs were well 

discussed. Moreover, the influences of CNTs loading changes 

and hot press temperatures on the electrical conductivity, 

magnetoresistance, and optical property were studied for all 

PNCs. The electrical conductivity mechanism was well 

theoretically analyzed by the variable range hopping model. 

 

2. Experiments 

2.1 Materials 

Polymer matrix polypropylene (PP) was supplied from the 

Total Company (Total 3270, Mw: 297000, melt flow rate 

(MFR): 2.0 g 10min-1, density: 0.91 g cc-1). The carbon 

nanotubes (CNTs, SWeNT SMW 200X) were provided by 

SouthWest Nano Technologies, Inc with 10.4 nm average 

diameter and 4.3 μm average length. No further treatment was 

applied to all the chemicals utilized in this project. 

 

2.2 Nanocomposites Preparation 

The PP/CNTs nanocomposites mixed CNTs with loadings of 

0.15, 0.50, 1.20 and 1.30 wt% were prepared by microwave 

solvent-free irradiation as the following procedure. As shown 

in Scheme 1, 125 mL Buchner flask containing 5 g PP and 2 g 

CNTs was purged by nitrogen for 15 min, then the vents were 

sealed by the parafilm immediately. The PP granules were 

fully surrounded by CNTs after mechanically shaking about 

30 s (Vortex-Genie 2, Gear: 6). After that, the PP/CNTs 

mixture was microwaved (Rival 700 Watts, 2.450 GHz) for 5 

s as a period; during each interval, the mixture was taken out 

and mechanically shaken for 3 s (Gear: 6).  The samples were 

collected after 4, 5, 6, and 7 periods and marked as 20, 25, 30 

and 35 s, respectively. Afterward, the microwave treated 

mixture was poured into a designed container with ordered 

pores smaller than granules on the inner wall to collect surplus 

CNTs (Gear: 8, 3 min). The pure PP was treated as the same 

procedure without CNTs, which was marked as m_Pure PP. 

The finally collected pellets were shaped into a disk (diameter: 

25 mm) with a series of (140, 160 and 180 °C). 

 

 
 

Scheme 1. The procedures of PP/CNTs PNCs fabrication by the 

microwave solvent-free irradiation. 
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Fig. 1 Thermogravimetric analysis (TGA) curves of pure PP and its PP/CNT PNCs under 20, 25, 30, 35 s microwave treatment under 

(a) N2 and (c) air conditions; and the corresponding derivative thermogravimetric (DTG) (b&d); Insert in (c): TGA and DTG curves 

of neat CNTs.  

 

2.3 Characterizations 

The melting and crystallization properties of pure PP and 

nanocomposites were analyzed by a TA Instruments Q2000 

differential scanning calorimeter (DSC). This test was 

completed in a nitrogen environment with a flow rate of about 

50 mL min-1 and a heating rate of 10 °C min-1. These samples 

were about 10 mg for each test. During the test, each sample 

was heated from 30 to 200 °C at first to get rid of the thermal 

history, then lower temperate to 30 °C, and reheated again to 

200 °C. The data of the first cooling and second heating steps 

were collected to be analyzed. Thermogravimetric analysis 

(TGA, TA Instruments Discovery) was used to study the 

thermal stability of the PP/CNTs PNCs. It was carried out from 

30 to 600 °C under both air and nitrogen atmospheres at 10 °C 

min-1 heating rate. 

The rheometer (TA Instruments Discovery HR-1) 

examined the storage and loss modulus and loss factor of the 

PP/CNTs PNCs. An environmental test chamber (ETC) 

aluminum parallel-plate geometry (25 mm in diameter) was 

utilized to perform the dynamic rheological measurements 

with the dynamic oscillation frequency 0.1 - 100 rad s-1 at 1.0 % 

strain. The viscosity measurements were completed from 0.1 

to 100 s-1 of shear rate at 220 °C. The PP/CNTs test samples 

were shaped into disc pellets with a diameter of 25 mm and 

the average thickness was about 2.0 mm through applying a 

clamping force of 5 Tons in a benchtop auto presser (Carver 

Standard Auto CH). 

The crystalline structures of pure PP and its PNCs were 

examined by X-ray diffraction (XRD) scanning from 10 to 30°. 

The morphology was investigated by emission scanning 

electron microscope (SEM, Zeiss MERLIN). The micro-

structure of CNTs and nanocomposites from the fracture 

surface of the samples was observed. Meanwhile, the fracture 

surface was created in liquid nitrogen for characterization.  

UV/VIS/NIR spectrophotometer (JASCO, Model V-670) 

accompanied with a Jasco ISN-723 diffuse reflectance 

accessory was applied to test Ultraviolet-visible (UV-vis) 

diffuse reflectance spectra (DRS) of the PP/CNTs PNCs. 

The electrical resistivity was studied using a standard 

four-probe method. The samples used in this measurement 

were shaped into disc pellets by hot presser following the same 

procedure as the samples used in the viscosity measurements. 

The magnetoresistance (MR) was measured in a 9-Tesla 

Physical Properties Measurement System (PPMS) by 

Quantum Design at 290 K, which was carried out using a 

standard four-probe technique. 

 

3. Results and Discussion 

3.1 Thermal stability 

The thermal decomposition data of pure PP and its PNCs at 

both nitrogen and air conditions are shown in Fig. 1a&c; and 

the corresponding derivative weight loss curves are presented 
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in Fig. 1b&d, respectively. The CNT loadings of PP/CNT 

PNCs under different microwave periods are summarized in 

Table 1. 

 

Table 1. TGA record of the pure PP and its PNCs with CNTs.  

CNT 

loading 

(wt.%) 

Pure PP 20 s 25 s 30 s 35 s 

0 0.15 0.50 1.20 1.30 

N2 
Ton [°C] 414.26 415.98 416.18 417.10 417.22 

Tend[°C] 444.36 445.96 445.62 445.93 446.05 

Air 
Ton [°C] 290.42 306.169 306.27 320.12 319.41 

Tend[°C] 339.26 365.121 363.34 377.13 369.31 

 

For PNCs under N2 atmosphere, there is a pointy weight 

loss stage in the temperature range from 400 to 450 °C, which 

is consistent with the previous observation,[39] owing to a large 

scale thermal degradation of PP polymer chains. The onset 

degradation temperatures (Ton) and the temperatures of the 

maximum weight loss (Tend) of CNTs/PP PNCs increase 

slightly with increasing CNTs loading as shown in Table 1. 

This indicates the stabilization of PP by the introduced CNTs. 

This result also can be proved by DTG curves, in which the 

peaks of PP/CNT PNCs move to higher temperatures than that 

of pure PP (Fig. 1b). The CNT loadings of PP/CNT PNCs 

treated under a series of microwave periods can be determined 

by the TGA curves under N2 condition, which are 0, 0.15, 0.5, 

1.20, 1.30 wt.% CNTs for pure PP and 20, 25, 30 and 35 s 

microwave heating PP/CNTs PNCs, respectively.  

 PP/CNT PNCs with 1.20 wt% CNTs have the highest Ton 

(320.12 °C) under air condition as shown in Table 1, which is 

about 30 °C higher than that of pure PP. The hardy interfacial 

particle-polymer interactions is one of the reasons.[40] Another 

reason is that the heat is absorbed by neat CNTs transitorily 

and thus postpones the degradation of PP chains since the neat 

CNTs begin to be decomposed at around 500 °C, which was 

observed from TGA of neat CNTs in the insert of Fig. 1c. 

However, when the loading of CNTs comes to 1.30 wt%, the 

Ton decreases slightly. Since heat transfers to polymer more 

deeply and quickly with a good thermal conductivity of mixed 

CNTs. Therefore, the network structure is destroyed rapidly in 

the polymer matrix by increasing the CNTs loading. The above 

phenomena also can be obtained in DTG curves as shown in 

Fig. 1d. 

 

3.2 Melting and crystalline behaviors 

The melting and crystallization behaviors of pure polymer and 

its PNCs can be depicted using the DSC endothermic and 

exothermic data as presented in Fig. 2, respectively. The exact 

crystallization data (Tc: crystalline peak temperature; 
cH  : 

crystallization enthalpy; Tm: melting peak temperature; 
mH : 

fusion enthalpy; and Fc: crystalline fraction) are shown in 

Table 2. The Tc and Tm are easily read from curves. The 
cH  

and 
mH  data are simply integrated from the DSC curves. 

Compare crystallization and fusion enthalpy, the 
cH   is 

smaller than the
mH   value for all samples, which is 

attributed to the sample recrystallization. The 
cF   for pure 

polymer and nanocomposites is calculated from Equation 1:[41] 

 

𝐹𝑐 =
𝛥𝐻𝑚

𝛥𝐻𝑚
0 ×(1−𝑥)

                                                       (1) 

 

where 𝛥𝐻𝑚
0  is the enthalpy for a theoretical 100% crystalline 

polymer. As a reference, PP is 209 J g-1[42] and x   is CNTs 

loadings. The as-received (pure PP) and the treated (m_Pure 

PP) PP granules are compared in Fig. 2a to reveal the effects 

of microwave on the PP granules. The cooling and heating 

curves of these two samples almost overlap with closed Tc and 

Tm values, and the Fc also stays unchanged. Therefore, it 

confirms that the microwave has no influence on pure PP 

granules after 35-s microwave treatment. Since no or 

negligible energy absorption was obtained in the pure PP 

granules with a very low dielectric loss factor. Consequently, 

microwave energy does not work on them.[43] 

 

Table 2. DSC paraments of pure PP and PNCs with different 

microwave treatments. 

Treatment Time 
cT  

(°C) 

cH

(J g-1) 

mT  

(°C) 

mH

(J g-1) 

cF

(%) 

Pure PP 115.71 154.0 167.33 124.2 59.43 

m_Pure PP  115.19 154.2 167.70 124.0 59.33 

20 s  113.38 151.0 169.45 130.6 62.58 

25 s 114.29 150.7 168.55 131.0 62.99 

30 s 113.36 150.2 168.14 132.1 63.97 

35 s 113.29 151.8 167.88 133.8 64.86 

30 s_140°C 113.55 151.4 167.81 127.6 61.79 

30 s_160°C 114.69 152.9 167.22 129.3 62.62 

30 s_180°C 114.70 153.6 165.59 129.4 62.67 

 

The microwave treatment duration of PP/CNT PNCs was 

studied in Fig. 2b. The Tc values of PP/CNT PNCs are smaller 

than those of pure PP. The variation of Tc is caused by different 

roles of the CNTs during crystallization process of PP, which 

can be explained by the spherulitic growth rate (G ) as shown 

by Equation 2:[44-46] 

 

𝐺 = 𝐺0exp [
−𝑈∗

𝑅(𝑇𝑐−𝑇∞)
] exp {

−𝐾𝑔

[𝑇𝑐𝑓(𝑇𝑚
0 −𝑇𝑐)]

}                            (2) 

 

where 0G  is a factor on the units cm s-1, 
*U  is the activation 

energy for the alteration of polymer chain segments to the 

crystallization sites, 𝑇𝑚
0   is the equilibrium 𝑇𝑚 , R   is the gas 

constant, f  is the factor which showed the decrease in heat 

of fusion with decreasing temperature, 𝑇∞ is the hypothetical 

temperature where all the motions associated with viscous 

flow are ceased, the 𝐾𝑔 is the nucleation constant, which can 

be presented by Equation 3:[45] 



 Research article                                                                                                          ES Materials & Manufacturing 

© Engineered Science Publisher LLC 2020                                                                                     ES Mater. Manuf., 2020, 9, 21-33 | 25 

 

𝐾𝑔 =
4𝐸𝐸𝑒𝑏0𝑇𝑚

0

𝛥ℎ𝑓𝜌𝑐𝑘𝐵
                                       (3) 

where 𝐸 and 𝐸𝑒  are side and fold surface free energies that 

measure the work required to create a new surface, 𝑏0 is the 

single layer thickness, 𝛥ℎ𝑓𝜌𝑐 is the enthalpy of melting and 𝑘𝐵 

is the Boltzmann constant. Hence, the crystallization 

formation is affected by two parts as shown in Equation 2, the 

transport of polymer chain segments to the growth front 

contributes to the first part and the second part is for the 

nucleation process. After introducing CNTs on the surface of 

pure PP granules, the CNTs would immobilize partial polymer 

chains to the growth front, which results in 
*U   value 

increasing and leads the crystallization temperature (Tc) to 

decrease.[47] However, the CNTs can be acted as nucleation 

sites and foster the crystallization of PP by diminishing the 

surface free energy barrier ( 𝐸 , 𝐸𝑒 ) towards nucleation. 

Therefore, the crystallization of  PP/CNT PNCs under 25 s 

microwave treatment with 0.5 wt.% CNTs was at a slightly 

higher temperature at the beginning.[48] In addition, a small 

shoulder can be obtained in PNCs with 1.20 and 1.30 wt% 

CNTs. However, pure PP and PNCs with 0.15 and 0.50 wt% 

CNTs have no shoulder during the crystallization process. The 

separation of crystallization peaks depicts a variation of the 

crystal structures. Both α and γ phases of PP were generated 

during crystallization. Meanwhile, the γ phase can be formed 

with a lower supercooling. During the cooling proceeding, γ 

phase PP would appear dominant lamellae at first, then the α 

phase would form on it.[49] Thus, the small shoulder is 

produced owning to γ phase formation of PP by cooling and 

the γ phase PP promoted by CNTs. 

In the interest of studying the effects of hot-pressing 

process temperature on PP/CNTs PNCs, PNCs treated by 30 s 

microwave and hot pressed at 140, 160 and 180 °C were 

investigated. The results are shown in Fig. 2c. From the data 

summarized in Table 2, the 
cF   increases slightly after 

introducing CNTs into the PP host. The higher 
cF   of these 

PNCs is due to a higher process temperature which promotes 

the crystalline structure formation of the PP chains.  

 

3.3 Crystallinity 

The effects of the CNT loading and hot press temperature on 

the crystalline structure of pure PP and its PNCs were detected 

by XRD. PP possesses a noteworthy complexity of crystal 

structures including α, β and γ phases, though the simplicity of 

its chemical structure. Each of α, β and γ phase shows its own 

characteristic peaks in the XRD patterns. As presented in Fig. 

3, the peak intensity of pure PP increases gradually with 

increasing processing temperature, which is concordant with 

Zanneti’s results.[50] 

 

 
Fig. 2 DSC curves of a. pure PP granules with (m_Pure PP) and without (Pure PP) 35 s microwave treatment; b. CNTs wrapping PP 

granules microwave treated by 20 s, 25 s, 30 s and 35 s, respectively; c. CNTs/PP granules with 30 s microwave treatment processed 

at 140, 160 and 180 °C, respectively.
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Fig. 3 X-ray diffraction curves of pure PP and 35 s microwave 

heating PP/CNTs PNCs processed at 140, 160 and180 °C. 

 

However, the peak intensity of PP/CNT PNCs with 35 s 

microwave heating increases firstly at 160 °C, then both peak 

intensity and crystal structures undergo changes when 

processing temperature reaches 180 °C. The intensity of the 

(040) peak is stronger than that of the (110) peak, and the 

characteristic peak of γ phase is obtained at 2θ = 20.09°. The 

peaks at 2θ = 14.04, 16.85, 21.13, 21.92 and 20.50° 

correspond to the (110), (040), (131), (041) and (060) 

crystalline planes of α-PP, respectively. The α phase is usually 

determined from the peak 2θ = 18.50° corresponding to the 

120 crystalline plane.[51] To investigate the effects of CNTs on 

the crystalline phase of PP, the quantity of γ phase PP (𝑋𝛾) can 

be calculated by Equation (4):[52] 

𝑋𝛾 = ℎ𝛾/(ℎ𝛾 + ℎ𝛼)                                        (4) 

 

where ℎ𝛼 and ℎ𝛾 are the peak height at 2θ= 18.50 and 20.09° 

for the (120) and (117) peak, respectively. The values of 𝑋𝛾 

are 0.1197 and 0.3676 for pure PP and 35 s microwave heating 

PP/CNT PNCs pressed at 180 °C, respectively. The PNCs with 

35 s microwave exhibit more amount of γ phase PP compared 

with pure PP, which confirms that the CNTs advanced the γ 

phase PP formation.  

 

3.4 Melt rheological behaviors 

The melt rheological behavior of PNCs provides important 

information for evaluating their internal structures including 

the fillers dispersion, aspect ratio, orientation of fillers, and the 

interaction between fillers and the polymer matrix.[53] Fig. 4(a-

c) presents the trends of storage modulus (Gʹ), loss modulus 

(Gʹʹ) and loss factor (tan δ) for pure PP and its PNCs processed 

at 180 °C at a range of angular frequency (ω). The full 

relaxation is observed among the PP chains, which reveals a 

typical homogeneous liquid-like terminal behavior. Gʹ is 

relatively scattered at the low frequency range, which is due 

to the increased solid-like behavior of the PNCs after 

introducing CNTs. Meanwhile, similar phenomenon is also 

obtained in the PP/MWCNT (multi-walled carbon nanotube) 

PNCs fabricated by diluting highly concentrated masterbatch 

chips.[54] However, the influence of the CNTs loading on the 

viscoelastic properties (Gʹ, G" and tan δ) of  PNCs is relatively 

weak at high frequencies, revealing that the local dynamics of 

the PP chains can be affected by the CNTs effectively.[55] 

 

 
Fig. 4 (a) Storage modulus (Gʹ), (b) loss modulus (G"), (c) loss factor (tan δ) vs. angular frequency (ω) and (d) viscosity vs. shear 

rate of pure PP and PP/CNT nanocomposites with different time microwave treatment processed at 180 °C. 
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In addition, G" curve has a similar tendency to linearly 

increase with increasing frequency. The tan δ (the ratio of Gʹʹ 

to Gʹ) is employed to evaluate the PNCs’ damping property. 

Compared with PP/CNT PNCs, the tan δ value of pure PP is 

slightly higher. This is because that the polymer chain 

relaxation and relative movement of PP/CNT PNCs are hardly 

hampered by the introduced CNTs, which results in less 

generation of internal chain-chain friction heat in PNCs than 

that in pure PP when applying the same oscillation frequency. 

The viscosity of pure PP and its PNCs was also studied and 

shown in Fig. 4d at a range of shear rate. All these samples did 

not present a Newtonian plateau and showed  shear thinning 

behaviors under melting state, which displayed a decreasing 

viscosity with increasing shear rate.[56] Random thermal 

motion restrains the alignment of CNTs. Meanwhile, the speed 

of recreating of polymer chain entanglement is slower than 

that of breaking the physical cross-linked sites with increasing 

the shear rate. The viscosity of PNCs with the incorporation of 

CNTs is slightly larger than that of pure PP, which results in 

the increased melt free volume after adding nanofillers in the 

entangled and confined systems, and the mobility of polymer 

chains was restrained due to the dilution effect from 

nanoparticles.[57] The stronger shear thinning behavior was 

also obtained in PP/CNT PNCs made by the masterbatch 

dilution method.[58] 

 

3.5 Formation mechanism of PP/CNT PNCs 

 
Scheme 2. The mechanism of PP/CNTPNCs fabrication via 

microwave irradiation. 

A fundamental understanding of the reactions of materials 

with microwave irradiation is the key to develop the 

technology for widespread and deep use. The mechanism of 

PP/CNT PNCs prepared by microwave irradiation is presented 

in Scheme 2. The PP granules were fully covered by CNTs in 

an inert atmosphere. Based on electrostatic forces, the PP 

granules were also wrapped by slight CNTs as shown in 

Scheme 2a. With the action of microwave on the CNTs and 

polymer mixture, the heat was generated in CNTs without any 

effect on PP granules as presented in Scheme 2b. Then, the 

temperature of CNTs was controlled high enough to melt the 

surface of PP granules without the polymer decomposition by 

proper heating period. To prepare homogenously coating 

materials, the mixture was necessarily shaken well during the 

nanocomposites preparation since the microwave resource 

was localized. Consequently, the CNTs were stuck on the PP 

granules surface and form a network as shown in Scheme 2c. 

The heat caused by microwave irradiation can be explained 

by two main factors as conduction and dipolar polarization. 

Normally, different impurities can be obtained in 

commercially available CNTs such as carbon and metals, 

which are electrically conductive and can be explained by the 

mechanism based on conduction heating. For this mechanism, 

the electric field of microwaves makes the electrons move, 

which causes samples to be heated instead of heat conduction. 

In this way, the metal impurities should cause localized 

superheating by inducing Joule heating.[59] Moreover, the 

extended π-system allows conductivity to work on localized 

heating.[60] Meanwhile, the generation of gas plasma from 

absorbed gases (particular H2) in CNTs should be considered 

as another potential way of localized superheating under 

microwave irradiation.[36] The dipolar polarization also has a 

contribution to imperfect CNTs microwave heating due to the 

structural imperfections of as-synthesized CNTs to cause the 

ballistic transport’s decay, which results in Joule heating 

representing as superheating.[61] In 2006, Ye et al. provided an 

easy model to explain microwave heating of CNTs describing 

the transformation of electromagnetic energy into mechanical 

vibrations.[62] This model emphasized that a transverse 

parametric resonance causes the CNTs undergoing 

superheating, which is a consequence of the polarization of 

CNTs exposed in the microwave radiation.  

 

3.6 Electrical conductivity (σ) of PP/CNTs nanocomposites 

The conductivity (σ) of the pure PP and its PNCs processed at 

different processing temperatures as a function of the CNT 

loadings is shown in Fig. 5.The σ (~ 10-9 S cm-1) of pure PP 

was acquired from reference.[63]It is obtained that the σ 

elevated with increasing the CNT loadings. Meanwhile, the 

PNCs with 1.30 wt.% CNTs processed at 160 °C show the 

highest σ of 0.46 S cm-1. 

 

 
Fig. 5 Electrical conductivity (σ) of PNCs as a function of CNTs 

weight loadings for the samples processed at 140, 160 and180 °C. 

 



Research article                                                                                                                                                              ES Materials & Manufacturing     

28 | ES Mater. Manuf., 2020, 9, 21-33                                                                                               © Engineered Science Publisher LLC 2020 

 
Fig. 6 SEM microstructures of PP/CNT PNCs with (a) 25 s 

microwave treatment prepared at 140 °C, (b) 20 s microwave 

treatment prepared at 160 °C, and 35 s microwave treatment 

prepared at (c) 160 and (d) 180 °C. 

 
Scheme 3. Morphology of PNCs with CNTs at different 

processing temperature. 

 

Recently, Wu et al. reported that the σ of PP/MWCNT 

composites can reach ~ 102 S cm-1 with 10 wt% MWCNTs 

prepared by mixing mothed. However, the σ is less than ~10-6 

S cm-1, when the composites contained ~ 2 wt% MWCNTs.[64] 

Compared with materials fabricated by conventional method, 

the higher σ examined in this study was attributed to the well-

formed conductive CNT network with advantages of 

microwave heating and processing temperature. With different 

microwave heating periods, the PP/CNT PNCs were coated 

with different weights of CNTs, which was already proved by 

TGA. As shown in Scheme 3(a), at 140 °C, the PP pellets just 

tend to melt. The pellets could only change shapes without 

damaging the CNT layer during the hot press process. But the 

interactions among each pellet are weak to make each CNTs 

layer combine together. As red arrows marked in Fig. 6a, a gap 

can be obtained between two pellets coated with CNTs, which 

arises from the less mobility of both CNTs and PP chains at 

140 °C. That is the reason that PP/CNT PNCs processed at 

140 °C have the smallest σ at each nanofiller content. At 

160 °C, the pellets were in melting state, and the interactions 

of pellets were enhanced by the easier movement of CNTs and 

PP chains, which resulted in CNTs layers forming tightly 

network as presented in Scheme 3(b). That can be confirmed 

by Fig. 6b, in which the CNTs cling more closely on the 

surface of PNCs than that shown in Fig 6a. The higher 

processing temperature leads to less resistance to molecular 

motions and strong interactions between nanofiller and 

polymer chains.[65] Moreover, with a longer microwave 

treatment, a better network was constructed as shown in Fig. 

6c. The PP/CNT PNCs processing at 160 °C have the highest 

σ and remain an up-trend. The electrons could hop from a 

nanotube to an adjacent one in the formed CNTs network 

structure, which results in the enhanced electrical 

conductivity.[66] However, when the temperature reached 

180 °C, the σ became lower, owing to the reduced density of 

CNTs network, even the network of CNTs was broken as 

viewed in Scheme 3(c). The PNCs were totally molten at 

180 °C, letting molecules move continually. Thus, more CNTs 

were released from the layers. From Fig. 6d, the surface 

became flatter and the CNTs coating layer was destroyed by 

PP since in the molten matrix, only a part of CNTs can 

participate in the conductive path formation. Then, the 

morphology of the PNCs was also investigated by TEM, as 

shown in Fig. 7. The dispersed CNTs observed among the PP 

matrix formed the connected structures.  However, the CNT 

density of PNCs with 20 s microwave treatment prepared at 

140 °C is lower than that of PNCs with 30 s microwave 

treatment prepared at 160 °C, which is the main reason that 

PNCs with 30 s microwave treatment processed at 160 °C 

exhibit the highest σ. 

 

3.7 Electrical conductivity mechanism 

The resistivity as a function of temperature for PNCs with 20 

s microwave treatment prepared at 180 °C, 30 s microwave 

treatment prepared at 160 °C, and 35 s microwave treatment 

prepared at 140 and 180 °C is presented in Fig. 8. The 

resistivity decreases with increasing the temperature for all 

samples, depicting a semiconducting behavior within the 50-

290 K temperature scale.[67] The PNCs obey a resistivity 

change trend opposite to electrical conductivity. The resistivity 

is obtained to follow the variable range hopping (VRH) theory, 

which is related to the network structure in the polymer matrix. 

To explore the mechanism of electron transportation of the 

PNCs, the VRH relationship between σ  and temperature was 

studied by Equation (5),[68] 

 

𝜎 = 𝜎0exp [− (
𝑇0

𝑇
)

1/(𝑛+1)
],     n = 1 ,2 ,3                   (5) 

 

where the constant T0 (K) is the characteristic Mott 

temperature depending on the electronic wave function 

localization degree, the constant σ0 is the electrical 

conductivity at infinite low temperature, T (K) is the Kelvin 

temperature, and n can be equal to 1, 2 and 3, meaning for one-, 

two-, and three- dimensional systems, respectively. 

The best linear fits of ln(σ) ~ 𝑇−1/(𝑛+1)  for PNCs 

calculated from Fig. 8a are presented in Fig. 8b with n = 3 in 

a temperature range of 50 - 290 K, revealing a 3-d electron 

transport mechanism. T0 and σ0 values can be gained from the 

intercept and the slope of the plot ln(σ) ~ 𝑇−1/(𝑛+1) and are 

summarized in Table 3.  
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Fig. 7. TEM microstructures of PP/CNT PNCs with (a) 20 s 

microwave treatment prepared at 140 °C, (b) 35 s microwave 

treatment prepared at 160 °C. 

 

Table 3. The values of paraments T0 and σ0 for CNTs PNCs. 

Samples T0 (K) σ0 (S cm-1) 

20 s_180 °C 43.50 0.0058 

30 s_160 °C 40.78 0.0227 

35 s_140 °C 17.02 0.0390 

35 s_180 °C 22.21 0.0486 

 

The variation of the T0 and σ0 values is related to the electrical 

conductivity mechanism of the composites. The T0 value of 

PP/CNT PNCs is observed to obey the order concordant with 

the measured resistivity values. Generally, a stronger 

localization of the charge carriers in the system would have a 

larger T0  and thus led to a lower σ.[69] The σ0 value increases 

with elevating CNT loading, and at the same CNTs loading, 

the σ0 value is affected by the processing temperature. The 

PP/CNT PNCs with 20 s microwave heating remains 

relatively low CNTs, thus the CNTs layer is easily destroyed 

by PP at 180 °C. Thus, the charge transport-tation was 

partitioned which caused a higher T0 and lower σo.  

 

3.8 Electronic property of CNTs/PP nanocomposites 

CNTs possess unique properties for promising nano-

electronics application and the bandgap plays an important 

role in designing CNTs for electronics applications.[70] The 

optical behavior of pure CNTs and its PNCs was investigated 

by the ultraviolet-visible (UV-vis) spectra as shown in Fig. 9. 

The photon-energy (hυ) dependence of αhυ can be converted 

from the diffuse reflectance UV-Vis spectra by Tauc’s plot, 

which can be applied for calculating the bandgap (Eg) values 

as shown by Equation (6),[71] 

𝛼ℎ𝜐 = (ℎ𝜐 − 𝐸𝑔)𝑛                       (6) 

 

where 𝛼  is the absorbance coefficient, ℎ  is the Planck’s 

constant and 𝜐 is the photon frequency. The diffuse reflectance 

UV-vis spectra can be used to convert the Tauc plot. The 

parameter n is a number depending on different types of 

electronic transitions. n=1/2 is for the allowed direct (the 

minimum energy level of the lowest conduction band 

positioned directly under the maximum of the highest valence 

band in k space), and n= 2 is for the allowed indirect (the 

minimum energy level of the lowest conduction band is shifted 

relative to the maximum of the highest valence band, and the 

lowest-energy interband transition must then be accompanied 

by phonon excitation) transitions.[72,73] The reported n is ~ 2[74] 

for CNTs and the Eg was received by extrapolating from the 

energy axis in the linear portion of the curve. The value Eg of 

pure CNTs is ~ 1.50 eV, which can be compared with the 1.543 

eV reported for the transition between the second pair of van 

Hove singularity and the Fermi level of CNTs with an index 

of (9,8).[75] The Eg value of pure PP is lower than that of all 

PNCs. Meanwhile, the changing trend of Eg depends on the σ 

values of the PNCs. The PNCs with a higher σ present a lower 

Eg. To better study the effects of processing temperature on the 

Eg, pure CNTs and the PNCs with 35 s microwave treatment 

at different processing temperatures were measured as 

presented in Fig. 9c. The lower Eg is obtained in a certain CNT 

loading PNCs processed at 160 °C. The changes of Eg can be 

analyzed from the strain of CNTs, which was joined during the 

hot press process. The reason is that the strain of CNTs could 

give a positive or negative effect on the electron transportation 

in CNTs. The uniaxial or torsional strain can result in the 

insulator-metal transition of SWNT caused by the varied 

quantum number.[76,77] However, because of the elongation of 

C-C bonds, uniaxial strain in graphene leads to the redshift of 

2D and G band.[78] Moreover, the Eg decreases with increasing 

the CNT loading for the PP/CNTs system as presented in Fig. 

9d. The existing electrons in the delocalized states bring the σ 

in the system. One orbital should be partially filled with 

electrons. However, the fully filled orbital is inert to obstruct 

the transport of other electrons. Partially filled states and the 

state delocalization result in a lower Eg due to the CNTs 

network. 

 

 
Fig. 8. a) Resistivity vs temperature and b) ln(σ) vs 𝑇−1/4 curves of CNTs PNCs. 
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Fig. 9 (a & b) UV-vis absorbance spectra and corresponding (c & d) Tauc plots converted from diffuse reflectance spectra data, 

respectively. 

 

3.9 Magnetoresistance (MR) 

Fig. 10 presents the magnetoresistance (MR) of PNCs with 30 

s microwave treatment processed at 160 °C measured at 290 

K, respectively. Equation (7) can be applied for calculating 

MR,[79] 

 

MR% = [𝑅(𝐻, 𝑇) − 𝑅(0, 𝑇)]/𝑅(0, 𝑇) × 100          (7) 
 

where R(H, T) and R(0, T) are the resistance with and without 

magnetic field H, respectively. The trend of MR reveals 

different magnetic field dependent behaviors that can be 

divided into positive and negative groups. After applying a 

magnetic field, the shrinkage in the overlap of electron wave 

functions causes the positive MR and thus the average length 

of hopping reduced.[80] The orbital magneto-conductivity 

theory is utilized to study the negative MR effect, which 

considers the effects of interference among different hopping 

paths.[81] For PNCs with 30 s microwave treatment measured 

at 290 K, a linear negative MR was observed at the low 

magnetic field. Furthermore, the materials were saturated at 

high magnetic fields. The ratio of R(H,T)/R(0,T) caused by 

interference effects is presented as empirical Equation (8):[82] 

 
𝑅(𝐻,𝑇)

𝑅(0,𝑇)
≈  

1

1+
𝐶𝑠𝑎𝑡(𝐻/𝐻𝑠𝑎𝑡)

1+𝐻/𝐻𝑠𝑎𝑡

                                   (8) 

 

where the fitting parameters Csat is a constant and named 

temperature independent fitting parameter and Hsat is the 

effective saturation magnetic field. According to the 

mechanism of Mott VRH electrical conduction, Hsat can be 

calculated by Equation (9):[83,84] 

 

𝐻𝑠𝑎𝑡 ≈ 0.7(
8

3
)3/2(

1

𝑎0
2)(

ℎ

𝑒
)(

𝑇

𝑇0
)3/8                        (9) 

 

where h is the Planck’s constant, and T0 is the Mott 

characteristic temperature (K).  

 

 
Fig. 10 Magnetoresistance of PNCs with 30 s microwave 

treatment processed at 160 °C characterized at 290 K, 

respectively. 

Equation (9) can be transformed into Equation (10) in the low 

field limit:      



 Research article                                                                                                          ES Materials & Manufacturing 

© Engineered Science Publisher LLC 2020                                                                                     ES Mater. Manuf., 2020, 9, 21-33 | 31 

 
𝑅(𝐻,𝑇)

𝑅(0,𝑇)
≈ 1 − 𝐶𝑠𝑎𝑡

𝐻

𝐻𝑠𝑎𝑡
                               (10) 

 

Substituting Equation (9) into Equation (10) and rearranging, 

the Equation (11) can calculate MR values: 

𝑀𝑅 =
𝑅(𝐻,𝑇)−𝑅(0,𝑇)

𝑅(0,𝑇)
≈ −𝐶𝑠𝑎𝑡[𝐻/𝐻𝑠𝑎𝑡] =

                                    −𝐶𝑠𝑎𝑡
𝐻

0.7(
8

3
)3/2(

1

𝑎0
2)(

ℎ

𝑒
)(

𝑇

𝑇0
)3/8

              (11) 

 

The calculated a0 of PNCs with 1.20 wt.% CNTs measured 

at 290 K are 636.75, 495.37, and 416.120 nm at H of 2, 4, and 

8 T, respectively. Meanwhile, the a0 value decreases with 

increasing the H, due to the advance in the polaron population 

at the expense of bipolarons while the magnetic field is 

increasing.[85] The negative MR is also obtained in a 

nanoporous system composed of bundles of single-walled 

carbon nanotubes (SWCNTs).[86] However, Yan et al. reported 

a positive MR obtained from PNCs with 2.6 and 3.0 wt% 

CNTs loadings prepared by a solvent surface coating method 

under the same measurement conditions.[65] The reason caused 

the difference is that the loadings and network structures of 

CNTs of the measured samples were affected by two different 

sample preparation methods. In the same magnetic field, two 

different electron transport models exist in the corresponding 

CNTs PNCs, which can be selected depending on desired MR 

devices. 

 

4. Conclusions 

Microwave radiation can be used for heating materials 

selectively. Highly electrically conductive PP/CNT PNCs 

were successfully synthesized by an efficient microwave 

solvent-free irradiation method under inert atmosphere and 

controlled treating time. This method gives a new perspective 

for designing and producing CNTs based conductive polymer 

materials on an industrial scale with environment-friendly 

technology. No effects of microwave radiation on PP granules 

lasting 35 s were confirmed. The thermal stability of PNCs 

gets enhanced by introducing CNTs which was measured 

under both air and N2 atmospheres. The lower internal chain-

chain friction heat was obtained in the PNCs than that of pure 

polymer from melt rheological behaviors, which is caused by 

the stable interaction between the polymer chains and CNTs. 

Both XRD and DSC results depicted that higher processing 

temperate promoted the generation of γ-phase PP. The 

morphology study showed that CNTs network structure 

depended on the processing temperature. Well-formed CNTs 

network resulted in a higher electrical conductivity and a 3-

dimension variable range hopping (VRH) was obtained from 

the electrical conductivity mechanism. The electrical 

conductivity value of PNCs increased with decreasing the Eg, 

which means that the PNCs having a better conductivity 

prosses a lower Eg. Negative MR can be obtained in PNCs 

with 1.20 wt% CNTs measured at 290 K, providing a 

favorable approach to design expected MR devices. 
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