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A B S T R A C T   

The present study proposed a combined experimental and micromechanical approach to investigating positive 
temperature coefficient (PTC) and negative temperature coefficient (NTC) effects in carbon nanotube (CNT)- 
polypropylene composites under a self-heating condition. The electrical and heating performance of the com-
posites were investigated by electrical conductivity measurements and self-heating tests with various input 
voltages. The test results showed that composites with a CNT content of 5.0 wt.% exhibited excessive heat 
generation, showing a transition of the PTC effect to the NTC effect. Moreover, a micromechanical modeling was 
proposed to predict the occurrence of the PTC and NTC effects in the composites, considering various distances 
between CNTs and wavinesses of CNT. The change of the distance between CNTs under a heating condition was 
estimated, using the molecular dynamics software Material studio. Comparisons between the predictions and the 
experimental results were made to show the applicability of the proposed modeling scheme.   

1. Introduction 

Conductive polymeric composites (CPCs) have attracted significant 
attention as highly functional and advanced materials [1,2]. They have 
been used as supercapacitors, in health monitoring devices, and as 
electrostatic dissipation materials [3–5]. Applications of these compos-
ites can be diversified with various combinations of a polymer matrix 
and an electrically conductive filler material [1–5]. In particular, CPCs 
are capable of generating heat, through the principle of Joule heating, a 
process by which the passage of an electric current through a conductor 
produces heat [6,7]. Recently, CPCs have been investigated as self- 
heating elements in vehicles, textiles, and thermistors [8–10]. 

Carbon-based materials, such as carbon black, graphite, and carbon 
fiber, have been used extensively as electrically conductive fillers for the 
fabrication of CPCs [11–13]. Carbon nanotube (CNT) is very attractive 
for applications as an electrically conductive filler due to the inherent 
properties of this material. CNT has outstanding electrical and thermal 
conductivity values of 1.7 – 2.0E6 S/m and 3,000 W/mK, respectively 
[14–17]. In addition, the high aspect ratio of CNT can reduce the ther-
mal contact resistance between the CNTs, generating a CNT 

microarchitecture [18]. This aspect ratio allows CPCs to exhibit excel-
lent electrical conductivity and heating performance even at low CNT 
fractions in the CPCs [18,19]. 

Polypropylene is a widely used thermoplastic polymer matrix owing 
to its well-balanced mechanical properties, good chemical and corrosion 
resistance, and good processability at a relatively low cost [20,21]. 
Therefore, polypropylene has been actively utilized in the polymer 
matrix of CPCs for engineering applications. Recent studies of CNT- 
polypropylene composites have assessed the electrical properties of 
composites [22–24]. Logakis et al. [24] used CNT as an electrically 
conductive filler to fabricate conductive polypropylene composites, 
reporting that the composites showed lower electrical percolation 
threshold (0.6–0.7 vol.%) than previously reported results in similar 
systems. 

Over the years, numerous studies have investigated the heat gener-
ation and heat-dependent electrical characteristics of CPCs under a self- 
heating condition [6,7,19,25,26]. CPCs used as self-heating elements 
undergo changes in their resistance levels with an increase in the tem-
perature, typically referred to as positive temperature coefficient (PTC) 
or negative temperature coefficient (NTC) effects [6,26]. Several 
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researchers have demonstrated the influence of PTC and NTC effects on 
the reduced heating performance outcomes of CPCs under a self-heating 
condition [7,19]. In particular, the NTC effect can cause the electrically 
conductive fillers to overheat due to the reduction of electrical resis-
tance, which leads to a thermal shock in the composites [7,27,28]. 
Despite several studies pertaining to the self-heating properties of CPCs, 
a comprehensive investigation of CNT-polypropylene composites to 
identify the self-heating characteristics of these composites has not been 
conducted. 

The present study proposed a combined experimental and micro-
mechanical approach to investigating PTC and NTC effects in CNT- 
polypropylene composites under a self-heating condition. The elec-
trical and heating performance of film types of CNT-polypropylene 
composites was evaluated via electrical conductivity measurements 
and self-heating tests, while thermal transitions in the composites were 
observed by differential scanning calorimetry (DSC) tests. In addition, a 
micromechanical modeling was proposed to predict the occurrence of 
the PTC and NTC effects, which considers distances between CNTs and 
wavinesses of CNT with the increase of temperature. The change of the 
distance between CNTs under a heating condition was estimated, using 
the molecular dynamics (MD) software Material studio [29]. The present 
predictions were then compared with experimentally obtained values to 
verify the applicability of the proposed micromechanical modeling 
scheme. 

2. Experimental procedure 

2.1. Materials and test methods 

Isotactic polypropylene (Sigma-Aldrich Inc.) was used as a base 
polymer matrix for the fabrication of the composites. Its average mo-
lecular weight and number were approximately 250,000 and 67,000, 
respectively. The melting point of polypropylene was in the temperature 
range of 160 to 165 ◦C. Multi-walled CNT (Hyosung Inc.) was used as an 
electrically conductive filler. The CNT was produced by the thermal 
chemical vapor deposition growth method [30], and the purity level of 
the CNT exceeded 95.0%. The length of the CNT was approximately 
10.0 μm and the diameter ranges from 12.0 to 40.0 nm. Silica fume 
(Elkem Inc.) was used to detach the CNT aggregates mechanically [31]. 
The diameter of the silica fume particles ranged from 100 to 200 nm. A 
polycarboxylate-type superplasticizer (Dongnam Co., Ltd.) was also 
added to disperse the CNT in polypropylene [31]. Xylene solution 
(Samchun Inc.) was used as a solvent to dissolve the polypropylene 
particles uniformly. 

The mix proportions of the composites are tabulated in Table 1. The 
composites were fabricated with various CNT contents. The amounts of 
the incorporated dispersion agents, i.e., silica fume and superplasticizer, 
were referenced from a previous study [31]. The fabrication of the 
composites consists of three steps. First, the CNT with dispersion agents 
was poured into 100 mL of xylene and sonicated for 1 h using tip-type 
ultra-sonication equipment (Sonic & Materials, USA), where the 
amplitude and the pulse on/off time were 17.5 μm and 10 s [32], 
respectively. The next step was to dissolve the polypropylene, which is 

the polymer matrix used in this study. To melt the polypropylene, 300 
mL of xylene and 15 g of the polypropylene were stirred using a hotplate 
for 1 h at 260 ◦C until the polypropylene was totally dissolved [10]. The 
polypropylene solution and the CNT-dispersed solution obtained from 
the first step were then mixed at 200 ◦C for 3 h, until all of the xylene had 
evaporated entirely. Subsequently, the solid composites were dried at 
70 ◦C for 24 h to solidify them completely. Finally, the fully dried solid 
composites were pressed to form a film-type condition. The solid com-
posites were cut into particles with a radius of approximately 50.0 mm 
and put into a mold (100 mm × 100 mm × 0.5 mm) in a pressing ma-
chine with a thermostat. The temperature and pressure were increased 
to 220 ◦C and 40 MPa, respectively, and were maintained at these levels 
for 5 min. The film-type composites were then cooled to room temper-
ature [10,26]. 

Fig. 1 shows an experimental procedure of the electrical conductivity 
measurement and the self-heating of the film-type CNT-polypropylene 
composites. The resistance of the composites was measured using the 
two-probe method with a digital multimeter (Keysight Technologies 
U1281A) [33]. Both sides of the fabricated film-type composites were 
covered with silver paste as electrodes and cut into ten replicas (10 mm 
× 10 mm × 0.5 mm) as shown in Fig. 1(a). The electrical resistance of 
the ten replicas was used to determine the average representative 
resistance value, which was then converted into the electrical conduc-
tivity using Eq. (1) [33,34]: 

σ =
L

RA
(1)  

where σ is the electrical conductivity (S/m), R is the electrical resistance 
(Ω), A is the cross-sectional area (cm2), and L is the distance between the 
sides of the composites (cm) [34]. 

A self-heating test was conducted to evaluate the heat generation and 
heat-dependent electrical characteristics in the composites. Pieces of the 
composites were cut into three replicas having dimensions of 5 mm × 30 
mm × 0.5 mm. To ensure good electrical contact, silver paste was used 
to cover both ends of each specimen (5 mm × 5 mm). Copper tape was 
also attached onto the silver paste [26], and a direct current power 
supply was connected to the copper tape. To measure the surface tem-
perature, a K-type thermocouple was attached onto the central surface of 
the composites and linked to a data logger (Agilent Technologies 
34972A) as shown in Fig. 1(b). The electrical current value of the 
composites over time was recorded by manually applying a voltage from 
9 to 18 V for 600 s [35]. After the test, the resistance (R) was calculated 
by dividing the electrical current by the input voltage. The normalized 
resistance (R/R0) was obtained by dividing R by the initial resistance 
(R0), which was measured immediately after the voltage was applied 
[7]. A DSC test (Mettler Toledo, DSC1) was conducted to measure the 
consolidation temperature of pure polypropylene and the composites. 
Samples (10 mg) were enclosed and heated from 20 to 200 ◦C at a 
heating rate of 10 ◦C/min in N2 gas [24,35]. 

2.2. Results and discussion 

The measured electrical conductivity of the composites with various 
CNT contents is shown in Fig. 2. The threshold in percolation theory is 
defined as the critical point at which the overall electrical conductivity 
of the composites shifts from the electrical conductivity of the matrix 
phase to that of the conductive filler phase as the conductive filler 
content increases further [26,36]. This phenomenon arises because the 
contact of adjacent conductive filler particles promotes the formation of 
continuous electrically conductive pathways [36]. This theory implies 
that the electrical conductivity of the composites increases noticeably 
near the percolation threshold as the amount of the conductive filler 
increases. In this experiment, the percolation threshold was observed in 
the specimens with a CNT content of less than 0.5 wt.% as the electrical 
conductivity increases sharply in the 0.5-CNT specimen. Beyond the 

Table 1 
Mix proportions of the composites (wt.%).  

Specimen* Polypropylene CNT Superplasticizer Silica fume 

Pure polypropylene 100 0  3.2  5.0 
0.5-CNT 100 0.5  3.2  5.0 
1.0-CNT 100 1.0  3.2  5.0 
2.0-CNT 100 2.0  3.2  5.0 
3.0-CNT 100 3.0  3.2  5.0 
4.0-CNT 100 4.0  3.2  5.0 
5.0-CNT 100 5.0  3.2  5.0  

* Note that the digits included in the specimens’ names denote their CNT 
contents (wt.%). 
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percolation threshold, the electrical conductivity of the specimens 
increased constantly to 0.27 and 0.41 S/m for the 4.0-CNT and 5.0-CNT 
specimens, respectively. 

The terminal surface temperatures of the composites at various input 

voltages after the self-heating test are shown in Fig. 3. Three replicas 
were used to determine the average terminal surface temperature 
(Fig. 3) in the self-heating test. The standard deviation value obtained 
from the three replicas was calculated to be less than 5.0%. The corre-
sponding surface temperature and normalized resistance of the speci-
mens are shown in Figs. 4 and 5, respectively. Although the electrical 
conductivity of the 1.0-CNT specimen was higher than that of the 0.5- 
CNT specimen as shown in Fig. 2, the difference of the surface temper-
ature change between 0.5-CNT and 1.0-CNT specimens was not large 
(Fig. 3). It is likely that the electrically conductive pathways in com-
posites having a dilute CNT content may not be sufficiently formed as 
reported elsewhere [7,19]. On the other hand, the terminal surface 
temperatures of the 2.0-CNT and 3.0-CNT specimens increased linearly 
with an increase in the input voltage, both ultimately reaching the ter-
minal surface temperature of 60 ◦C at an input voltage level of 18 V. 
Meanwhile, the 4.0-CNT and 5.0-CNT specimens showed a drastic in-
crease in the terminal surface temperature with an increase in the input 
voltage. It should be noted that one of the 5.0-CNT specimens was 
melted after the self-heating test, while two of the 5.0-CNT specimen 
were broken after the test, as shown in Fig. 3. Therefore, the self-heating 
test of the 5.0-CNT specimen could not be conducted at the input voltage 
of 18 V. These observations reveal that high input voltage was required 
for noticeable heat generation of the composites with CNT contents of 

Fig. 1. Experimental procedure for (a) the electrical conductivity measurement and (b) the self-heating of the film type CNT-polypropylene composites.  

Fig. 2. Measured electrical conductivity of the composites with various CNT 
contents: (a) log scale and (b) normal scale. 

Fig. 3. Terminal surface temperatures of the composites at various input 
voltages after the self-heating test. 
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less than 4.0 wt.% [6,7,19]. In relation to this, a self-heating test of the 
composites over time was carried out for the 4.0-CNT and 5.0-CNT 
specimens to investigate the PTC and NTC effects during the self- 
heating of these composites. 

The surface temperatures of 4.0-CNT and 5.0-CNT specimens over 
time are shown in Fig. 4. The surface temperature of the 4.0-CNT 
specimen increased rapidly until 100 s at all voltages and soon 
become constant. The terminal surface temperatures were 46.9, 62.0, 
78.1, and 90.7 ◦C at input voltages of 9, 12, 15, and 18 V, respectively. 
Meanwhile, the surface temperature of the 5.0-CNT specimen increased 
drastically until 200 s at all voltages. After 200 s, the surface tempera-
ture of the 5.0-CNT specimen slightly decreased at an input voltage of 
15 V, while the surface temperature of the 5.0-CNT specimen became 
constant at input voltages of 9 and 12 V. The terminal surface temper-
atures were 92.4, 141.8, and 178.3 ◦C at input voltages of 9, 12, and 15 
V, respectively. The terminal surface temperature of the 5.0-CNT spec-
imen was approximately twice higher than those of the 4.0-CNT spec-
imen at identical input voltages because the electrical conductivity of 
the 5.0-CNT specimen was higher than that of the 4.0-CNT specimen 
(see Fig. 2). 

The normalized resistance values of 4.0-CNT and 5.0-CNT specimens 
over time are shown in Fig. 5. The change in the normalized resistance of 
the 4.0-CNT specimen at input voltages of 9, 12, and 15 V was negligible. 
However, the normalized resistance value of the 5.0-CNT specimen at 
the input voltages of 12 and 15 V increased momentarily until 50 s and 
20 s, respectively, with an increase in the temperature, which can be 

interpreted as the PTC effect, i.e., an increase in the electrical resistivity 
of CPCs with an increase in the temperature [26]. In general, the PTC 
effect has been reported to appear in composites consisting of a polymer 
and electrically conductive fillers, such as carbon black and carbon fiber 
[6,10]. Nakano et al. [26] found that the PTC effect occurs due to a 
relative decrease in the filler content in relation to the volume caused by 
the thermal expansion of the base polymer, which disconnects the 
electrically conductive pathways within the composites. Accordingly, 
the abrupt increase in the temperature of the 5.0-CNT specimen is very 
likely to cause a thermal expansion of the polypropylene, which could 
lead to the disconnection of the electrically conductive pathways in the 
polypropylene and to an increase in the normalized resistance, thus 
initiating the PTC effect [26]. Meanwhile, after a small increase in the 
normalized resistance at the input voltages of 12 and 15 V, the 
normalized resistance of the 5.0-CNT specimen decreased drastically 
until the end of the test period as shown in Fig. 5(b). These phenomena 
are closely associated with the NTC effect [7,19,28]. Isaji et al. [35] 
reported that the NTC effect is likely due to the considerable mobility of 
the polymer chains, which causes the CNT to stretch and close. This 
implies that the rearrangement of the CNT at a high temperature leads to 
the NTC effect, generating more electrical contact points. 

The thermal transitions in the composites were analyzed by the DSC 
tests. Fig. 6(a) shows the crystallization thermograms of pure poly-
propylene, 4.0-CNT, and 5.0-CNT specimens at a cooling rate of 10 ◦C/ 
min. The crystalline temperature of the pure polypropylene specimen 
appeared at 113.7 ◦C, while that of the 4.0-CNT and 5.0-CNT specimens 

Fig. 4. Surface temperatures of (a) 4.0-CNT and (b) 5.0-CNT specimens 
over time. 

Fig. 5. Normalized resistances of (a) 4.0-CNT and (b) 5.0-CNT specimens 
over time. 
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appeared at 129.5 and 129.6 ◦C, respectively. These results correspond 
well with the study made by Seo et al. [37], who reported that the 
addition of CNT enhances the nucleation process on polypropylene 
crystallization. This implies that the mobility of the polypropylene 
chains in the composites can considerably increase beyond the crystal-
line temperature (around 130 ◦C) since the crystalline polypropylene in 
the composites is changed to an amorphous state. Therefore, the 
measured crystalline temperature values of the specimens as denoted by 
“Tc 4.0” and “Tc 5.0” in Fig. 6(a) are considered as the temperature at 
which the NTC effect occurs in our theoretical modeling. In Fig. 6(b), 
melting thermograms of the pure polypropylene, the 4.0-CNT, and 5.0- 
CNT specimens at a heating rate of 10 ◦C/min are presented. The 
melting points of the pure polypropylene, the 4.0-CNT, and 5.0-CNT 
specimens were 164.3, 165.3, and 169.0 ◦C, respectively. These results 
are similar to the previous studies in that no significant changes in the 
melting point of the pure polypropylene phase were observed in the 
CNT-incorporated composites [24,37]. In addition, it can be said from 
these results that the 5.0-CNT specimens were melted or broken at input 
voltages of higher than 15 V since the surface temperature exceeded the 
melting point of the specimens. 

3. Theoretical modeling 

3.1. Micromechanical modeling 

The micromechanical modeling was conducted to predict the 
occurrence of the PTC and NTC effects in the 5.0-CNT specimen because 
the change of the normalized resistance in the only 5.0-CNT specimen 
was noticeable in the experimental results. The electrical conductivity of 
CNT-polypropylene composites was estimated by adopting the effective 
medium theory based on micromechanics [38,39]. Wang et al. [38] 
developed a micromechanical model for predicting the electrical con-
ductivity of the CNT-composites. The equations with more details on the 
electrical conductivity of CNT-composites can be seen by Wang et al. 
[38]. The CNT was assumed to be thinly coated to consider interfacial 
resistivity ρ. The effective electrical conductivity of the CNT considering 
the interfacial resistivity due to the tunneling effect σ̂i

C can be expressed 
by Eqs. (2) and (3) as reported in [38–40]: 

σ̂i
C
=

σi
C

1 + ρσi
CSii(De/Le + 2)/(De/2)

(2)  

with 

ρ =
h2dCNT

e2
̅̅̅̅̅̅̅̅̅
2mλ

√ exp
(

4πdCNT

h
̅̅̅̅̅̅̅̅̅
2mλ

√
)

(3)  

where σi
C (i = 1 and 3) correspondingly represent the electrical con-

ductivity values of the CNT along the in-plane and normal directions not 
considering the interfacial resistivity [38,39]; S11, S22, and S33 are the 
components of the Eshelby’s tensor for a spheroidal inclusion [38,39]; Le 
and De represent the effective length and diameter of the CNT, respec-
tively; dCNT denote the distance between the CNTs in the matrix [40]; 
and e, m, h, and λ are the quantum of electricity, the mass of an electron, 
the Plank’s constant, the height of the barrier, respectively [40]. 

Based on the experimental results, several assumptions were 
considered to predict the occurrence of the PTC and NTC effects in the 
composites. The assumptions were as follows: (1) the occurrence of the 
PTC and NTC effects is related to the increase in the temperature of the 
composites over time T(t); (2) dCNT increases as the composites expand 
with an increase in the temperature until T(t) reaches the crystalline 
temperature of the composites Tc from initial temperature (25 ◦C); (3) Le 
starts to increase as T(t) exceeds Tc since the waviness of the CNT re-
duces due to the increased mobility of the polypropylene chains in the 
composites. The aforementioned assumptions can be applied by defining 
dCNT, Le, and De with Eqs. (4)-(6) below as describes in [41–43]: 

dCNT =

{

di∙ α(T(t))(T(t) < Tc)di∙α(Tc)(T(t) ≥ Tc) (4)  

Le =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

2π
tanθ∙L(θi)

(T(t) < Tc)
2π

tanθ∙L(θi)
∙(1 + γ∙(t − tc) )(T(t) ≥ Tc) (5)  

De =
D
2
+

L
L(θi)

(6)  

where di and θi denote the initial distance between the CNTs and the 
initial waviness of the CNT, respectively; L and D are the length and 
diameter of the CNT, respectively; α(T(t)) correspondingly represents 
the ratio of the distance change between the CNTs in composites at T(t), 
which will be described in Section 3.2; tc signifies the specific time at 
which T(t) reaches Tc; and γ represents the scale parameter which is 
related to the stretching ratio of the CNT [42,43]. The initial length of 
the CNT considering CNT waviness L(θi) can be found in [41]. Note that 
the di, θi, and γ are parameters in the present model. 

The temperature of the composites over time T(t) can be estimated 

Fig. 6. (a) Crystallization thermograms (cooling rate: 10 ◦C/min) and (b) 
melting thermograms (heating rate: 10 ◦C /min) for pure polypropylene, 4.0- 
CNT, and 5.0-CNT specimens. 
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with Eq. (7) as in [6]: 

T(t) = (Tmax − T0)∙
(

1 − e−
t

τg

)
(7)  

where Tmax and T0 denote the maximum and the initial temperatures, 
respectively. τg indicates the characteristic growth time constant [6]. 
Here, the experimental results in Section 2 were inputted to Tmax and T0 
values, respectively. τg values were determined by fitting to the present 
experimental results [6]. The fitted τg values were 27, 25, and 23 at 
input voltages of 9, 12, and 15 V, respectively. 

3.2. Molecular dynamics simulation 

The MD simulation was conducted to investigate the thermal 
behavior of the composites under a heating condition. The MD simula-
tion is a powerful computational experiment tool to understand the 
behavior of polymeric composites at an atomic scale [44]. It can 
demonstrate the full atomistic mechanism at the heterogeneous inter-
face between CNT and polymer matrix with little empiricism [45]. 
Therefore, in this study, dCNT under a heating condition was estimated 
using the MD software Material studio [29]. 

A molecular unit cell with a 5.0 vol.% of CNT was constructed in this 
study in accrodance with the earlier work [45–47], which modeled the 
representative volume element of the CNT-polypropylene composites. 
The model parameters and conditions utilized in the present MD simu-
lation [44–47] are listed in Table 2. Fig. 7 shows molecular structures of 
(a) a polypropylene chain, (b) a CNT, and (c) the 5.0-CNT specimen. In 
this study, amorphous isotactic polypropylene has been modeled by 
assembling twenty-unit monomers [45]. A zigzag type CNT with a chiral 
vector of (5,0) was considered, and their diameter and length were 3.9 
and 42.6 Å, respectively [45,46]. The molecular unit cell of the 5.0-CNT 
specimen was composed of a centered CNT and 54 polypropylene chains 
with a target density of 0.8 g/cm3, which are close to the experimental 
density of the 5.0-CNT specimen. The side length of the cubic unit cell is 
46.3 Å, and periodic boundary conditions were imposed in all directions. 
Then, the total potential energy of the unit cell was minimized via the 
conjugate gradient method with the specific maximum energy change of 
0.001 kcal/mol [46]. All the cell construction and the subsequent energy 
minimization process were performed using a COMPASS forcefield. 

After sufficiently minimizing initial structures, the unit cell was 
equilibrated at 1 atm and 200 K via the grand canonical, NPT, ensemble 
simulation where the N, P, and T indicate the number of atoms, the 
pressure, and temperature, respectively [45]. After the equilibrium was 
finished, three cycles of NPT simulation were conducted heating 300 to 
450 K by a step of 25 K where the pressure of the system was conserved 
to 1 atm to obtain the change of the cell volume with the increase of 
temperature [48]. At each increase in temperature, the average cell 
volume V was calculated. The specific cell volume (V/V0) was obtained 
by dividing V by the cell volume V0 at 25 ◦C. The specific cell volume of 
the 5.0-CNT specimen with temperature (the average values obtained by 

Table 2 
Model parameters and conditions utilized in the present MD simulation 
[45–47].  

Parameter and condition Present simulation 

Number of polypropylene chains 54 
CNT volume fraction (vol.%) 5.0 
CNT diameter (Å) 3.9 
CNT length (Å) 42.6 
Target density (g/cm3) 0.8 
Cell size (Å3) 46.3 × 46.3 × 46.3 
Total number of atoms 10,028 
Forcefield COMPASS 
MD ensemble NPT 
Pressure (atm) 1 
Pressure control method Berendsen  

Fig. 7. Molecular structures of (a) a polypropylene chain, (b) a CNT, and (c) the 
5.0-CNT specimen. 

Fig. 8. Specific cell volume of the 5.0-CNT specimen with temperature (the 
average value obtained by the MD simulation). 
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the MD simulation) is shown in Fig. 8. Here, we assumed that the specific 
cell length at T(t) is identical to the ratio of the distance change between 
the CNTs in composites at T(t). Accordingly, the specific cell length 
estimated through linear regression in Fig. 8 was inputted to α(T(t)) in 
Eq.(4). 

However, it should be noted that a single-walled carbon nanotube 
with anisotropic polypropylene chains was modeled in this study with a 
periodic boundary condition due to the computational limitations in 
considering a huge number of atoms in the unit cell simulation which is 
identical to the 5.0-CNT specimen. In order to improve the computa-
tional accuracy of the MD simulation, averaging schemes and repetitive 
calculations were conducted [45]. In addition, since the shape of the 
CNT incorporated in the matrix was assumed to be straight in the present 
MD simulation, the MD simulation could not consider the effects of the 
waviness and aggregation of the CNT under a heating condition. 

3.3. Parametric studies and experimental comparison 

The normalized resistance of the composites with various initial 
distances between the CNTs, initial wavinesses of the CNT, and scale 
parameters was simulated. Note that these parametric studies were 
conducted to predict the occurrence of the PTC and NTC effects of the 
5.0-CNT specimen at the input voltage of 15 V. The material and model 
parameters were: L = 10.0 μm, D = 26.0 nm, σ0 = 1.0E-12 S/m, σ1

C =

1.9E4 S/m, λ = 0.5 eV, and α(T(t)) = 0.003T +0.9 [22,27,40]. The value 
of σ3

C was assumed to be expressed by σ3
C = 1000σ1

C [27]. e, m, and h 
were referenced from a previous study [40]. 

The normalized resistance of the 5.0-CNT specimen with various di is 
simulated, as shown in Fig. 9(a). According to the literature [49], a 
parametric study of di with normalized resistance was conducted by 
selecting a range of values from 0.4 to 0.6 nm. The PTC and NTC effects 
appeared noticeably and the height of the peak increased as di increases. 
In particular, di= 0.4 nm showed a slight increase of the normalized 
resistance because the distance of CNTs is highly close, which could not 
influence the change of electrical resistance. The results in Fig. 9(a) 
show that di plays an important role in predicting the occurrence of the 
PTC effect. 

The normalized resistance of the 5.0-CNT specimen for various θi and 
γ is shown in Fig. 9(b) and (c). Earlier work in the literature selected a 
range of θi between 4.0 and 10.0◦ [41,50,51]. Hence, a parametric study 
of θi with normalized resistance was conducted by selecting a range of 
values from 5.0 to 7.0◦. A larger value of θi led to lower normalized 
resistance at 600 s, while the magnitude of the peak did not change as θi 
increases. These results indicate that using CNT with a higher θi led to a 
drastic NTC effect due to the decrease of the effective aspect ratio of the 
CNT in Eq. (5) [42]. Fig. 9(c) shows the normalized resistance of the 5.0- 
CNT specimen with various γ at an input voltage of 15 V. The NTC effect 
appeared remarkably as γ increases. In particular, the case of γ = 5.0E-3 
showed that the normalized resistance decreases significantly after the 
peak. A higher value of γ resulted in a more rapid NTC effect, increasing 
the stretching ratio of the CNT in Eq. (5). Therefore, the results in Fig. 9 
(b) and (c) show that both model parameters θi and γ were important 
factors affecting the slope of the NTC effect [42]. 

The comparisons of the normalized resistance of the 5.0-CNT spec-
imen between the predictions and the experimental results are shown in 
Fig. 10. Based on the parametric studies, model parameters for an input 
voltage of 15 V were assumed as follows: di = 0.55 nm, θi = 7.0◦, and 
γ = 3.0E-3, while γ values for an input voltage of 9 and 12 V were 
estimated to be 4.0E-4 and 5.0E-5, respectively. Both predictions for 
input voltages of 12 and 15 V showed that the peak representing the PTC 
effect and the change of normalized resistance over time were in good 
agreement with the experimental results. However, the difference be-
tween the predictions and the experimental results was higher in the 
specimen at an input voltage of 9 V compared to those in the specimens 
at other input voltages. This observation may be associated with the 

Fig. 9. Normalized resistance of the 5.0-CNT specimen with various (a) initial 
distances between the CNTs, (b) initial wavinesses of the CNT, and (c) scale 
parameters at an input voltage of 15 V. 
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assumption that dCNT increases linearly in the composites before T(t)
reaches the crystalline temperature. Through the comparisons between 
the present predictions and the experimental results, the proposed 
modeling was shown to be able to predict the occurrence of the PTC and 
NTC effects in CNT-polypropylene composites under the self-heating 
condition. 

4. Concluding remarks 

A combined experimental and micromechanical approach to inves-
tigating PTC and NTC effects in CNT-polypropylene composites under a 
self-heating condition was proposed in this study. The electrical and 
heating performance of the composites were evaluated by electrical 
conductivity measurements as well as self-heating tests. The PTC and 
NTC effects in the composites were discussed in parallel with changes in 
the normalized resistance. In addition, a micromechanical modeling 
integrated MD simulation was carried out to predict the occurrence of 
the PTC and NTC effects in the composites. The key findings of the study 
can be summarized below.  

(1) Although the terminal surface temperatures of the 5.0-CNT 
specimens after the self-heating test at 12 and 15 V were 
increased to 141.8 and 178 ◦C, respectively, the 5.0-CNT speci-
mens showed a transition of the PTC effect to the NTC effect at 
input voltages of higher than 12 V.  

(2) The normalized resistance of composites having higher CNT 
contents (e.g. 5.0 wt.%) during the self-heating test at 15 V was 
severely decreased with an increase in the surface temperature, 
showing the occurrence of the rapid NTC effect. It can be said 
from the DSC results that the CNT rearrangement caused by the 
considerable mobility of the polypropylene chains at a high 
temperature can lead to the NTC effect, generating more elec-
trical contact points in the composites. 

(3) The parametric studies of the micromechanical modeling inte-
grated MD simulation demonstrated that the initial distance be-
tween the CNTs, the initial waviness of the CNT, and the scale 
parameter all played important roles in predicting the PTC and 
NTC effects. The predicted normalized resistance outcomes using 
the model parameters obtained from the parametric studies were 
in good agreement with experimental results. 

It is expected that the combined experimental and micromechanical 
approach can be used to investigate the PTC and NTC effects in CNT- 
polypropylene composites under the self-heating condition. However, 

the range of parameters in the present model was assumed by referring 
to the outcomes reported in the previous works, and thus relevant 
experimental schemes capable of determining the value of parameters in 
the present model may be needed for more accurate and realistic 
predictions. 
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