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A B S T R A C T

A variation of the phenomenological mixing rule model is used to study the AC electrical conductivity of melt- 
extruded polypropylene (PP) compounds with varying carbon nanofibre (CNF) contents (0–1.4 vol %). The re
sults show an insulator-conductor transition at 0.9 vol % CNF content, where the conductivity reaches ~4 ×
10− 8 S m− 1 at 430 Hz, while at the highest CNF loading of 1.4 vol % increases up to ~6 × 10− 6 S m− 1, which 
makes them suitable as electrostatic dissipative (ESD) materials. From the modified mixing rule model, it is 
shown that the electrical conductivity (σint) and the volume constant (k), associated with the interphase, increase 
and decrease with the frequency, respectively, while the volume concentration of the interphase (ϕint), despite 
increasing linearly with increasing vol. % of CNFs, decreases as frequencies increase, demonstrating that its effect 
becomes smaller as the frequency increases.

1. Introduction

Conductive polymer composites (CPCs) made with insulating poly
mers and filled with carbon materials are attracting growing interest in 
the development of high-performance multifunctional materials, 
particularly suited to applications in sectors such as energy, electronics, 
automotive, aeronautics, aerospace and packaging [1,2]. These mate
rials combine lightness, flexibility and electrical conductivity, meeting a 
wide range of demanding requirements. The carbon materials most 
commonly used in CPCs include carbon nanotubes (CNTs), graphene, 
carbon nanofibres (CNFs), carbon fibers (CFs), and carbon black (CB) 
because they offer remarkable properties, particularly in terms of elec
trical conductivity, thermal stability and mechanical strength, making 
CPCs particularly effective in a variety of applications [3,4]. Among 
them, the significance in the market of packaging with antistatic elec
trical properties has prompted research towards the development of 
CPCs with conductivities from 10− 11 to 10− 4 S m− 1 in order to avoid the 

accumulation of charge and acquire electrostatic dissipative (ESD) 
protection [5]. Specifically, CNFs produced by chemical vapour depo
sition (CVD) are a compelling choice for CPCs thanks to their large 
surface area, their high strength and storage modulus and their excellent 
thermal and electrical properties [6,7]. In addition, polypropylene (PP) 
is widely used in engineering applications due to its moisture resistance, 
durability, cost-effectiveness, outstanding tensile properties and chem
ical resistance [8,9]. Thus, the combination of the two enables the 
development of CPCs suitable for advanced uses such as sensors and 
energy storage and harvesting devices in portable electronics [10,11]. 
However, predicting their electrical conductivity from the individual 
properties of their constituents remains a major challenge [12–14]. The 
percolation model shows that when the carbon material content exceeds 
a certain critical value ϕc, CPCs show a jump of several orders of 
magnitude in their electrical conductivity [15], and it predicts two main 
regions; below and above that ϕc. Below ϕc, the electrical conductivity is 
reduced to the electrical conductivity of the insulating polymer matrix, 
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since at low carbon material contents, the particles are not able to form a 
conductive network, while beyond ϕc, the conductive network increases 
with increasing filler concentrations until the conductivity plateau is 
reached [16]. However, while experimental studies confirm that the 
percolation model generally works well in CPCs, it is also implicit in this 
model that no interphase between the conductive filler and the polymer 
matrix is considered [17]. In addition, other attempts result from the 
combination of effective medium (EMT) and percolation theories, as is 
the case with the generalized effective medium (GEM) model, have also 
been considered [18], where it is assumed that the CPC is a binary and 
homogeneous system, and there is a contact between the particles [19], 
and therefore this model also does not take into account the effect of the 
interphase. As conclusion, although all these attempts succeed in esti
mating the electrical conductivity of carbon-based CPCs reasonably 
well, a complete and accurate analysis of the effect of interphase in that 
last property is not yet achieved, when is generally assumed that po
larization in the interphase is almost always present because the het
erogeneity of this kind of systems [20], and therefore a description of the 
interphase characteristics is crucial for the understanding of CPCs sim
ply because the fraction of the overall material which is in the vicinity of 
an interphase is high [21,22]. It is within this context that the motiva
tion for this work arises, extending the discussion of previous work 
focusing on dielectric spectroscopy analysis of melt-extruded PP with 
as-grown CNFs compounds using universal power laws (UPL) [23], and 
the modified GEM model that includes the influence of the interphase 
between CNFs and PP [24]. In the latter work, not only was it possible to 
quantify the conductivity and volume fraction due to the interphase, but 
a decrease in that conductivity and volume fraction with increasing 
frequency was also detected. Herein, the room temperature AC electrical 
conductivity results already presented in those earlier studies are now 
estimated using a simple mixing rule as an alternative phenomenolog
ical approach. In addition, the variation of that mixing rule, which 
consider the influence of the interphase between the CNFs and the PP, is 
also examined here. As will be seen below, despite its simplicity, good 
agreement has been found with the experimental measurements, and 
noticeably, this new approach leads to the same conclusions as in the 
previous work, confirming the effect of the interphase on the electrical 
properties of these particular compounds.

2. Materials and methods

2.1. Materials

Polypropylene (Daplen™ Borealis EE002AE) and as-received PR 25 
AG carbon nanofibers (ASI, Cedarville, OH, USA) were used to produce 
the compounds PP/CNF. The CNFs, produced by CVD, have dimensions 
of 30–100 μm in length, with diameters of 100–200 nm, which include 
hollow cores of 30–90 nm in diameter, and estimated electrical con
ductivities of 103 S m− 1. More detailed information on them can be 
found in previous reports [25].

2.2. Polymer composites processing

The samples were manufactured by melt-extrusion with a twin-screw 
extruder consisting of two screws of diameters of 13 mm and barrel 
lengths of 31 cm. The screw configuration was designed to achieve high 
shear mixing and long residence times during processing [23], since 
with this choice good dispersions were achieved for Pyrograf® III PR 19 
LHT XT and PR 24 LHT XT grades in PP [26]. In particular, rotation 
speed of 50 rpm and barrel temperatures of 190 ◦C were selected for the 
process. Further details on the melt extrusion conditions can be found 
elsewhere [27]. After the extrusion process, the PP/CNF composite films 
with volume concentrations from 0 to 1.4 vol % were pelletized and 
formed into specimens with suitable geometries for various analyses.

2.3. Characterization

Morphological analysis of PP/CNF composites were carried out in an 
Ultrahigh resolution Field Emission Gun Scanning Electron Microscopy 
(FEG-SEM), NOVA 200 Nano SEM, FEI Company at SEMAT/UM. The 
specimens were broken under cryogenic conditions and, before testing, 
they were coated by sputter deposition with a thin layer of gold.

For the AC electrical analysis, films of geometries of 0.5 × 10 × 10 
mm3 with Au contacts deposited on both sides by thermal evaporation 
were used. The capacitance C (ω) and dielectric losses tan δ(ω) were 
acquired with a Quadtech1929 LCR (Maynard, WI, USA) at frequencies 
from 200 Hz to 2 MHz under an applied signal of 0.5 V. The real ε′(ω) 
and the imaginary έ́(ω) components of the complex dielectric permit
tivity ε*(ω) were after calculated using: 

ε ´(ω)=C(ω).d
A.ε0

(1) 

έ́ (́ω) = ε(́ω).tan δ (2) 

here, d is the thickness, A is the surface area, ε0 is the permittivity of 
vacuum, and ω is the circular frequency. The AC electrical conductivity 
σAC (ω) was obtained using: 

σAC(ω) = ωε0 έ́ (́ω) (3) 

The DC electrical conductivity σDC was measured by a picoammeter 
Keitheley model 6487 and a digital-control DC power supply TENMA 
model 72–10495. The power supply was set with an output of 1 V, and 
resistivities of each specimen was obtained through the arithmetic mean 
of 10 tests [23].

3. Results and discussion

3.1. Morphological analysis

SEM micrographs at lower and higher magnification of PP/CNF 
composites with 0.9 % vol. of CNFs (Fig. 1) show that the fillers are well 
dispersed and distributed throughout the PP without the presence of 
aggregates. It should be noted that the CNFs used in this study, labelled 
PR 25 AG, unlike the commercial grade Pyrograf® III CNFs, are not heat 
treated after production, resulting in less graphitised outer layers, nor 
are they subjected to any debulking method, which, according to the 
manufacturer, would probably contribute to their poorer dispersion in 
the polymer matrix as it was demonstrated in a previous works [24,27], 
where the appearance of agglomerates is evident from the lowest CNF 
loadings of 0.2 vol %, from which agglomerates increase as more and 
more CNFs are incorporated into the extrusion process until a point is 
reached where the formation of the paths necessary for electrical con
duction is promoted.

3.2. AC/DC conductivity analysis

The AC/DC electrical conductivity of the PP/CNF films illustrated in 
Fig. 2 has already been analyzed in previous works [25]. In general, σAC 
shows a clear increase with CNF concentration at all frequencies, 
attributed to the conduction through tunneling and hopping mecha
nisms [28]. The AC conductivity of unfilled PP and PP composites with 
up to 0.9 vol % of CNFs shows a linear trend with frequency, which is a 
good demonstrator of their quasi-insulative characteristics. On the 
contrary, the σAC becomes independent at low frequencies up to the 
critical frequency fc (~43 kHz) for PP composites with a CNF loading of 
1.4 vol %. It is noticed that this frequency-independent regime becomes 
visible between 0.9 and 1.4 vol%, demonstrating a change from the 
non-conducting to the conducting behavior due to the creation of a 
network of contacts of CNFs within the PP [29]. The DC electrical 
conductivity σDC of the PP/CNF composites is presented in Fig. 2(b), and 
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it shows that for CNF contents ranging from 0.2 to 0.7 vol% there are no 
significant variations with respect to unfilled PP (~10− 10 S m− 1), indi
cating that CNFs do not significantly influence σDC at these concentra
tions. However, for PP composites with 1.4 vol% of CNFs, σDC increases 
in four orders of magnitude (~8 × 10− 6 S m− 1). Thus, σDC confirms the 
transition from insulating to conductive behaviour between PP/CNF 
composites with 0.9 and 1.4 vol% CNF previously observed for σAC. It is 
noticed that this largest value of σDC is considerably smaller than the one 
reported for PP/CNF composites made from Pyrograf® III PR 24 LHT XT 
CNFs, which showed a σDC value of ~ 16 S m− 1 for the same CNFs 
concentration (Table 1) [30]. This worse result can be explained by the 

absence of the thermal post-treatment for this type of CNFs (PR 25 AG), 
which would contribute to the ordering of their outermost layers, thus 
facilitating the increase of the electrical conductivity [31]. In addition, 
the lack of a debulking method to decrease the bulk density of CNFs, as 
well as their lower aspect ratios with respect to commercial Pyrograf® 
III grades, may explain the smaller σDC values observed for these PP/CNF 
composites. However, it is also possible to find worse conductivities in 
the literature for melt-extruded PP-based composites with similar con
tents of Pyrograf® III carbon nanofibers, as can be seen in the compar
ative Table 1 for Pyrograf® III grades PR 25 PS XT and PR 24 HHT XT.

It should be noticed that σDC can be fitted by the percolation theory 
with the power law relation (ϕ- ϕc)t, which connects σDC to the critical 
volume fraction ϕc, an t is a critical exponent linked to the dimension
ality of the CNF network [36]. However, under the processing condi
tions presented in this work, it has not been possible to produce PP/CNF 
composites with CNF contents higher than 1.4 vol %, which may be 
evidence that the heat treatment that commercial Pyrograf® III grades 
receive is positive to better disperse them in polypropylene with this 
methodology.

3.3. AC/DC conductivity analysis by a general mixing rule

As demonstrated in previous work, the mixing rule is an alternative 
phenomenological approach to estimation of electrical conductivity in 
conductor-insulator composites, which can be written as follows [37]: 

σn =(1 − ϕ)σn
m + ϕσn

f (4) 

Fig. 1. SEM micrographs of PP filled with 0.9 vol % of CNFs.

Fig. 2. AC/DC electrical conductivity of PP/CNF composites: (a) σAC as a function of vol. % of CNFs and frequency; (b) σDC as function of vol. % of CNFs [23,24]. 
(Dotted line serves for guiding the eyes).

Table 1 
σDC values of PP/CNF composites based on Pyrograf® III CNFs. The term * means 
that authors do not specify the exact grade.

CNF type Method Content σDC (S 
m− 1)

Ref.

Pyrograf® III (PR 25 PS 
XT)

Melt mixing 5 wt % 1 ×
10− 10

[32]

Pyrograf® III (PR 19 
LHT XT)

Melt 
extrusion

3 wt % 1 [33]

Pyrograf® III (PR 24 
LHT XT)

Melt 
extrusion

3 wt % 16 [30]

Pyrograf® III* Melt 
extrusion

3 wt % 1 × 10− 6 [34]

Pyrograf® III (PR 24 
HHT XT)

Melt mixing 4 wt % 7 × 10− 8 [35]

PR 25 AG Melt 
extrusion

1.4 vol % (3 wt 
%)

8 × 10− 6 This 
work
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where for this study, the parameters σ, σm and σf represent the electrical 
conductivity of PP/CNF composites, PP, and CNFs respectively, ϕ de
notes the volume concentration of CNFs, and the exponent n can be 
determined by fitting Eq. (4) to the experimental values of σAC. It is also 
noted that the model predicts n values between − 1 and 1, where n =− 1 
corresponds to the case where the CNFs are oriented perpendicular to 
the direction of the electrical current (lower-bound of σ), while n = 1 
corresponds to the case of the CNFs are oriented in parallel to the 
electrical current direction (upper-bound of σ) [38]. From the experi
mental results, a σm value of 10− 10 S m− 1 has been used in Eq. (4) for PP, 
while for CNFs, σf value of 103 S m− 1 has been considered [39]. 
Accordingly, Fig. 3(a) shows the σAC of PP/CNF composites at 93 kHz 
plotted with Eq. (4) as function of the CNF vol. %. In particular, the 
dashed blue line labelled as n universal in Fig. 3(a) corresponds to the 
fitting when 1/3 is used as representative arithmetic mean between the 
two limiting bounds [37], while the dashed red line corresponds to the 
fitting when n is adjusted exactly to − 1.1. Similarly, the exponents n for 
the remaining frequencies have been adjusted and the results are shown 
in Fig. 3(b), where, interestingly, as frequency increases, n approaches 
the lower bound − 1 assumed by the model.

3.4. AC/DC conductivity analysis by including interphase in the general 
mixing rule

The latter results, i.e., the deviation of the exponent n from the 
universal values, leads to hypothesize whether the interphase between 
the CNFs and the PP, as depicted in Fig. 4, can play a role in the σAC of 
PP/CNF composites. To address this hypothesis, Eq. (4) is modified in 
this study by incorporating the electrical conductivity σint and volume 
fraction ϕint corresponding to the interphase as follows: 

σn =(1 − ϕ − ϕint)σn
m +ϕintσn

int + ϕσn
f (5) 

where σint, represents the effective conductivity of this interphase, which 
is generally lower than that of the pure filler but higher than that of the 
matrix, and ϕint represents the effective volume fraction of the inter
phase, which can impact the development of conductive networks. It is 
noticed that ϕint depends on the filler concentration ϕ as well as on the 
critical parameter k given by Todd and Vo as [40,41]: 

ϕint =(kϕ)
(

1 − ϕ
1 + kϕ

)

(6) 

It should be noticed that a small k indicates negligible interaction 
between the polymer and the CNFs, while a large k indicates just the 

Fig. 3. σAC of PP/CNF composites: (a) experimental (full symbols) and fittings with Eq. (4) (dashed lines) of σAC at 93 kHz; (b) Fitted exponents n determined by Eq. 
(4) at different frequencies. (Dotted line serves for guiding the eyes).

Fig. 4. Schematic representation of interphase in PP/CNF composites.

Fig. 5. Experimental (full symbols) and fittings (red lines) of σAC by the 
modified model (Eq. (5)) for PP/CNF composites. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.)

N. Aribou et al.                                                                                                                                                                                                                                  Physica B: Condensed Matter 714 (2025) 417420 

4 



opposite [42]. Consequently, σAC results shown in Fig. 5 are obtained 
resolving numerically Eq. (5) through an interactive process, where k 
and σint are adjustable parameters, and n ~1/3 is used. In particular for 
PP composites with 1.4 vol % of CNFs, values of σint, k, and ϕint of 6.17 ±
0.01 × 10− 9 S m− 1, 0.56 ± 0.01, and 0.8 vol % are calculated at 0.4 kHz, 
and values of σint, k, and ϕint of 9.94 ± 0.03 × 10− 7 S m− 1, 0.15 ± 0.02, 
and 0.2 vol % are calculated at 93 kHz, respectively.

Similarly, the values of σint and k for PP/CNF composites are calcu
lated and presented in Fig. 6(a) and (b), respectively, for the rest of 
frequencies. Fig. 6(a) shows an increase of σint with increasing fre
quency, which agrees with the increase of σAC with frequency observed 
in Fig. 2(a). However, as shown in Fig. 6(b), the critical parameter k 
decreases with increasing frequency, suggesting that the interaction 
between PP chains and CNFs is weaker at higher frequencies. Notably, 
this finding matches well with previous work on polymers reinforced 
with carbon black particles, where the same inverse relationship be
tween k and frequency is observed [43]. In that work, the authors 
attributed this to the increasing energy of the electrons, which results in 
a higher probability of hopping between nearest neighbours CBs. In 
turn, Fig. 6(c) shows the variation of ϕint as a function of vol. % CNF 
concentration, calculated according to Eq. (5) for various frequencies, 
where it can be seen that ϕint increases linearly with increasing CNF 
concentration for all frequencies, which seems logical, since as the 

concentration of CNFs increases, it is to be expected that the interphase 
zone will also increase, and it decreases as frequencies increase. Previ
ous work has observed the same phenomenon (the linear increase of 
mass fraction corresponding to interphase with increasing CNF con
centration), and in addition it suggests that the thickness of the inter
phase is not significantly affected by the concentration of CNFs [44]. In 
that study, on the basis of these facts, and from considering the densities 
of CNFs and the polypropylene, and the diameter and length of the CNFs, 
they demonstrated the existence of a two-layer interface in melt-blended 
PP/CNF composites made from a similar type of CNF (PR 24 AG), where 
the outer and inner layers of the interphase are estimated to be 102 nm 
and 100 nm thick, respectively. Based on the same hypothesis, and 
considering that CNFs in this study have slightly larger diameters with 
the same length, we can consider that we should have a thickness in the 
same order of 102 nm for our composites. It is worth recalling that 
similar behaviour of σint, k and ϕint as a function of frequency using a 
modification of the generalized effective medium (GEM) model, which 
also included the interphase, has already been discussed [24]. In 
particular, Table 2 includes σint calculated with Eq. (5) and GEM model 
from previous work. Therefore, from the results of the former [24] and 
the present study, it can be deduced that this decrease of k and ϕint with 
increasing frequency should be related to a lesser effect of the interphase 
on the AC conductivity, which facilitates the electron hopping between 

Fig. 6. Parameters obtained by the modified model (Eq. (5)): (a) σint, (b) k, and (c) ϕint of all PP/CNF composites as function of frequency. (Dotted lines serve for 
guiding the eyes).
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the CNFs, and, consequently, it should explain that the values of σAC and 
σint become closer together as the frequency is increasing.

4. Conclusions

The AC electrical conductivity as function of frequency (σAC) of melt- 
extruded polypropylene (PP) composites with carbon nanofibers (CNFs) 
from 0 to 1.4 vol % is investigated. The results show an insu
lating–conducting change near 0.9 vol % of CNFs, where the PP/CNF 
composites with highest load (1.4 vol %) shows the largest electrical 
conductivity. The σAC is analyzed using the simple mixing rule model as 
well as a modified model that considers the interphase effect between 
CNFs and PP. While the unmodified model shows limited applicability 
across all vol. % of CNFs, the modified model accurately fits the σAC 
values, allowing for the specific estimation of parameters corresponding 
to the interphase such as the electrical conductivity (σint), and the vol
ume concentration (ϕint). From the analysis it is concluded that the 
interphase between the PP and the CNFs substantially decreases its ef
fect on the σAC of their PP/CNF composites with the increase in 
frequency.
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