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ABSTRACT: We have established that the PP/PA6/CB
composite with 3D microfibrillar conducting network can
be prepared in situ using melt spinning process. CB par-
ticles preferably were localized at the interface between
polypropylene as the matrix and PA6 microfibrils, which
act as the conducting paths inside the matrix. The percola-
tion threshold of the system reduced when aspect ratio of
the conducting phase was increased by developing micro-
fibrillar morphology. The effect of annealing process
on the conductivity of PP/PA6/CB composite with co-
continuous and microfibrillar morphologies was studied. It
was observed that, annealing process forces CB particles

towards the interface (2D space) of PP and PA6 co-contin-
uous phases, and percolation threshold and critical expo-
nent of classical percolation theory will be decreased,
while the conductivity of conducting composite with
microfibrillar morphology was not affected considerably
by annealing process at temperatures either higher or
lower than the melting point of the PA6 micro-
fibrils. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci 106:
3461–3467, 2007
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INTRODUCTION

Conductive polymer composites (CPCs) are under-
taking an important role in technological applica-
tions and constitute an ongoing topic of vast com-
mercial interests. These multifunctional materials are
routinely employed in various commercial applica-
tions due to their good electrical conductivity, corro-
sion resistance, light weight, and improved mechani-
cal properties.1

It is well-known that a polymer composite consist-
ing of an insulating polymeric matrix and conductive
fillers becomes electrically conductive as the filler con-
tent exceeds a certain critical value, named percolation
threshold. This transition-like change in conductivity
is generally attributed to percolation phenomena.2

This transition occurs in percolation threshold concen-
tration of fillers in polymeric matrix.

As a practical point of view, a crucial aspect of the
fabrication of the filled conductive polymeric compo-
sites is the conducting filler content, which must be
as low as possible and still allows the composite to
fulfill the electrical requirements. Thus far, several
processing techniques have been introduced to lower

the conducting percolation threshold in an insulating
polymeric matrix.3–7

Ongoing attempts to localize conducting particles at
the interface or within the minor phase of an immisci-
ble polymer blend have demonstrated that the percola-
tion threshold can be substantially reduced in this
manner.3,5,6 However, two requirements must be ful-
filled for the polymer blend composite to be conduc-
tive at a lower content of CB. One of these require-
ments concerns the phase morphology of polymer
blend, and another has to do with the heterogeneous
distribution of the filler within the polymer blend.

It has been established that the filler geometry influ-
ences the phase continuity and selective location of fill-
ers in polymer blend matrices.8–10 By increasing the as-
pect ratio of the fillers in the matrix, the lower percola-
tion threshold will be obtained.11–13 Therefore, if the
conducting filler is preferentially localized within the
minor phase or at the interface between two blend
components, and the minor phase is oriented or elon-
gated to form long conductive microfibers in the poly-
mer matrix, the prepared microfibrillar composite may
exhibit higher electrical conductivity, because of the
high aspect ratio of the conducting phase.14

On the other hand, tailoring the processing param-
eters of an immiscible polymer blend to form in situ
reinforced fibers of minor phase inside polymeric
matrix is the preferable way to achieve high mechan-
ical properties.15,16 The preparation of microfibrillar
reinforced composites (MFC) includes three basic
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steps: (1) melt blending using extrusion compound-
ing of two immiscible polymers having various melt-
ing temperatures Tm, (mixing step); (2) cold drawing
of extrudate resulting in good orientation of two
phases (fibrillization step); (3) thermal treatment at a
temperature between the Tm’s of the two blend part-
ners (isotropisation step). While during the second
step, the two polymers are converted into a highly
oriented state, the third step results into melting of
the component with lower Tm and formation of an
isotropic matrix, reinforced with the microfibrils of
the component with higher melting temperature.

In this study, we developed a carbon black loaded
CPC with microfibrillar structure. The composite
was based on polyamide 6 as the dispersed phase
and polypropylene (PP) as the matrix. To develop
the microfibrils of PA6 inside the PP matrix, hori-
zontal melt spinning process was employed. As in
the case of most of the other polymer blend systems,
PP and PA6 are thermodynamically immiscible and
technologically incompatible, so PP grafted glycidyl
methacrylate (PP-g-GMA) was prepared and used as
the compatiblizer.

EXPERIMENTAL

Materials

The PP was employed as the matrix resin, which was
supplied by Arak Petrochemical Co. of Iran (EPC-40R),
with MFI of 7 g/10 min (2308C, load 2.16 Kg). Polyam-
ide 6 (PA6) was used as received from BASF (Ultra-
mide1 B3) with melt volume flow rate of 130 cm3/
10 min (2758C, load 5 Kg) and Tm 5 2208C (108C/min).
The carbon black (CB), which was used as the conduc-
tive filler, was donated by Degussa (Printex1 XE2B),
with dibutyl phthalate (DBP) adsorption value of 420
cm2/100 g, BET nitrogen surface area of more than
1000 m2/g and an original particle diameter of 30 nm.
PP grafted glycidyl methacrylate, PP-g-GMA, was pre-
pared and used as the compatiblizer17,18 with MFI of
21 g/10 min and grafting level of 3.15 g of GMA per
100 g of PP.

Processing

The composites were prepared applying the follow-
ing steps. First, CB was premixed with compatiblizer
and PP, using a twin screw extruder (Brabender1

DSE 25, d 5 25 mm, L/d 5 32, screw speed 5 25
rpm) at a processing temperature of 2208C. How-
ever, due to the viscous heating, the real melt tem-
perature is expected to be higher than 2208C, which
guarantees the blending of PP phase with compatibl-
izer and CB particles properly. In all formulations,
compatiblizer was added through melt mixing to PP
and CB in the twin screw extruder. Then, the mix-

ture of PP/PP-g-GMA/CB, which was prepared in
previous step, and PA6 granules was fed to a single
screw extruder (Brabender Extrusiograph1, d5 19mm,
L/d 5 25) equipped with a conical adaptor attached
to spinneret die to obtain well developed microfibril-
lar morphology.

The temperature profile, starting from the feeding
zone to the die, was between 220 and 2608C, and the
screw rotating speed was maintained fairly constant
at 30 rpm. The applied processing conditions corre-
spond to a draw ratio of about 12 for the take off
section. Scheme 1 shows the schematic illustration of
the premixing step and spinning process to develop
microfibrillar morphology.

METHOD

To measure the electrical resistivity of the microfi-
brillar structured composites, the extruded bristles
were compression molded under a pressure of 300
bar for 10 min at 2008C into 1 3 150 3 150 mm3 pla-
ques. The molding temperature is far above the
melting temperature of the PP matrix while it is just
under the experimental melting point of PA6 micro-
fibrils (Tm 5 2208C), to prevent the PA6 fibers from
melting, which is necessary to maintain microfibrillar
morphology. Before measuring the electrical resistiv-
ity, all of the samples were annealed for 4 h at 1908C
to produce an isotropic matrix and microfibril net-
work (isotropisation step). It should be noted that at
the annealing temperature of 1908C, the PP matrix
has been melted and forms an isotropic matrix,
while the PA6 fibers keep their solid like fibrillar
structures.

The electrical resistivity of CB-polymer blends was
measured using a four point probe technique so that
they were free from resistance of sample-electrode
contacts.

A scanning electron microscope (Scanning Micro
Analyzer JXA840, JEOL) was used for morphological
observations. The specimens were frozen in liquid
nitrogen, and then quickly impact fractured. To inves-
tigate the morphology of the composites, samples
were immersed in hot xylene to etch away the PP

Scheme 1 Schematic illustration of the processing steps.
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matrix. In some samples PA6-microfibrils were selec-
tively extracted by immersing the samples inside the
formic acid for 24 h.

RESULTS AND DISCUSSION

Figure 1(a) illustrates the SEM micrograph of frac-
tured surface of PP/PA6 blend containing 10 wt %
of PA6 and compatiblizer content of about 5 wt %
before melt spinning process, while PA6 phase was
etched away by formic acid. A typical matrix/dis-
persed morphology with homogeneous dispersion of
PA6 droplets in PP matrix is observed, and by a
rough estimation the diameter of PA6 droplets is
about 12 lm. The SEM microphotograph of the same
sample without CB after fiber spinning process is
shown in Figure 1(b). It is clear that, during spinning
process the blend components are transformed into
a highly oriented state. An estimation of the thickest
and thinnest PA6-microfibrils leads to values of
1 lm and 500 nm. As presented, the obtained PA6-
microfibrils are much longer than the detected zone

and the aspect ratio could not be estimated using
this micrograph.

Figure 2(a) shows the morphology of the PP/PA6/
CB compression molded composite containing 4 wt %
of CB, 10 wt % of PA6 and compatiblizer content of
5 wt % after melt spinning process. In this figure, the
PP matrix was selectively extracted by hot xylene.
Apparently, the well defined PA6 microfibrils rich in
CB were generated in situ; although according to the
processing section, CB particles were initially pre-
mixed with PP and compatiblizer using a twin screw
extruder. From rough measurements, the average di-
ameter of microfibrils is estimated about 6 lm.

Figure 2(b) presents the SEM micrograph of the
same sample while PA6 microfibrils were etched
away by formic acid. Taking into account the com-
position of the ternary composite, it is clear that the
continuous phase is PP. The average aspect ratio of
the microfibrils, in visible region, is about 19; how-
ever, higher aspect ratios could be obtained in low
magnification micrographs.

There has been a long history of investigation of
fibrillation of the dispersed phase inside a matrix, in

Figure 1 SEM micrograph of freeze-fractured surface of (a) directly mixed PP/PA6 and (b) PP/PA6 microfibrillar com-
posite.

Figure 2 SEM micrograph of the PP/PA6/CB composite; (a) PP matrix was etched away by hot xylene, (b) PA6-microfi-
brils was selectively extracted by formic acid. The arrows indicate the CB particles.
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an incompatible polymer blend. With the aid of mor-
phological and rheological studies, the mechanism of
deformation of the dispersed droplets during melt
processing of incompatible polymer blends was
declared.19–21 Many studies have shown that elonga-
tional flow field incorporated with small viscosity ra-
tio of the dispersed phase to matrix22 (hd/hm � 0.6)
can facilitate fibrillation of the dispersed phase. To
fulfill the appropriate viscosity ratio, the PP and PA6
resins were selected through rheological studies
using a capillary rheometer (Rheoscop 1000, Ceast).
Figure 3 shows the viscosity ratio of PA6/PP at 230,
240, and 2508C. The rheological studies approved
that the viscosity ratio (hPA6/hPP) was lower than
unity up to the shear rates of about 200 s21 at the
temperature of 2508C. When the CB was com-
pounded into the polymer blend, the melt viscosity
of the system increased noticeably. As illustrated in
Figure 2, because of the presence of CB particles at
the interface of PP and PA6 phases and also inside
the PA6 phase, the effective viscosity ratio increases
which inhibits large deformations of PA6 droplets
and accordingly the fibrillation capacity of the PA6-
containned CB interface was reduced considerably.
As a result, the diameter of the PA6 microfibrils
incorporating CB either at the interface or within the
PA6 microfibrils [Fig. 2(b)] was roughly measured
6 lm, while the diameter of the microfibrils in the
system without CB was estimated about 0.5–1 lm.

Higher affinity of the CB to the PA6 resin com-
pared to the nonpolar resins such as PP has been
observed in the previous studies.23,24 In Figure 2, the
small particles with irregular geometry are CB
agglomerates. Although the CB particles were added
to the PP matrix through twin screw compounding
before adding the PA6 resin in fibrillization process,
CB particles are mostly accumulated either at the
interface or within the PA6 microfibrils (arrows in
Fig. 2). Therefore, it can be concluded that the CB

particles were preferentially localized either at the
interface or within the PA6 microfibrils.

Generally, competitive adsorption of polymer
melts on a solid surface is determined by CB-poly-
mer interaction. When CB particles are mixed with a
polymer blend consisting of polymer A and B, the
location of CB should be predicted by Young’s equa-
tion25

y ¼ ðgCB;A � gCB;BÞ=gA;B (1)

where gCB,A, gCB,B, and gA,B are interfacial energy
between polymer A and CB, between polymer B and
CB, and between polymers A and B, respectively.
CB particles are expected to be selectively located in
one of the two polymer phases where the polymer
has a higher interaction with the CB surface: y > 0
means gCB,A > gCB,B or CB particles are supposed to
be in polymer B, while y < 0 means gCB,A < gCB,B or
CB particles are preferably located in polymer A.
Interfacial energy can be calculated by:26

g1;2 ¼ gd1
� �1=2� gd2

� �1=2h i
þ gp1

� �1=2� gp2
� �1=2h i

(2)

where g1;2, g
d
1 (or gd2), and g

p
1 (or g

p
2) are interfacial

energy, dispersive part of interfacial energy and polar
part of interfacial energy, respectively, and subscripts
1 and 2 indicate materials 1 and 2 (CB, PP, PA6).
According to available literatures26,27 and Eq. (2), the
interfacial energy between CB and PP is calculated
19.8 mJ/m2, and between CB and PA6 is calculated
17.1 mJ/m2. As stated before,23,24 and according to
the Young’s equation (gCB;PA6 < gCB;PP), a high proba-
bility exists that CB is better adsorbed to PA6 than to
PP because of a lower interfacial energy between PA6
and CB in comparison to PP and CB, or a larger com-
patibility between CB and PA6.

Electrical conductivity has systematically been
measured for compression molded samples. Electri-
cal conductivity of the prepared samples r as a
function of CB content is shown in Figure 4 which
presents a typical percolation behavior. In ‘‘classical’’
percolation theory, continuity of second phase’s
pathway yields the typical power-law dependence of
electrical conductivity r on the weight fraction (or
volume fraction) of the conducting phase w:

s � sf w� wcð Þt (3)

where t is critical exponent and rf is final conductiv-
ity of composite, which will be achieved when w?1.
wc is percolation threshold of the system, where the
conductivity of the composite jumps from insulating
zone to the conducting zone. At this concentration
the content of conducting fillers (CB particles) is
enough to form conductivity pathways.

Figure 3 Viscosity ratio (PA6/PP) as a function of shear
rate at 230, 240, and 2508C.
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For the specimens of this work, the concentration
of the conductive filler is expressed in per cent
weight of the conductive particles. Equation (3) can
be rewritten adding a new coefficient c,

s ¼ sf w� wcð Þt þ C (4)

This coefficient c represents the conductivity of the
specimen when the concentration is equal to the crit-
ical concentration (w � wc, c � rc). The value of the
four parameters wc, t, c, and rf was derived by fit-
ting eq. (4) to the experimental data. The aim of this
method is to relate all four parameters so that if wc

is found then the others can be calculated. The
method follows four steps as follows. At the first
step, from the plot of conductivity–concentration, the
experimental points that clearly show an abrupt
increase in conductivity are taken into consideration.
For these experimental points, a regression is per-
formed using the equation r 5 Awb, and by least
square method coefficients A and b are determined.
Then a value for wc is estimated from the plot of
conductivity–concentration, and c is computed from
c 5 rc 5 A(wc)

b. In the next step, eq. (4) is consid-
ered to be equal to r 5 Awb for concentration w 5 1
1 wc, in order to correlate the coefficient rf with A,
b, and wc, while t is eliminated. Thus the following
relation is obtained,

sf ¼ A 1 þ wcð Þb þ ðwcÞb
h i

(5)

When rf was calculated from Eq. (5), a value for t
is obtained from Eq. (4) with the use of just one

experimental point. All the above evaluations of the
unknown parameters are not the correct ones. They
are the first estimations of these parameters. To cor-
rect these estimations, equations (4) and r 5 Awb

are compared in a space near the percolation thresh-
old. The comparison of the two equations is
achieved by computing the definite integral of their
absolute difference Dwc). The integral is considered
to be a function of the percolation threshold wc,

DðwcÞ ¼
Zwc þ d

wc

½sf ðw� wcÞt þ c� � AðwÞb
���

��� dw (6)

The value of d is obtained such that the above in-
tegral becomes minimized, and therefore the cor-
rected value for wc is consequently obtained. From
the corrected value of percolation threshold the other
three parameters are evaluated again.28

Figure 4 also shows a comparison between a
microfibrillar structured PP/PA6/CB composite
(PP/PA6: 80/20), and a PP/PA6/CB composite (PP/
PA6: 55/45), compression molded at 2508C for
10 min with co-continuous morphology. The com-
pression molding of microfibrillar structured compo-
sites was performed at 2008C for 10 min to guaran-
tee the fluidity of PP matrix while the molding
temperature was just below the melting temperature
of PA6-microfibrils (Tm 5 2208C), to prevent from
melting of PA6-microfibrils during molding process.
In Figure 5, the thermal behavior of samples was
examined using a differential scanning calorimeter
(DSC). The experiment was done using a heating rate
of 108C/min from 50 to 3008C. The DSC curves of PP,
PA6, and PP/PA6/CB blend with various CB compo-
sitions are presented in Figure 5, showing distinct

Figure 4 Conductivity versus CB content. (n) semicrystal-
line PP matrix (2208C, 10 min). (^) co-continuous PP/PA6
(55:45) blend (2508C, 10 min). (D) microfibrillar PP/PA6
(80:20) blend (2008C, 10 min). (^) co-continuous PP/PA6
(55:45) blend annealed at 2508C, 120 min (~) PP/PA6/CB
microfibrillar composite annealed at 2008C, 120 min,
(annealed1). (1) PP/PA6/CB microfibrillar composite
annealed at 2508C for 120 min (annealed2). The inset mag-
nifies the conductivity of composites for the sake of clarity.

Figure 5 DSC melting curves of PP(&), PA6 (l), PP/PA6
(80 : 20) with 6 wt % of CB (�) and PP/PA6 (80 : 20) with
8 wt % of CB (^).
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melting temperatures as can be seen. According to
this figure, the melting point of both two phases
increases slightly with increasing CB portion. This
may indicate that there is an increase in the number
of nuclei29 in the presence of extraneous particles
such as CB.

To study the effect of annealing temperature on
the conductivity and structure of both microfibrillar
structured and co-continuous composites, annealing
process was performed on PP/PA6/CB co-continu-
ous composite at a temperature higher than melting
point of PA6 (Tanneal. 5 2508C, 120 min). Also
annealing process was performed on PP/PA6/CB
microfibrillar composites, at temperatures lower
(Tanneal.,1 5 2008C, 120 min) and higher (Tanneal.,2

5 2508C, 120 min) than melting temperature of PA6-
microfibrils.

As illustrated by Figure 4, for the PP/PA6/CB
composites with co-continuous morphology when
Tm,PA6 < Tanneal. 5 2508C, and also for the microfi-
brillar morphology when Tanneal.,1 5 2008C < Tm,PA6,
the percolation threshold and critical exponent
decreased upon the annealing process.

Table I lists the fitting parameters, wc and t, for
the data presented in Figure 4. According to Table I,
t is found to be 1.99 when CB was dispersed within
the amorphous phase of pure PP. When CB was dis-
persed in the PP matrix of a PP/PA6 blend with co-
continuous morphology, t decreases to 1.8, and by
developing microfibrillar morphology during spin-
ning process, t was reduced further to 1.5.

Indeed, when the CB filled polyblends with dual-
phase continuity compression molded at 2508C for
10 min, a percolation threshold of � 4 wt % is
observed, which is comparable to the value reported
for the selective localization of CB (Printex1 XE2B)
in PE phase of the PE/PS (45/55) blend (� 3 wt %).30

Also a lower percolation threshold was achieved for
microfibrillar composite (� 2.1 wt %) than the co-con-
tinuous one. However, when the compression mold-
ing time of the blend with dual-phase continuity at
2508C was increased up to 120 min during the
annealing process, the phase morphology has the op-
portunity to recognize in such a way that the perco-
lation threshold was decreased down to 1 wt % and
the critical exponent t was equal to 1.3, which are
the typical values for a 2D system.31 This effect indi-
cates an increase in the local CB concentration as a
result of decreased interfacial area, which is the
spontaneous tendency of an immiscible polymer
blend in the melt state in absence of shear forces. It
is also clear that the CB particles do not leave the
interface under conditions of zero shear rate, but
rather concentrate more uniformly in this region.

On the other hand, annealing the microfibrillar
structured composite at 2008C for 120 min had no
significant effect on the critical exponent t, while

reduced percolation threshold of the system to � 1.5
wt %. This is probably due to the fact that annealing
temperature was under the melting point of the
PA6-microfibrils and hence enabled the composite to
keep its microfibrillar structure. Also, forcing the
CB particles to concentrate more uniformly near
the interface could be another explanation for the
observed reduction of percolation threshold. On the
other hand, annealing at a temperature higher than
the melting point of the PA6-microfibrils (2508C for
120 min), deteriorates the microfibrillar structure
and t decreases to 1.4 while percolation threshold
increases to about 2.5 wt % of CB.

CONCLUSIONS

In conclusion, we have developed PP/PA6/CB com-
posites with microfibrillar morphology, using melt
spinning process. The CB particles were mainly
localized at (or near) the interface of the PP and PA6
phases or within the PA6 phase, due to higher inter-
action of the PA6 with the CB surface. It is totally
advantageous to conductivity that the CB particles
localized at the interface of microfibrils to act as con-
ducting paths and reducing the percolation thresh-
old more than four times in comparison to PP.

S. Naficy is thankful to Prof. R. Bagheri of the Isfahan Uni-
versity for encouragement and discussions on DSC and
some of the electrical experiments.
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