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ABSTRACT: The influence of melt-mixing parameters on the development of ‘‘network-like’’ structure of multiwall carbon nanotubes

(MWNTs) in injection-molded polypropylene (PP)/MWNTs composites was assessed through AC electrical conductivity measure-

ments. A higher melt-mixing temperature (260�C as compared to 200, 220, and 240�C) at a fixed rotational speed of the screws (150

rpm) and at a fixed mixing time (15 min) has yielded maximum improvement in electrical conductivity in PP/MWNTs composites

of 3 wt % MWNTs content. Next to higher melt-mixing temperature, a variation in the melt-mixing time has also led to a variation

in electrical conductivity of the composites. Raman spectroscopic analysis revealed an increase in the ratio of intensity due to G-band

over that of D-band (IG/ID) of the MWNTs in the ‘‘skin’’ region as compared to the ‘‘core’’ region of the injection-molded composites

irrespective of the melt-mixing conditions. Microscopic observations could not provide much insight into the variation of MWNTs

network-like structure in various PP/MWNTs composites. An attempt has been made to understand the variation of network-like

structure of MWNTs in PP/MWNTs composites as a function of melt-mixing parameters through electrical conductivity measure-

ments, Raman spectroscopic analysis, and morphological investigations. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–

000, 2012
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INTRODUCTION

Polypropylene (PP) is one of the important commodity plastics

in view of its consumption in commodity applications. How-

ever, PP can be suitably modified to improve its performance

for engineering applications. It has been reported that polymer/

carbon nanotubes (CNTs) composites exhibit high strength and

stiffness along with high electrical conductivity at relatively low

concentration of CNTs.1,2 The high aspect ratio of CNTs makes

it enable to form percolating ‘‘network-like’’ structure (electrical

percolation) at relatively low CNTs content.3,4 Theoretical analy-

sis using numerical method has been used to predict the electri-

cal and thermal conductivity of functionally graded materials/

composites.5,6

However, uniform dispersion of CNTs in a polymer matrix has

been posed to be a difficult task due to the ‘‘agglomeration’’ of

CNTs along with their ‘‘entangled’’ network. It has also been

reported that breakdown of CNTs ‘‘cluster’’ or ‘‘aggregates’’ into

individual CNT is necessary to achieve lower electrical percola-

tion threshold in the polymer matrix.7 Besides promoting shear-

ing action during melt mixing,8 organic modifier has also been

reported to reduce the CNTs aggregate size, which has resulted

in low electrical percolation threshold in various polymer com-

posites involving multiwall carbon nanotubes (MWNTs).9–12

The state of dispersion of CNTs in the respective polymer com-

posites has been investigated through electrical conductivity

measurements along with microscopic characterization.7,8 More-

over, injection-molded polymer/CNTs composites at a fixed

CNTs concentration exhibit higher electrical percolation thresh-

old as compared to corresponding compression-molded sample

due to the orientation of CNTs in the ‘‘skin’’ region in the injec-

tion-molded specimen, which leads to a difficulty in forming

random network-like structure in three dimension (3D) involv-

ing skin as well as ‘‘core’’ region of the specimen.13,14

The network-like structure formation of CNTs in the melt state

has been affected in polymer/CNTs composites prepared

through melt mixing during solidification, which has been stud-

ied through electrical conductivity measurements. The electrical

conductivity measurements during melt state indicated a very

low electrical percolation threshold (0.0025 < / < 0.01) in

MWNTs-filled PP composites15; however, the room temperature
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conductivity measurement of PP/MWNTs showed a higher elec-

trical percolation threshold.16 Further, Alig et al.17 conducted in

situ electrical conductivity measurements on PP/MWNTs com-

posites wherein it has been found that electrical conductivity at

solid state was significantly lower than the melt state due to a

reduction of the amorphous phase at the expense of the crystal-

line phase.

Various studies have been conducted in recent times on

melt-mixed PP/CNTs composites that were primarily focused

on the various parameters influencing the state of CNTs disper-

sion.18–22 PP/MWNTs composites prepared via masterbatch

dilution process showed a higher electrical percolation threshold

in the presence of PP-g-MA; however, lower molar mass PP

chains lead to a lower electrical percolation threshold due to a

better infiltration/adsorption of shorter PP chains during

masterbatch dilution.18 The state of dispersion of MWNTs has

also been assessed in the PP matrix using electrical conductivity

measurements along with nonisothermal crystallization studies

of the PP phase.19 A low electrical percolation threshold (� 0.6 vol

% of MWNTs) has been observed in melt-mixed PP/MWNTs

composites in which the composites were processed through mas-

terbatch dilution approach.20 Raman mapping along with rheo-

logical studies and crystallization kinetics was used to investigate

the state of dispersion of SWNTs in PP/SWNTs composites.21

The influence of PP-g-MA on the state of MWNTs dispersion

has also been evaluated through rheological studies in melt-mixed

PP/MWNTs composites.22 Influence of various types of MWNTs

on the electrical conductivity and the state of dispersion of

MWNTs in PA12 matrix was studied in melt-mixed PA12/MWNTs

composites.23

Even though a large body of literatures exist on melt-mixed

polymer/CNTs composites in general and on PP/CNTs compo-

sites in specific dealing with the state of dispersion of CNTs and

the corresponding properties (viz., electrical conductivity and

mechanical/dynamic mechanical properties) of the composites,

very few literatures are available on the influence of melt-mixing

parameters on the state of CNTs dispersion in PP matrix.

Krause et al.8 found that higher mixing temperature at low

rotational speed for higher mixing time was found to be the

best optimized condition during melt mixing in a DACA micro-

compounder for dispersion of MWNTs in polyamide matrix. A

specific set of melt-mixing protocol has resulted in lower electri-

cal percolation threshold (1 wt %) of MWNTs in polyamide 66

matrix. Villmow et al.24 found that higher rotational speed (500

rpm) and a fixed residence time of the melt combined with a

specific screw profile significantly influenced the dispersion of

MWNTs in polylactic acid matrix during masterbatch and dilu-

tion step in a twin-screw extruder. However, these results are of-

ten based on matrix-specific [viz., PA and polycarbonate (PC)-

based MWNTs composites] observation and cannot be extended

to all the polymer matrices in general. Keeping in view of the

above, the influence of melt-mixing parameters on the electrical

conductivity was investigated in injection-molded PP/MWNTs

composites at a fixed concentration of 3 wt % of MWNTs. This

specific composition has been selected based on our earlier result

that shows that this composition (PP þ 3 wt % MWNTs) exhib-

its far above the electrical percolation threshold of MWNTs12 in

PP/MWNTs composites. An attempt has been made to under-

stand the role of melt-mixing parameters on the electrical con-

ductivity of the PP/MWNTs composites. Simultaneously, the

composites were characterized through morphological observa-

tion by scanning electron microscopic (SEM) analysis and trans-

mission electron microscopic (TEM) analysis. Moreover, Raman

spectroscopic analysis has been used for evaluating MWNTs net-

work-like structure in the skin as well as in the core of PP/

MWNTs composites.

EXPERIMENTAL

Materials and Composite Preparation

PP was obtained from Reliance Industries, India (REPOL

H200FG, melt flow index of 20 g/10 min at 230�C with a load

of 2.16 kg. Purified MWNTs were procured from Nanocyl CA,

Belgium (NC 3100, purity >95%, diameter: 9.5 nm, average

length 1.5 lm; as per manufacturer’s specifications). PP/

MMWNTs composites were prepared by melt mixing in a coni-

cal twin screw microcompounder (Micro 5; DSM Research, The

Netherlands, which is a batch mixer) as a function of MWNTs

concentration. MWNTs concentration has been varied from 0.5

to 5 wt % at 240�C, 150 rpm for 10 min. Compression-molded

films of 0.5-mm thickness were used for electrical conductivity

measurements. A detailed discussion on these composites can

be found in Ref. 12. PP/MWNTs composites of 3 wt % MWNTs

were also prepared by melt mixing in a conical twin-screw

microcompounder by varying melt-mixing parameters (screw

speed, mixing time, and mixing temperature). The actual melt

temperature for the various mixing protocols was found to be

well within the set temperature of melt mixing. The melt-mix-

ing parameters along with sample codes are provided in Table I.

Injection-molded samples (ASTM D 638, Type V) were pre-

pared using mini injection molding machine from DSM

Research (Netherlands). The injection molding parameters

maintained for all the compositions were injection pressure 3

bar, melt temperature 260�C, mold temperature 60�C, holding
time 2 min, and cooling time 2–3 min.

Characterization

AC electrical conductivity measurements were performed using

compression-molded and injection-molded (across the thick-

ness) samples in the frequency range between 10�1 and 106 Hz

using Novocontrol Alpha high-resolution analyzer. The samples

were placed in between the gold electrodes. DC electrical con-

ductivity of the sample was determined from the frequency-in-

dependent AC electrical conductivity plateau by fitting power

law equation (rAC ¼ rDC þ Axn; 0 < n < 1, where rAC ¼ AC

electrical conductivity, rDC ¼ DC electrical conductivity, x ¼
frequency, ‘‘A’’ is a constant dependent on temperature, and ‘‘n’’ is

an exponent dependent both on temperature and frequency).25

SEM analysis was performed with Hitachi S3400, operated at

15 kV with gold sputtering on the cryofractured surfaces of the

extruded strands of the composite samples. For TEM analysis,

core of the injection-molded sample was used. Injection-molded

samples were microtomed to obtain ultrathin sections at room

temperature using Leica Ultramicrotome Microsystems. Samples

were collected on a TEM grid. TEM investigation was

performed with Philips CM 200 instrument at 200 kV.
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Raman spectroscopy was performed using Jobin Yovon (HR 800

micro-Raman) in the scanning range of 200–2000 cm�1 with

incident laser excitation wavelength of 514 nm using injection-

molded specimen of the skin and the core region.

RESULTS AND DISCUSSION

Torque During Melt Mixing

It is observed that torque value during melt mixing of PP and

MWNTs provides an indirect observation of the melt viscosity

of the composites. The variation of torque as a function of

varying melt-mixing parameters for PP/MWNTs composites of

3 wt % MWNTs is presented in Figure 1. Figure 1(a) shows

that torque value decreases with increase in melt-mixing tem-

perature at a fixed set of mixing time (15 min) and rotational

speed (150 rpm) of the screws. In general, torque is found to be

higher in the initial mixing time due to incomplete melting of

PP and indicates an increase in melt viscosity. With increase in

mixing time torque is found to be lower, which indicates a

decrease in melt viscosity due to the shear induced unentangle-

ment of the polymer chains. It is expected that the shear forces

exerted on the melt during melt-mixing decreases with an

increase in melt-mixing temperature as unentangling the poly-

mer chains requires lower extent of shear forces at the higher

mixing temperature, which perhaps leads to the better infiltra-

tion/adsorption of the PP chains in between the MWNTs aggre-

gates. At this melt-mixing condition, it may be expected that

the aggregates size of MWNTs would be lowered in PP/MWNTs

composites.

The torque value increases gradually with an increase in screw

speed at a fixed set of mixing time (15 min) and temperature

(260�C) [Figure 1(b)]. As the shear forces experienced by the

melt are expected to increase with an increase in rotational

speed of the screw, torque value increases with increase in rota-

tional speed of the screw. However, as expected, the torque

value remains almost same with an increase in mixing time (fig-

ure not shown here). Further, electrical conductivity measure-

ment (discussed in the next section) shows a variation in elec-

trical conductivity in PP/MWNTs composites with increasing

melt-mixing time, which may arise due to a variation in the

network-like structure of MWNTs (due to MWNTs breakage),

which is not manifested in the torque data. A careful observa-

tion of the torque data for PP/MWNTs composites reveals that

torque data varied significantly as a function of melt-mixing

temperature, which is otherwise related to the melt viscosity of

PP phase. Furthermore, torque data may not be sensitive to

MWNTs attrition for prolonged melt-mixing time.26 At this

point, it is difficult to comment whether MWNTs attrition has

Table I. Various Processing Parameters During Melt Mixing of PP/MWNTs Composites of 3 wt % MWNTs

Sr. no. Sample code Temperature (�) Screw speed (rpm) Time (min) Mixing energy (J/cm3)

1 T-260 260 150 15 5491.8

2 T-240 240 150 15 7340.1

3 T-220 220 150 15 8285.8

4 T-200 220 150 15 8886.8

5 R-50 260 50 15 832.7

6 R-100 260 100 15 2983.4

7 R-200 260 200 15 8440.3

8 Ti-5 260 150 5 2575.4

9 Ti-10 260 150 10 4216.3

10 Ti-20 260 150 20 7471.9

Figure 1. Variation of torque as a function of (a) mixing temperature and

(b) screw speed during melt mixing of PP and MWNTs.
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been taken place during the initial stage of melt mixing or with

prolonged melt-mixing time. A direct observation through TEM

analysis would be effective to address this issue.

Krause et al.8 explained the observed electrical conductivity data

of PA6/MWNTs and PA66/MWNTs composites on the basis of

‘‘mixing energy’’ calculation together with macrodispersion

index (a parameter based on the size of the remaining MWNTs

aggregates through optical microscopy). In the present context,

the mixing energy ‘‘E’’ during melt mixing was determined with

the help of following equation8:

E¼
Zt

0

Pdt¼
Zt

0

2p � N � sdt ;

where P is the engine output dependent on the time, s is the tor-
que that was measured during the mixing process, N is the rota-

tional speed in revolution per minutes (rpm), and t is the mixing

time. The torque value was calculated by multiplying the force

value obtained during melt mixing with the average screw radius.

Mixing energy calculation as a function of melt-mixing parame-

ters of PP/MWNTs composites was performed to understand

whether the mixing energy calculation can provide any quanti-

tative understanding for assessing the state of MWNTs disper-

sion. Table I exhibits the mixing energy as a function of melt-

mixing parameters (screw speed, mixing time, and tempera-

ture). Mixing energy decreases with an increase in temperature,

this manifests in a decrease in melt viscosity with an increase in

mixing temperature from 200 to 260�C. However, mixing

energy increases with an increase in screw speed from 50 to 200

rpm. Because of high shearing action, MWNTs aggregates may

possibly break into smaller aggregates in a viscous PP.17 Mixing

energy increases by more than 3 orders of magnitude, while

increasing the screw speed from 50 to 100 rpm, whereas it

increases about 2 orders of magnitude from 100 to 150 rpm,

whereas at 200 rpm, mixing energy is found to increase by 1

order of magnitude as compared to the corresponding mixing

energy at 150 rpm. In addition, mixing energy is also increased

with increasing mixing time.

The torque values and the corresponding mixing energy results

have been further analyzed in context to the variation in the

electrical conductivity data of PP/MWNTs composites, which is

discussed in the subsequent section.

Electrical Characterization

The variation of AC electrical conductivity as a function of fre-

quency for compression-molded PP/MWNTs composite of vary-

ing MWNTs concentration is presented in Figure 2. It is

observed that the electrical conductivity for pure PP increases

with increase in frequency, which is the characteristic of an

insulating material. However, PP/MWNTs composite shows a

frequency-independent plateau (DC electrical conductivity) fol-

lowed by a critical frequency (xc) beyond which the electrical

conductivity increases as a function of frequency. This is con-

sistent with ‘‘Johnscher Universal Power Law’’ for frequency-de-

pendent conductivity of solids.25 Figure 2 shows the electrical

conductivity of PP/MWNTs composite increases gradually along

with a gradual shift in xc as a function of MWNTs concentra-

tion. The corresponding variation in the DC electrical conduc-

tivity as a function of MWNTs concentration is plotted in Fig-

ure 3 (DC electrical conductivity values are also given in Table

II). The electrical percolation threshold is found in between 1.5

and 2 wt % of MWNTs content. A detail discussion on this as-

pect has been addressed in Ref. 12.

Frequency-dependent electrical conductivity at room tempera-

ture for PP/MWNTs composites of 3 wt % MWNTs as a func-

tion of melt-mixing temperature is presented in Figure 4(a).

Electrical conductivity of PP/MWNTs composites processed at

200 and 220�C exhibit insulating behavior with a value of about

10�14 S/cm at 0.1 Hz. PP/MWNTs composites processed at

240�C show a frequency-independent plateau (DC conductivity)

up to a critical frequency (xc ¼ 1.2 � 10�10 Hz) above which

the conductivity increases with increase in frequency. An abrupt

Figure 2. Variation of AC electrical conductivity as a function of fre-

quency for compression-molded PP/MWNTs composites of varying

MWNTs concentration.

Figure 3. Variation of DC electrical conductivity as a function of MWNTs

concentration for compression-molded PP/MWNTs composites.
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increase in electrical conductivity is observed for PP/MWNTs

composites processed at 260�C, wherein the electrical conductiv-

ity is independent over a wide range of frequency indicating the

formation of percolating network-like structure of MWNTs. It

has been reported earlier that the percolation threshold of

MWNTs is found between 1.5 and 2 wt % of MWNTs in com-

pression-molded PP/MWNTs composites.12 Henceforth, injec-

tion-molded PP/MWNTs composites of 3 wt % MWNTs in the

present context should exhibit a well-defined network-like struc-

ture in 3D considering the fact that injection-molded PP/

MWNTs composites would exhibit a higher percolation thresh-

old as compared to compression-molded specimen. Considering

the variation in electrical conductivity in PP/MWNTs compo-

sites with increase in melt-mixing temperature, it is suggested

that the formation of percolating network-like structure of

MWNTs is facilitated at higher melt-mixing temperature. More-

over, the formation of percolating network-like structure of

MWNTs may possibly be associated with the smaller sized

aggregates or even individual MWNTs at higher melt-mixing

temperature as shear-induced deformation of the polymer

chains more easily infiltrate between the nanotubes during melt

mixing, which otherwise favors the breakdown the MWNTs

aggregates.27 The highest electrical conductivity (� 10�5 S/cm)

in PP/MWNTs composites corresponds to a mixing energy of �
5491 J/cm3 at a melt-mixing temperature of 260�C. It is also

observed that the mixing energy varies from 8886 to 5491 J/cm3

while increasing the melt-mixing temperature from 200 to

260�C for PP/MWNTs composites. The observed variation in

mixing energy with increase in melt-mixing temperature is in

agreement with the reported results8,27–29 in a gross sense.

Moreover, the absolute value of mixing energy corresponding to

the highest electrical conductivity is much higher in PP/

MWNTs composites as compared to PA6/MWNTs and PC/

MWNTs composites.8,27–29 In the current context, it may be

argued that MWNTs network-like structure is favored at the

highest melt-mixing temperature due to the fact that PP melt

could flow into the MWNTs aggregates uniformly at the early

stage of melt mixing as compared to the melt mixing at lower

temperature in which the PP melt viscosity would be much

higher. The adsorption of polymer chains on the MWNTs

aggregates uniformly is the key to achieve network-like structure

in PP/MWNTs composites. It can also be commented that at

lower melt-mixing temperature, MWNTs aggregates should be

much finer considering the higher mixing energy during melt

mixing. However, nonuniform polymer melt flow (due to

higher melt viscosity) into the MWNTs aggregates may lead to

a poor distribution of MWNTs in the PP matrix during melt

Table II. DC Electrical Conductivity of Compression Molded PP/MWNTs

Composites

Sr. no. Sample code rDC (S/cm)

1 PP 5.3 � 10�15

2 PP þ 0.5 wt % MWNTs 1.0 � 10�10

3 PP þ 1 wt % MWNTs 3.3 � 10�9

4 PP þ 1.5 wt % MWNTs 8.7 � 10�8

5 PP þ 2 wt % MWNTs 3.3 � 10�5

6 PP þ 3 wt % MWNTs 3.5 � 10�3

7 PP þ 4 wt % MWNTs 1.6 � 10�2

Figure 4. Variation of AC electrical conductivity as a function of (a) mix-

ing temperature, (b) screw speed, and (c) residence time during melt mix-

ing of PP and MWNTs for injection-molded sample.
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mixing. Moreover, MWNTs breakage cannot be ruled out. These

two factors may dominate the network-like structure of

MWNTs in the PP matrix at higher mixing energy.

Frequency-dependent electrical conductivity at room tempera-

ture for PP/MWNTs composites (3 wt % MWNTs) as a func-

tion of screw speed during melt mixing is presented in Figure

4(b). Electrical conductivity is independent over a wide range of

frequency for PP/MWNTs composites processed at 50 rpm indi-

cating the formation of percolating network-like structure of

MWNTs. PP/MWNTs composites (3 wt % MWNTs) processed

higher than 50 rpm (viz., 100–200 rpm) exhibit a marginal

increase in electrical conductivity nearly by 1 order of magni-

tude in various other combinations. Electrical conductivity data

also suggest that variation in melt-mixing temperature is a

more dominant factor as compared to the varying screw speed

during melt-mixing in achieving finer percolating network-like

structure of MWNTs in PP matrix. In contrast, the highest elec-

trical conductivity of PP/MWNTs composites processed at 200

rpm corresponds to � 8440 J/cm3 of mixing energy. As dis-

cussed, a marginal variation in electrical conductivity is

observed as a function of increasing screw speed (50–200 rpm),

which corresponds to a wide variation in mixing energy (832–

8440 J/cm3). The variation in mixing energy in this case cannot

be explained on the basis of remaining aggregates size of

MWNTs in PP/MWNTs composites. The variation in electrical

conductivity in these composites cannot be explained by mixing

energy concept. A more detailed morphological investigation is

necessary to address this issue.

Frequency-dependent electrical conductivity at room tempera-

ture for PP/MWNTs composites as a function of melt-mixing

time is shown in Figure 4(c). PP/MWNTs composites processed

for 5 min show insulating behavior with a value about 10�14 S/

cm at 0.1 Hz. An abrupt increase in electrical conductivity

(about 8 orders of magnitude) is observed for PP/MWNTs

processed for 10 min, wherein the electrical conductivity is in-

dependent over a wide range of frequency indicating the forma-

tion of percolating ‘‘network-like structure’’ of MWNTs. With

further increase in mixing time (15 min), composites exhibit

marginally higher electrical conductivity as compared to the

electrical conductivity of the composites processed for 10 min

of mixing time. Composite exhibits sudden drop in electrical

conductivity showing insulating behavior with further increase

in mixing time of 20 min. This observation suggests that a criti-

cal mixing time is required to debundle the MWNTs aggregates.

However, excessive shearing action for longer time duration

may lead to breakage/shortening of MWNTs as indicated by the

destruction of network-like structure of MWNTs in PP matrix,

which may need TEM verification. It may be argued that mix-

ing energy concept could not explain effectively the variation in

the electrical conductivity in PP/MWNTs composites. The net-

work-like structure of MWNTs may be influenced by the vari-

ous events taking place during melt mixing: (a) the adsorption/

infiltration of polymer chains on the MWNTs surface (a higher

melt-mixing temperature and a polar polymer leads to more

uniform adsorption of polymer chains into the MWNTs aggre-

gates), (b) shear-induced unentanglement of MWNTs aggregates

leading to a finer network, and (c) shear induced MWNTs

Figure 5. SEM images of cryofractured extruded strands of PP/MWNTs composites: (a) Ti-5, (b) Ti-15, (c) Ti-20, and (d) R-100.
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attrition and also polymer chain degradation for prolonged

mixing time/higher shearing action. It is also to be mentioned

that the composites prepared in the chaotic mixer have been

shown to exhibit lower electrical percolation threshold and have

been attributed to much less attrition of the high aspect ratio

conducting filler during chaotic mixing as compared to internal

mixer and also due to a difference in flow mechanism.30.31

Morphological Characterization

Scanning Electron Microscopy. Figure 5 exhibits SEM images

of representative compositions of cryofractured PP/MWNTs

composites of 3 wt % MWNTs processed by varying melt-mix-

ing parameters. It is observed from these micrographs that

MWNTs are dispersed uniformly in the PP matrix irrespective

of their mixing protocol. However, the state of dispersion of

MWNTs cannot be differentiated well in the respective SEM

images to understand the effect of melt-mixing parameters on

the state of dispersion of MWNTs. It is also noticed that inter-

connected MWNTs along with well-separated MWNTs exist for

Figure 6. TEM images of ultramicrotomed core section of injection-

molded PP/MWNTs composites: (a) T-200, (b) Ti-5, and (c) T-240.

Figure 7. Raman spectra of injection-molded PP/MWNTs composites of

skin region of varying melt-mixing parameters (a) temperature, (b) screw

speed, and (c) residence time.
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a given composition [Figure 5(a,c,d)]. Figure 6(b) shows the de-

velopment of a ‘‘percolating network’’ of MWNTs in the PP ma-

trix. It is to be mentioned that the variation in MWNTs perco-

lated structure as a function of melt-mixing parameters cannot

be commented unequivocally through SEM observations. In this

context TEM investigations have been performed for representa-

tive PP/MWNTs compositions of varying melt-mixing parame-

ters. In contrary, TEM investigations [Figure 6(a–c)] suggest the

formation of MWNTs cluster in the PP matrix. ‘‘Cluster–cluster’’

interconnectivity is not seen in these compositions (even at

lower magnification, corresponding figures are not shown here),

which is also expected as these compositions do not show elec-

trically conducting. A detailed TEM investigation is addressed

for future investigation for various compositions of PP/MWNTs

composites of the skin and the core region of the injection-

molded sample to understand the variation of network-like

structure of MWNTs as a function of melt-mixing parameters.

Raman Spectroscopy. One of the most viable routes of fabri-

cating-molded articles industrially is the injection molding.

However, an important issue needs to be addressed in connec-

tion with the state of dispersion of MWNTs in injection-molded

specimen. The complexity primarily arises because the compo-

sites undergo inhomogeneous shear flow within a short span of

time during injection molding.32,33 High-pressure-driven melt

flow significantly affects the morphology (orientation and distri-

bution of the MWNTs and polymer chains), which in turn

affects significantly the bulk electrical conductivity of the injec-

tion-molded specimen. If the melt is cooled down rapidly in a

short time, the oriented polymer chains are frozen. The differ-

ential cooling between the surface and the core of the injection-

molded sample leads to a ‘‘skin–core’’ type of morphology.34 In

the case of conductive filler particles of high aspect ratio, such

as MWNTs, orientation leads to a difficulty in random net-

work-like structure formation involving skin as well as the core

of the injection-molded sample, thus, leads to a shift in the per-

colation threshold toward higher filler contents.13,14 In this con-

text, TEM investigations showed oriented MWNTs in the skin

region of the PC/MWNTs composites, and the core region rep-

resents random MWNTs network.35

Raman spectra of PP/MWNTs composites of 3 wt % MWNTs

processed as a function of melt-mixing parameters (screw speed,

mixing time, and temperature) are depicted in Figure 7(a–c). The

shift in G-band frequencies can serve as a proof of interaction

between MWNTs and the polymer matrix. Raman spectra of PP/

MWNTs composites indicate significant change in the G-band

when compared with the corresponding spectrum of MWNTs

[Figure 7(a–c)]. The observed shifts manifest the existence of

interaction between MWNTs and PP, which is due to the hydro-

static pressure exerted by the PP on MWNTs as reported earlier.36

A general observation can be made based on the ratio of inten-

sity of G-band to D-band (IG/ID ratio) of the skin and the core

regions of the composite samples with varying melt-mixing pa-

rameters. It is known that IG/ID ratio of MWNTs indicates the

extent of ordered structure associated with MWNTs.37 This pa-

rameter (IG/ID ratio) also indicates the quality of MWNTs dis-

persion in terms of cluster size of MWNTs either in suspension

or in the composites.38 It is important to note that PP/MWNTs

composite of 3 wt % MWNTs exhibit a higher value of IG/ID of

skin as well as of core regions as compared to pure MWNTs

(0.87) irrespective of melt-mixing conditions. This indicates

that aggregates size of MWNTs is decreased in the composites

as compared to pure MWNTs, which is due to the dispersion of

MWNTs into smaller aggregates in the PP matrix. Figure 8

compares the Raman spectra for injection-molded samples of

skin and core section of PP/MWNTs composites of 3 wt %

MWNTs processed at 260�C, 50 rpm, and 15 min. Furthermore,

skin region always exhibits higher IG/ID value as compared to

the corresponding IG/ID value of the core region of the same

sample (processed under same mixing conditions) irrespective

of the melt-mixing parameters (Table III). The higher value of

IG/ID ratio of MWNTs in the skin region may presumably be

related to higher orientation of MWNTs in the skin region. A

similar observation can be found in PC/MWNTs composite

fiber with increased take-up speed during melt spinning and

also in melt spun PP/a-MWNTs (amine functionalized

MWNTs) composite fiber as a function of increased draw ratio

during postdrawing, which also exhibit higher IG/ID ratio as

compared to melt-mixed composites.39,40

Figure 8. Raman spectra of a representative PP/MWNTs composite of

both skin and core regions.

Table III. IG/ID Ratio of Skin and Core Region of Injection Molded

PP/MWNTs Composites of 3 wt % MWNTs and the Corresponding DC

Electrical Conductivity of the Composites

Sr. no. Sample code (IG/ID)skin (IG/ID)core rDC (S/cm)

1 T-200 1.02 0.96 1.47 � 10�14

2 T-260 0.99 0.92 3.40 � 10�5

5 R-50 1.07 0.91 3.16 � 10�6

6 R-150 0.99 0.92 3.40 � 10�5

7 R-200 0.99 0.94 4.60 � 10�5

8 Ti-10 1.01 0.98 7.98 � 10�7

9 Ti-15 0.99 0.92 3.40 � 10�5
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Furthermore, electrical conductivity of these composites are dis-

cussed in connection with IG/ID value of the corresponding

composite samples of skin and the core regions to understand

the effect of varying melt-mixing parameters on the network-

like structure of MWNTs in the PP matrix. It is expected that

the variation in melt-mixing parameters leads to a change in

the aggregates size of MWNTs due to a difference in the extent

of infiltration/adsorption of the PP chains in the MWNTs

aggregates, which manifests in corresponding variation in IG/ID
values of the core region (and also in the skin region) of the

composites. Core region of the injection-molded composite

resembles a similar morphology in terms of random network-

like structure formation of MWNTs in the corresponding melt-

mixed composites (extrudates). On the other hand, the orienta-

tion of MWNTs is a more dominant feature that is reflected in

the IG/ID value (which higher than core) of the skin region of

the composites. During injection molding, oriented skin layer is

also observed in PP.34 Furthermore, during injection molding,

orientation of MWNTs in the skin region would be much easier

with smaller cluster size of MWNTs in PP/MWNTs composites.

In short, higher IG/ID values in both the skin as well as core sec-

tion represent a finer dispersion of MWNTs aggregates; the

MWNTs network is more random in nature in the core section,

whereas MWNTs network in the skin section is oriented in the

flow direction in the injection-molded PP/MWNTs composites.

Thus, the difference in IG/ID values between the skin and that

of the core regions of the composites indicates a varying extent

of the network-like structure of MWNTs in the respective com-

posites (Table III). It was expected that composite sample would

show higher electrical conductivity wherein the difference

between IG/ID value of the skin and the core region would be

minimum. Although this hypothesis was in agreement with the

electrical conductivity results of few samples, a more detail

Raman mapping is necessary to validate this hypothesis.

SUMMARY AND CONCLUSION

Melt-mixed PP/MWNTs composites were prepared by varying

melt-mixing parameters to assess the variation in network-like

structure of MWNTs. This has been achieved by varying melt-

mixing temperature, residence time, and screw speed during

melt mixing in a conical twin-screw microcompounder.

Melt-mixing temperature has been found to be the most domi-

nant factor in the formation of network-like structure of

MWNTs in PP matrix at a fixed screw speed and at a fixed resi-

dence time. A higher mixing temperature had a dramatic effect

in increasing the electrical conductivity possibly due to a better

adsorption of polymer chains into the MWNTs aggregates. Mix-

ing energy concept could not rationalize the variation in electri-

cal conductivity of the injection-molded PP/MWNTs compo-

sites, which were prepared by varying melt-mixing parameters.

It was also observed that the IG/ID ratio in the skin region was

significantly higher than the core region indicating preferential

alignment of MWNTs in the skin region during the injection

molding step. Morphological observation showed MWNTs

cluster as well as individual MWNTs in the PP phase in various

PP/MWNTs composites; however, SEM and TEM investigations

could not differentiate the MWNTs network in the various

compositions of PP/MWNTs composites.

Overall, it can be concluded that electrical conductivity meas-

urements could detect the formation of network-like structure

of MWNTs in PP/MWNTs composites, which was influenced by

the varying melt-mixing parameters. Because of the anisotropy

in the injection-molded PP/MWNTs composites, Raman spec-

troscopic analysis could provide an insight into the variation of

network-like structure of MWNTs.
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