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Abstract
Polymer nanocomposite materials of higher thermal and
electrical transport properties are important to nanotech‐
nology applications such as thermal management, packag‐
ing, labelling and the textile industry. In this work, thermal
and electrical conductivities in nanocomposites of multiwalled carbon nanotubes (MWCNT) and isotactic polypro‐
pylene (iPP) are investigated in terms of MWCNT loading,
temperature dependence, and anisotropy caused by melt
shearing. IPP/MWCNT nanocomposites show a significant
increase in thermal and electrical conductivity with
increasing MWCNT loading, reaching 17.5 W/m K and
10-6 S/m, respectively, at a MWCNT 5.0 weight percentage
at 40°C. The increase in MWCNT/iPP is more than would
be expected based on the additivity rule, and suggests a
reduction of the interfacial thermal electrical resistance at
nanotube-nanotube junctions and the nanotube-matrix
interface. The anisotropy in both conductivities was
observed to be larger at low temperature and to disappear

at higher temperature due to isotropic electrical and
thermal contact in both directions. Oriented MWCNT/iPP
nanocomposites exhibit higher electrical and thermal
conductivities, attributed primarily by orientation of
nanotubes due to the shearing fabrication process.
Keywords MWCNT, iPP, thermal and electrical conduc‐
tivity, percolation, shearing and anisotropy

1. Introduction
The modern history of human technology has been defined
by the replacing of machines with suitable materials which
can perform functions more efficiently and without much
maintenance. Composite materials have continuously been
substituted with nano-engineered and adapted polymer
nanocomposite materials. Carbon nanotubes have been
considered as ideal additive fillers for composite materials
Nanomater Nanotechnol, 2015, 5:2 | doi: 10.5772/60083
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to improve both electrical and thermal transport properties.
In the past, experimental and theoretical work has shown
a significantly high thermal conductivity with 3000 W/m K
for multi-wall carbon nanotubes (MWCNT) [1-2]. Recent
reports showed modest increases in the thermal conduc‐
tivity of polymers at lower volume fraction of nanotubes
loading [3-10]. Polymers have low thermal and electrical
conductivities due to restriction of the phonon/electron
motion through the composite matrix, and have larger
interfacial thermal/electrical resistances at the polymernanotube interfacial surface [4, 11-12].
Here we focus on isotactic polypropylene (iPP) polymer,
which is relatively easy to process, inexpensive, and nontoxic. IPP has liquid crystalline properties, which exhibit a
smectic phase under shear stress. This smectic phase can be
a precursor to an oriented fibrillar fibriller structure along
the direction of shear alignment [13-14]. Recent experimen‐
tal efforts showed that the orientation has a significant
influence on thermal and electrical conductivity in SWCNT
buckypapers, and that MWCNT thermal conductivity is
higher for moderately aligned nanotubes as compared to
randomly oriented nanotubes [15-20]. The induced nano‐
scopic orientation order of MWCNTs and complex poly‐
mer chains will affect effect the macroscopic property of
electrical conductivity [17, 18]. The electrical conductivity
of polymer composites is low at lower MWCNTs loading
[21-22] and these nanocomposites should allow for tunea‐
ble material characteristics. The anisotropy of the carbon
nanotubes is tuned into a global anisotropy in macroscopic
properties of composites by orienting the nanotubes in the
composites sample [4]. To achieve excellent electrical,
thermal, optical and mechanical properties, we need to
have excellent dispersion and stronger adhesive interaction
of MWCNTs within the polymer matrix [23-31]. There are
many fabrication methods to achieve good dispersion of
nanotubes, such as molten processing [22–23, 32], or in
solution [24, 33-35]. The melt-mixing fabrication process is
the preferred method of nanocomposites. The aggregation
of nanotubes can be reduced by an appropriate shearing
process during the melting process. There are many ways
of introducing nanotubes into polymer matrices, such as
nanotubes hydrogel or aerogel followed by polymer
infiltration [36]; MWCNT can be directly added to poly‐
mers during melt mixing, and commercially available
polymers and nanotube composites can be used as a
material. Concentration can be changed by adding a
suitable amount of polymer into the melt-mixing fabrica‐
tion process.
For this study, we probed the electrical and thermal
conductivity of MWCNT/iPP nanocomposites by consid‐
ering two factors to improve thermal and electrical con‐
ductivity: shearing and temperature. The aim of this study
was to determine the shearing effect, temperature depend‐
ence, and anisotropy for both electrical and thermal
conductivities.
2
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2. Experimental methods
Isotactic polypropylene (iPP) with a molecular weight of
about 38 kg/mol was obtained from Scientific Polymer
Products, Inc., catalogue #130, in powder form with a
crystallization temperature of 404.64 K [35] and a melting
temperature of 436.1 K [35]. Multi-walled carbon nano‐
tubes with diameter 140 ± 30 nm and length 7 ± 2 μm were
purchased from MER Corporation and were produced by
catalytic chemical vapour deposition (CVD) with a stated
purity of greater than 90%. For further purification of
MWCNTs, one gram of the MWCNTs was suspended in a
mixture of concentrated sulphuric acid and nitric acid (3:1
vol. ratio). This solution was sonicated in a Misonix water
bath sonicator for 24 h at 323 K. The resultant suspension
was diluted with deionized water and filtered through a
400 nm pore membrane (PTFE) until the water passing
through the filter had a pH between 6 and 7. The disper‐
sions were subsequently filtered to the desired concentra‐
tion. The resulting MWCNTs had a pH of between 3 and
3.5 and were stable, although the surface of the MWCNTs
suffered oxidative damage. Nanocomposites were pre‐
pared by sonicating MWCNTs in Xylene at 323 K in a flask
for 30 min. The iPP polymer was added to the xylene
containing the MWCNTs to form different weight percent‐
age concentrations of MWCNTs in the nanocomposites for
the study. The solution was then heated and stirred by
placing the flask in an oil bath on a hot plate. Once the iPP
was completely dissolved, the solution was mixed slowly
into a non-solvent (a polar compound such as alcohol) with
about a 5× volume dilution. The resulting precipitate was
dried and then pressed into a film using a compressionmoulding hot press at a temperature of 473 K and pressure
of 20.6 to 41.4 MPa. These non-sheared samples were then
crystallized at 403 K for 30 min and cooled to room
temperature for further sample preparation.

Figure 1. The thermal and electrical conductivity experimental setup is for
polymer/MWCNT thin-film nanocomposites. The parallel-plate cell
contains the thin-film sample that completely fills the gap (Area, A=0.41
mm2; thickness, d=0.09 mm). Note that the sheared samples have the shear
direction in the plane of the parallel plates (perpendicular to the current
flow). (θc and θh are the cold- and hot-side temperatures of the sample,
measured with thermocouple readings).

Films were handled carefully and kept in dust-free environ‐
ments, and the thin-film samples were sandwiched between

two metal plates. Two electrical leads were connected to
The thermal and electrical conductivity were measured for
both metal plates. The resistivity was measured using a Picoall samples using the same procedure on at least three
ammeter with varying voltage across the thickness of
samples for each measurement.
samples, i.e., the direction perpendicular to the direction of
the shear rotation in the Linkam CSS 450 shearing stage. The
3. Results and discussion
resistivity of the sheared sample gives its perpendicular
A schematic illustration of CNT network formation is
component and the non-sheared samples provide a measure
shown
in Figure 2: random in un-sheared sample (2a), and
of the average resistivity. Voltages from 0 to 100 V were
aligned
in sheared sample (2b). Polymer chains (black) are
applied across the samples and the current was recorded
shown
stretched
alongside the nanotubes. The electrical
with a Pico-ammeter. The linear electrical resistances were
conductivity σ, measured in this work, of neat iPP, iPP /
measured from the slope of the current-voltage graph. All
MWCNT sheared and non-sheared films as a function
electrical transport measurements were done at tempera‐
MWCNT loading is shown in Figure 3. The electrical
tures of 0°C to 50°C. The film had dimensions of length
conductivity of pure iPP 10-11 S/m agrees well with the
between 7 mm and 8 mm, and of width between 6 mm and
values
reported in the literature [37]. The electrical conduc‐
7 mm, for sheared and non-sheared samples. The thick‐
tivities
of iPP/MWCNT nanocomposites do not exhibit
ness of the films was determined with a micrometer and had
typical
percolation
as a function of MWCNT loading; rather
an error ranging from ± (0.04- 0.06 mm) for the nonthey
show
broader
percolation due to shearing fabrication
sheared and sheared neat iPP films (0% MWCNT), and from
process. The trend is that the electrical conductivity
± (0.07- 0.09 mm) for the non-sheared and sheared nanocom‐
increases by orders of magnitude with the addition of
posite samples. The electrical conductivity was then
MWCNTs. For the nanocomposites, the conductivity for
calculated using R = dσ /A, where σ is electrical conductivi‐
sheared composite samples is lower than for non-sheared
ty, d is thickness of the sample and A is the cross-sectional
composite
samples (i.e., σ < σavg) due to 2D planar orienta‐
area of the sample, A=wL, where w is the width and L is the
tion
of
the
CNTs at lower loading of MWCNT (less than
length of the sample. In both samples, σ sheared (σ⊥) and σ
5wt
%).
In
planar
orientation, the average distance between
un-sheared (σavg), were determined. In this geometry,
the
nanotubes
is
larger
than in random orientation, which
perpendicular to the film thickness, the contact area is
is expected to decrease the electrical conductivity in the
maximized. The same setup was used for thermal conduc‐
sheared composite samples, shown schematically in Figure
tivity measurements by attaching two thermocouples to
2. For neat iPP, the effect is not present and this indicates
measure temperature gradient across the two sides of a
that theineffect
of orientation
on the
conductivity
sample. Aswhich
shownisinexpected
Figure 1, atoheater
was attached
to oneconductivity
decrease
the electrical
the sheared
composite
samples,
shown of the
nanocomposites
is
a
novel
property
induced
by adding
side of the sample to apply voltage and then the linear
MWCNTs.
thermal resistance
was measured.
AllFor
thermal
transport
schematically
in Figure 2.
neat iPP,
the effect is not present and this indicates that the effect of
measurements were done over a temperature of 0oC to 50oC.
orientation on the conductivity of the nanocomposites is a novel property induced by adding MWCNTs.

a

b

Figure 2. Schematic illustration of CNT network formation: random in un-sheared sample (a), and aligned in sheared sample (b). Polymer chains (black) are
shown stretched alongside the nanotubes.

Figure 2. Schematic illustration of CNT network formation: random in un-sheared sample (a), and aligned in sheared

(b). Polymer chains (black) are shown stretched alongside the nanotubes.
All these sample
nanocomposites
showed broader percolation
wt.%), which is attributed to lower contact resistance, lower
threshold in electrical conductivity, which could be due to
interfacial resistance between the nanotubes-nanotube and
the melt-shearing process. The electrical conductivity
nanotube-polymer matrixes. The polymer coating on
significantly
increased
at higher loading
of MWCNT
(5.0
nanotube
junctions
and on
the nanotubes
leads
to lower
All
these nanocomposites
showed
broader percolation
threshold
in electrical
conductivity,
which
could
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of MWCNT (5.0 wt.%), which is attributed to lower contact resistance, lower interfacial resistance
between the nanotubes-nanotube and nanotube-polymer matrixes. The polymer coating on nanotube

3

Figure 3. Electrical conductivity of neat iPP and iPP/MWCNT composites
as a function of MWCNT loading (wt.%) for sheared (filled circles) and nonsheared (empty circles) composites

interfacial resistance, which enhances electrical conductiv‐
ity. Our previous study found that MWCNTs nucleate and
improve the crystallization of iPP [35], such that MWCNT
are partially covered with polymer crystallite. This forma‐
tion of iPP crystallites does not damage the electrically
conductive MWCNT network.
Electrical conductivity of neat iPP and 5.0 wt% MWCNT
nanocomposites as a function of temperature for sheared
and non-sheared composites is shown in Figure 4. The
electrical conductivity for neat iPP remains the same in both
sheared and non-sheared samples. It increases slightly at
higher temperature due to increased polymer crystallite
formation [38]. The electrical conductivity of 5.0 wt.%
MWCNT composite is larger in non-sheared samples than
in sheared samples. The electrical conductivity of 5.0 wt%
MWCNT remains the same at lower temperature (up to
room temperature) and increases from 10-8 to 10-6 S/m at a
temperature of 325 K. The electrical conductivity of
nanocomposites reaches approximately the same value at
higher temperature for both sheared and non-sheared
composite samples at the same loading of nanotubes. At
higher temperature, the interfacial resistance becomes
lower at the nanotube/polymer matrix interface, which
leads to an increase in the electrical conductivity.

Figure 4. Electrical conductivity of neat iPP (squares) and 5.0 wt% MWCNT
nanocomposites (circles) as a function of temperature for sheared (filled
symbols) and non-sheared samples (empty symbols)

4
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The thermal conductivity κ, measured in this work, of neat
iPP, iPP /MWCNT sheared and non-sheared films as a
function of MWCNT loading is shown in Figure 5. The
thermal conductivity of the neat iPP is 0.26 W/m-K,
agreeing well with the values reported in the literature [39].
For MWCNT/iPP non-sheared nanocomposites, the
thermal conductivity increases with nanotube loading. At
the highest loading of MWCNT (5wt%), the non-sheared
composite thermal conductivity reaches 16 W/m-K at room
temperature, an increase of 50 times compared to the neat
iPP. The thermal conductivity is slightly lower in sheared
composites due to planar orientation: the average distance
between the nanotubes is larger than in random orientation
(see Figure 2). For the neat iPP sample, the effect is not
present. The behaviour of the thermal conductivity in
nanocomposite samples is significantly different from the
electrical conductivity. There is a significant increase in
thermal conductivity at 5.0 wt.% MWCNT loadings, which
is due to the low interfacial thermal resistance between the
polymer matrix and MWCNT, as previously described.
Strong thermal coupling between the MWCNT and
polymer matrix causes low interfacial thermal resistance
and higher phonon transport.

Figure 5. Thermal conductivity of neat iPP and 5.0 wt.% MWCNT
composites as a function of MWCNT loading for sheared (empty circles) and
non-sheared composites (filled circles)

Thermal conductivity of neat iPP and 5.0 wt% MWCNT
composites as a function of temperature for sheared and
non-sheared composites is shown in Figure 6. At the higher
MWCNT loading (5.0 wt.%) and higher temperature, the
thermal conductivity for nanocomposites is significantly
larger than the thermal conductivity in neat iPP (17.5 and
0.26 W/m-K, respectively), which implies that the contribu‐
tions from the matrix and the MWCNT network are not
simply additive, based on nanofiller loading. The ob‐
served increase could be the result of significant changes at
the interface between polymer matrix and nanotubes. The
thermal conductivity of neat iPP remains constant as a
function of temperature. This study of nanocomposites
calculates the contributions to the thermal conductivity
from the amorphous and crystalline phases to be 0.091 and
0.593 W/m-K, respectively. So the thermal conductivity of
the matrix itself is different with different MWCNT loading.
Thus, we hypothesize that the iPP matrix reduces the
interfacial thermal resistance relative to the other polymer
matrices. We have previously observed that iPP can nucleate

with MWCNT loading in the melting state found that iPP
nucleates on MWCNT are in the melt state, thereby locally
increasing the iPP crystallinity at the polymer/MWCNT
interface [35]. Thus, in iPP matrix, iPP crystallites are more
likely to span between MWCNTs at higher MWCNT
loadings. Bridging lamellae between MWCNTs could
reduce the interfacial thermal resistance and consequently
improve the thermal conductivity of the MWCNT net‐
work in iPP matrix at higher MWCNT loadings. Our results
from polymer/nanotube nanocomposites suggest that the
interfacial thermal resistivity can be reduced by increasing
the nucleation of crystallites at the polymer/MWCNT
interface. The observed increase in thermal conductivity for
iPP/MWCNT composite is predominately caused by
orientation of CNT due to the shearing treatment.

Figure 6. Thermal conductivity of neat iPP (squares) and 5.0 wt.% MWCNT
composites (circles) as a function of temperature for sheared (filled circles)
and non-sheared composites (empty symbols)

to be highly aligned with the shearing fabrication process.
Considering alignment of the MWCNTs, given the tenden‐
cy of MWCNT to nucleate iPP crystallization and to
template iPP lamellae growth perpendicular to the
MWCNT axis, both the polymer matrix and nanotubes are
highly aligned after the shearing process.
Anisotropy in electrical conductivity of neat and 5.0 wt.%
MWCNT composites is a function of temperature, as
shown in Figure 7a. With respect to electrical conductivity
[27], Du et al. have previously shown that MWCNT
alignment increases the loading necessary to form a
nanotube network sufficient for electrical percolation. Also,
in-plane electrical and thermal conductivity of interface
layers of graphite-nanoplatelet (GNP)-based composites is
three orders higher than through-plane [40-41]. Our results
suggest that alternative nanocomposite fabrication and
processing methods that combine the effect of aligning a
matrix and higher MWCNT loadings are likely to exhibit
higher electrical conductivities with broader percolation
threshold. The anisotropy in electrical conductivity is
higher in 5.0 wt.% MWCNT composites at room tempera‐
ture and becomes lower at higher temperature due to
isotropic contacts in both directions.
Anisotropy in thermal conductivity of neat and 5.0 wt.%
MWCNT composites as a function of temperature is shown
in Figure 7b. The anisotropy in thermal conductivity is
higher for 5.0 wt.% MWCNT composites and is absent in
neat iPP. It disappears at higher temperature due to
isotropic thermal contacts in both directions.

The orientation of iPP in neat and nanocomposite samples
was varied from isotropic (re-crystallized in a melt sheared)
Please replace Figure 7

Figure 7. Anisotropy in electrical (a) and thermal (b) conductivity of neat (squares) and 5.0 wt.% MWCNT composites (circles) as a function of temperature.
Anisotropy is defined as δσ = (σNS - σS)/ σAvg and δκ = (κNS - κS)/ κAvg.

The composites showed a new property in polymer
nanocomposites with an anisotropy in thermal and
electrical conductivities. This can be tuned in degree of
anisotropy and in absolute magnitude by controlling
several parameters of the nanocomposites. The interfacial
interactions of polymer and nanotubes, degree of align‐
ment, aspect ratio of nanotubes, and the melt-shearing
process are main factors to improve thermal and electrical

conductivities. These factors will significantly affect the
electrical and thermal transport properties and improve the
conductivities by orders of magnitude. The shearing effect
and temperature dependence significantly improve
thermal and electrical conductivities due to higher conduc‐
tive path for electron and phonon transport. This property
can be combined with other properties of polymer/carbon
nanotube composites, like anisotropy and degree of
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conductivity, to achieve an ideal combination of these
properties for several desired nanotechnology applica‐
tions. Further improvement of the methods of dispersion
and alignment of the CNTs can enhance electrical and
thermal anisotropy for composite films.
4. Conclusion
IPP/MWCNT nanocomposites exhibit nonlinear behaviour
of their thermal and electrical conductivities as a function
of the CNTs’ concentration, shearing effect and tempera‐
ture dependence. The following results can be highlighted
from our study. (i) The thermal and electrical conductivities
of composites were higher in non-sheared composites than
sheared composites due to planner 2D orientation. (ii)
These nanocomposites show a significant increase in
thermal and electrical conductivity with increasing
MWCNT loading, reaching 17.5 W/m K and 10-6 S/m,
respectively, at a MWCNT 5.0 weight percentage, at 400C.
(iii) The anisotropy in both conductivities was observed to
be larger at low temperature and to disappear at higher
temperature due to isotropic electrical and thermal contact
in both directions. Our sample fabrication shearing process
method allows the creation of highly aligned polymer
nanocomposites and is similar to the method used in
industry, making our approach suitable for direct imple‐
mentation for a wide range of nanotechnology applications
including packaging, labelling and the textile industry.
5. Acknowledgements
This work was supported by the Department of Physics at
WPI as well as grants from the NSF under the awards
DMR-0821292 MRI, DMR-0602473, and DMR-1206010.
6. References
[1] Berber S, Kwon Y K, Tomanek D (2000) Unusually
High Thermal Conductivity of Carbon Nanotubes.
Phys. Rev. Lett. 84: 4613.
[2] Kim P, Shi L, Majumdar A, McEuen P L (2001)
Thermal Transport Measurements of Individual
Multiwalled Nanotubes. Phys. Rev. Lett. 87: 215502.
[3] Kalakonda P, Gombos E A, Georgiev G Y, Iannac‐
chione G S, Cebe P (2012) Thermal Transport
Properties of Melt-Shear Oriented iPP/Carbon
Nanotube Thin Films. MRS Proceedings. 1410:
mrsf11-1410-dd04-01.
[4] Kalakonda K, Georgiev G Y, Cabrera Y, Judith R,
Iannacchione G S, Cebe P (2014) Thermal and
Electrical Transport Properties of Sheared and UnSheared Thin-Film Polymer/CNTs Nanocompo‐
sites. MRS Proceedings. 1660: mrsf13-1660-tt03-21.
[5] Biercuk M J, Llaguno M C, Radosavljevic M, Hyun
J K, Johnson A T, Fischer J E (2002) Carbon nanotube
composites for thermal management. Appl. Phys.
Lett. 80: 2767.
6

Nanomater Nanotechnol, 2015, 5:2 | doi: 10.5772/60083

[6] Liu C H, Huang H, Wu Y, Fan S S (2004) Thermal
conductivity improvement of silicone elastomer
with carbon nanotube loading. Appl. Phys. Lett. 84:
4248.
[7] Choi E S, Brooks J S, Eaton D L, Al-Haik M S,
Hussaini M Y, Garmestani H, Li D, Dahmen K
(2003) Enhancement of thermal and electrical
properties of carbon nanotube polymer composites
by magnetic field processing. J. Appl. Phys. 94: 6034.
[8] Choi S U S, Zhang Z G, Yu W, Lockwood F E, Grulke
E A (2001) Anomalous thermal conductivity
enhancement in nanotube suspensions. Appl. Phys.
Lett. 79: 2252.
[9] Bryning M B, Milkie D E, Islam M F, Kikkawa J M,
Yodh A G (2005) Thermal conductivity and interfa‐
cial resistance in single-wall carbon nanotube epoxy
composites, Appl. Phys. Lett. 87: 161909.
[10] Moniruzzaman M, Winey K I (2006) Polymer
Nanocomposites Containing Carbon Nanotubes.
Macromolecules. 39(16): 5194-5205.
[11] Huxtable S T, Cahill D G, Shenogin S, Xue L, Ozisik
R, Barone P, Usrey M, Strano M S, Siddons G, Shim
M, Keblinski P (2003) Interfacial heat flow in carbon
nanotube suspensions. Nat. Mater. 2: 731-734.
[12] Shenogin S, Xue L, Ozisik R, Keblinskia P, Cahill D
G (2004) Role of thermal boundary resistance on the
heat flow in carbon-nanotube composites. J. Appl.
Phys.95: 8136.
[13] Choy C L (1977) Thermal conductivity of polymers.
Polymer. 18: 984-1088.
[14] Hone J, Llaguno M C, Nemes N M, Johnson A T,
Fischer J. E., Walters D A, Casavant M J, Schmidt J,
Smalley R E (2000) Electrical and thermal transport
properties of magnetically aligned single wall
carbon nanotube films. Appl. Phys. Lett. 77: 666.
[15] Spitalsky Z, Tasis D, Papagelis K, Galiotis C (2010)
Carbon nanotubepolymer composites: Chemistry,
processing, mechanical and electrical properties.
Prog. Polym. Sci. 35: 357-401.
[16] Kalakonda P, Sarkar S, Gombos E A, Georgiev G Y,
Iannacchione G S, Cebe P (2012) iPP/CNTs Multi‐
functional Polymer Nanocomposite. MRS Proceed‐
ings. 1403: mrsf11-1403-v12-13.
[17] Kalakonda P, Gombos E A, Hoonjan G H, Georgiev
G Y, Iannacchione G S, Cebe P (2012) Electrical
Conductivity of Anisotropic iPP Carbon Nanotube
Thin Films. MRS Proceedings. 1410: mrsf11-1410dd05-06
[18] Kalakonda P, Daly M, Xu K, Cabrera Y, Judith R,
Georgiev G Y, Iannacchione G S, P. Cebe (2013)
Structure-Electrical Transport Property Relation‐
ship of Anisotropic iPP/CNT Films. MRS Proceed‐
ings. 1499: mrsf12-1499-n05-83
[19] Jones W E Jr., Chiguma J, Johnson E, Pachamuthu
A, Santos D (2010) Electrically and Thermally

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Conducting Nanocomposites for Electronic Appli‐
cations. Materials. 3: 1478-1496.
Khan W S, Asmatulu R, Eltabey M M (2013)
Electrical and Thermal Characterization of Electro‐
spun PVP Nanocomposite Fibers. J. Nano Materials.
2013: 160931.
Al-Saleh M, Sundararaj U, Carbon (2009) A review
of vapor grown carbon nanofiber/polymer conduc‐
tive composites. Carbon. 47(1): 2-22.
Min C, Shen X, Shi Z, Chen L, Xu Z (2010) The
electrical properties and conducting mechanisms of
carbon nanotube/polymer nanocomposite: A
review. Polym.-Plast. Tech. Eng. 49: 1172-1181.
Avila-Orta C, Medellı´n-Rodrı´guez F, Da´vilaRodrı´guez M, Aguirre-Figueroa Y, Yoon K, Hsiao
B (2007) Morphological Features and Melting
Behavior of Nanocomposites Based on Isotactic
Polypropylene and Multiwalled Carbon Nano‐
tubes, J. Appl. Polym. Sci. 106: 2640-2647.
Hemmati M, Narimani A, Shariatpanahi H, Ferei‐
doon A, Ahangari M (2011) Study on Morphology,
Rheology and Mechanical Properties of Thermo‐
plastic Elastomer Polyolefin (TPO)/Carbon Nano‐
tube Nanocomposites with Reference to the Effect
of Polypropylene-grafted-Maleic Anhydride (PP-gMA) as a Compatibilizer. Int. J. Polym. Mater. 60:
384-397.
Jam J, Ahangari M (2012) Effect of Carbon Nano‐
tubes on the Rheological and Electrical Percolation
of PP/EPDM Blend. Polym.-Plast. Tech. Eng. 51(14):
1474-1482.
Mazov I, Rudina N, Ishchenko A, Kuznetsov V,
Romanenko A, Anikeeva O, Suslyaev V, Zhuravlev
V (2012) Structural and Physical Properties of
MWNT/Polyolefine Composite. 20(4-7): 510-518.
Kharchenko S B, Douglas J E, Obrzut J, Grulke E A,
Migler K B (2004) Flow-induced properties of
nanotube-filled polymer materials. Nat. Mater. 3:
564-568.
Seo M K, Park S J (2004) Electrical resistivity and
rheological behaviors of carbon nanotubes-filled
polypropylene composites. Chem. Phys. Lett. 395:
44-48.
Du F M, Scogna R C, Zhou W, Brand S, Winey K I
(2004) nanotube networks in polymernanocompo‐
sites:eheology and electrical conductivity. Macro‐
molecules. 37: 9048-9055.
Logakis E, Pollatos E, Pandis C H, Peoglos V,
Zuburtikudis I, Delides C G, Vatalis A, Gjoka M,
Syskakis E, Viras K, Pissis P (2010) Structureproperty relationships in isotactic polypropylene/
multi-walled carbon nanotubes nanocomposites.
Comp. Sci. Technol. 70: 328–335.

[31] Sarkar S, Kalakonda P, Georgiev G Y, Iannacchione
G S, Cebe P (2012) Optical Transport Properties of
Oriented Isotactic Polypropylene and Carbon
Nanotube Nanocomposite Thin Films. MRS
Proceedings. 1410:mrsf11-1410-dd04-02.
[32] Sennett M, Welsh E, Wright J, Li W, Wen J, Ren Z
(2003) Growth of large periodic arrays of carbon
nanotubes. Appl. Phys. A: Mater. Sci. Proc. 76: 111.
[33] Grady B, Pompeo F, Shambaugh R, Resasco D
(2002) Nucleation of Polypropylene Crystallization
by Single-Walled Carbon Nanotubes. J. Phys.
Chem. B. 106: 5852-5858.
[34] Zhao C, Hu G, Justice R, Schaefer D, Zhang S, Yang
M, Han C (2005) Synthesis and characterization of
multi-walled carbon nanotubes reinforced polya‐
mide 6 via in situ polymerization. Polymer. 46:
5125-5132.
[35] Kalakonda P, Iannacchione G S, Daly M, Georgiev
G Y, Cabrera Y, Judith R; Cebe P (2013) Calorimetric
Study of Nanocomposites of Multiwalled Carbon
Nanotubes and Isotactic Polypropylene Polymer.
Journal of Applied Polymer Science. 130(1): 587-594.
[36] Hough L A, Islam M F, Hammouda B, Yodh A G,
Heiney P A (2005) Structure of Semidilute SingleWall Carbon Nanotube Suspensions and Gels,
Nano Lett. 6: 313-317.
[37] Lee S H, Kim M W, Kim S H, Youn J R (2008)
Rheological and electrical properties of polypropy‐
lene/MWCNT composites prepared with MWCNT
masterbatch chips. European Polymer Journal. 44:
1620–1630.
[38] Cruz-Delgado V J, Ávila-Orta C A, EspinozaMartínez A B, Mata-Padilla J M, Solis-Rosales S G,
Jalbout A F, Medellín-Rodríguez F J, Hsiao B S
(2014) Carbon nanotube surface-induced crystalli‐
zation of polyethylene terephthalate (PET). Poly‐
mer. 55: 642-650.
[39] Boudennea A, Ibosa L, Foisa M, Majeste J C, Ge´hina
E (2005) Electrical and thermal behavior of polypro‐
pylene filled with copper particles. Composites.
Composites: Part A. 36: 1545–1554.
[40] Tian X, Itkis M E, Bekyarova E B, Haddon R C (2013)
Anisotropic Thermal and Electrical Properties of
Thin Thermal Interface Layers of Graphite Nano‐
platelet-Based Composites. Scientific Reports. 3:
1710.
[41] Schiffres S N, Harish S, Maruyama S, Shiomi J,
Malen J A (2013) Tunable Electrical and Thermal
Transport in Ice-Templated Multilayer Graphene
Nanocomposites through Freezing Rate Control.
ACS Nano. 7(12): 11183-11189.

Parvathalu Kalakonda, Yanial Cabrera, Robert Judith, Georgi Y. Georgiev, Peggy Cebe and Germano S. Iannacchione:
Studies of Electrical and Thermal Conductivities of Sheared Multi-Walled Carbon Nanotube with Isotactic Polypropylene Polymer Composites

7

