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A B S T R A C T

In spite of active studies on multi-walled carbon nanotube (MWCNT)-incorporated polymer, MWCNTs of dif-
ferent thickness and lengths have been employed. Here, the effects of MWCNT morphology, specifically its
length, on the mechanical, thermal, and electrical properties of MWCNT/polymer composites were examined in
comparison with theoretical modeling. Field-emission scanning electron microscopy and micro-computed to-
mography observations revealed that short MWCNTs were dispersed more uniformly than long MWCNTs in a
polyamide 6 (PA6) polymer. Correlation of this result with the tensile performance revealed that at low MWCNT
concentrations the long-MWCNT/PA6 composite showed superior tensile properties since the effect of length
was dominant. However, at high MWCNT concentrations, the short-MWCNT/PA6 showed superior tensile
properties to the long-MWCNT/PA6 due to the better dispersion of the former. The thermal conductivity gra-
dually improved with increasing MWCNT concentration, showing larger improvement for the long-MWCNT/
PA6, while the electrical conductivity reached percolation threshold at 1 wt% for both MWCNTs.

1. Introduction

Multi-walled carbon nanotubes (MWCNTs) have been used as an
effective filler in polymer composites on account of their high aspect
ratio, low density, excellent mechanical strength, and high thermal and
electrical conductivities [1]. Polymer materials have also been widely
used owing to their low weight and reasonable cost, but they suffer
from drawbacks of inferior mechanical properties and poor thermal and
electrical conductivities compared to metals. Therefore, continued ef-
forts have been made over the decades to improve polymer properties
through incorporation of MWCNTs [2].

A polymer composite with MWCNTs incorporated as a filler has
been extensively studied in various fields, particularly for mechanical,
thermal, and electrical applications [3–5]. Since a polymer possesses
relatively poor mechanical properties, the incorporation of MWCNTs
can greatly enhance the strength and fracture resistance of the polymer
[6,7]. A polymer usually has a very short phonon mean free path, and
its thermal conductivity is much lower than 1W/mK [8–10]. Thus, its

heat radiation performance can be improved via the creation of a heat
conduction path through the incorporation of thermally conductive
MWCNTs. In the same manner, an electrical path can be created in a
polymer via the incorporation of MWCNTs, which possess high elec-
trical conductivity. When a certain concentration of MWCNTs is uni-
formly dispersed in a polymer, the percolation threshold is reached
since the MWCNTs are close enough for the occurrence of electron flow
via the tunneling effect [11].

Extensive research has been conducted on the MWCNT-in-
corporated polymer composites [12–17], specifically the effects of
MWCNT on composite properties. Consequently, the MWCNT/polymer
composites have been successfully applied in various fields such as
sporting goods, electronic devices, and ESD shields [18]. However, the
comprehensive understanding of these composites is still restricted by
the differences in MWCNTs used in each research. Furthermore, there is
still a lack of research on composite materials with high filler loading.
Therefore, it would be beneficial if the dependence of mechanical,
electrical, and thermal performance on MWCNT filler is systematically
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examined for a single well characterized system. In combination with
experimental observations, theoretical interpretation will also help to
gain a deeper understanding of the MWCNT/composite and simulta-
neously develop its design rule.

In this study, two types of MWCNTs with similar surface chemistry
and thickness but with different lengths were incorporated into poly-
amide 6 (PA6) polymer, and composites were prepared by a melt-
compounding method in order to study the effects of morphological
changes, specifically alteration of the MWCNT length, on the composite
properties. The degree of dispersion of MWCNTs in the composite was
measured as a function of the MWCNT length through two-dimensional
field-emission scanning electron microscopy (2D FE-SEM) and non-
destructive three-dimensional micro-computed tomography (3D micro-
CT). Finally, the effects of the length and degree of dispersion of
MWCNTs on the composite properties were comprehensively examined
by measuring the tensile performance, electrical conductivity, and
thermal conductivity. For deeper understanding, theoretical modeling
and analysis were carried out and compared with experimental ob-
servations.

2. Experimental

2.1. Materials and composite fabrication

Two types of MWCNTs of similar diameters (7–10 nm) but different
lengths were used as fillers. Following manufacturer specifications
[19], short MWCNTs (Jenotube 9, Jeio Co., Incheon, Korea) and long
MWCNTs (Jenotube 8, Jeio Co., Incheon, Korea) had lengths of 10–50
and 100–200 μm, respectively, which corresponds to a 5-fold difference
in their average lengths. A PA6 pellet (KN111, Kolon Plastics, Inc.,
Gwacheon, Korea) was used as a polymer matrix. All reagents were
used without further purification.

To minimize the effect of moisture, the MWCNT filler and PA6
matrix were dried in a convection oven at 80 °C for 5 h prior to mixing.
Composites were prepared by adding 1, 3, 5, 7, and 10wt% MWCNTs to
the PA6 polymer, and a Haake Rheomix internal mixer (HAAKE™
Rheomix 600R OS Mixer, Thermo Scientific, Inc., GA, USA) was used
for melt-compounding at a screw speed of 60 rpm for 30min. The
mixture was molded at 250 °C and 20MPa for 15min by the use of a
heating press (D3P-30J, Daheung Science, Incheon, Korea), cooled to
room temperature using cooling water, and then removed from the
press. A flat plate with dimensions of 2×25×25mm3 was used as the
specimen for thermal and electrical conductivity measurements. As a
specimen for tensile tests, a flat plate with dimensions of
1× 200×200mm3 was cut into a dog-bone shape using a waterjet
(Mach 300, TOPS Co., Gimhae, Korea) according to the ASTM D638
standard (type V). Tensile specimens with 10 wt% MWCNTs could not
be manufactured, because they crumbled during molding using the
heating press. Fig. S1 shows detailed images and dimensions of the
specimens used to measure tensile performance, thermal conductivity,
and electrical conductivity.

2.2. Spectroscopic characterization of MWCNTs

The MWCNTs and their dispersion state in the composites were
measured using a field-emission scanning electron microscope (Nova
NanoSEM 450, FEI Co., OR, USA) operated at 10 kV in a nitrogen at-
mosphere. MWCNTs were dispersed via ethanol sonication in an ul-
trasonic bath (JAC-2010P, Kodo Technical Research Co., Ltd.,
Hwaseong, Korea) for 1 h and then coated on a Si wafer for 30 s at a
speed of 3000 rpm by means of a spin coater (Spin-3000D, MIDAS
System, Daejeon, Korea). The prepared MWCNT/PA6 composite spe-
cimens were fractured into small pieces in liquid nitrogen and then
platinum-coated for 120 s under vacuum by means of a sputter coating
machine (Ion Sputter E-1030, Hitachi High Technologies, Tokyo,
Japan).

The micro-computed tomograph (Skyscan 1172, Bruker Co., MD,
USA) was operated under X-ray conditions of 51 kV and 194mA to
measure the 3D dispersion state of the MWCNTs in the composite. The
micro-CT specimen had dimensions of 1×2×2mm3. A series of cross-
sectional images were reconstructed in three dimensions using the
NRecon program, and the dispersion state of the MWCNTs in the
composite was analyzed using the CTVox program.

For analysis of the structural defects and surface chemical properties
of the MWCNTs, they were dried overnight in a vacuum oven at 80 °C to
minimize the effect of moisture. For analysis of structural defects, dried
MWCNTs were attached on a slide glass using a carbon tape and
measured using a Raman spectroscope (LabRAM HR 800, Horiba Jobin
Yvon, Kyoto, Japan) equipped with a 514 nm Ar-ion laser at room
temperature and atmospheric pressure. For analysis of surface chem-
istry, the MWCNTs were mixed with KBr, pressed into a plate shape,
and then characterized by Fourier transform infrared (FT-IR) spectro-
scopy (Nicolet 6700, Thermo Scientific, Inc., MA, USA) in a frequency
range of 4000 to 500 cm−1 at a resolution of 1 cm−1.

2.3. Mechanical, thermal, and electrical characterization of composite

The tensile properties of the composite were measured using a
universal testing machine (Instron 5567, Instron Corp., MA, USA)
equipped with a 3 kN load cell. A pneumatic grip was used to prevent
any slippage, and dog-bone-shaped specimens were stretched at a
crosshead displacement speed of 5mm/min at room temperature and
atmospheric pressure. The isotropic thermal conductivity of the com-
posite was measured at room temperature and atmospheric pressure
according to the ISO 22007-2 standard by use of a conductivity-mea-
suring instrument (TPS 2500 S, Hot Disk AB, Gothenburg, Sweden) with
a 7531 sensor made of thin nickel wire. The electrical conductivity of
the composite was measured at room temperature by the four-probe
method according to ASTM D257 (FPP-RS8, DASOL Eng., Cheongju,
Korea). The resistance R was calculated using the output current and
voltage drop via the following equation:

=R Vwt
iL

Δ
(1)

where ΔV and i denote the voltage drop over a distance of 6mm and the
output current, respectively. w, t, and L denote the width, thickness, and
length, respectively, of the specimen. The electrical conductivity was
determined as the reciprocal of the calculated resistance value.

2.4. Theoretical modeling and analysis

To deeply examine the present experimental studies, theoretical
simulations and analysis were performed on the tensile strength,
Young’s modulus, thermal conductivity, and electrical conductivity of
MWCNT/PA6 composites. The tensile strength and Young’s modulus
were calculated through the modified Halpin-Tsai, while the thermal
and electric conductivities were simulated via micromechanics-based
ensemble volume average method and effective medium theory, re-
spectively.

3. Results and discussion

3.1. Long versus short MWCNTs

As shown in the SEM images in Fig. 1(a) and (c), the two types of
MWCNTs used in this study were observed as bundles, wherein multiple
strands of MWCNTs were longitudinally entangled. Their bundle
lengths were 180 and 10 μm, differed by a factor of 18. Considering the
manufacturer’s specifications of a 5-fold difference in their average
lengths, this might indicate more entanglement for long MWCNTs. The
diameter of the MWCNT bundle was on the order of several micro-
meters, and this bundle was separated by the ultrasonic method as
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described in Section 2 in order to accurately check the diameter of a
single MWCNT fiber. As can be seen in Fig. 1(b) and (d), the diameters
of the two types of MWCNTs (i.e., long and short MWCNTs) were al-
most the same, 9 nm and 10 nm, respectively showing good agreements
with the manufacturer’s specifications (7–10 nm) [19].

Fig. 2(a) shows the FT-IR spectra of the two types of MWCNTs to
enable a comparison of their surface chemistries; from these spectra,
both the types of MWCNTs were confirmed to be similar in terms of
their overall shape and major peaks, including the OeH peak at
3430 cm−1 and the sp2 CeH peak at 2915 cm−1 [20]. The intensity
ratio of the OH peak to the sp2 CH peak was also the same, i.e., 0.93, for
both the long and the short MWCNTs. Thus, it can be assumed that the
MWCNT dispersion and the corresponding evolution of the composite
properties do not originate from the surface chemistry of the MWCNTs.
The structural defects of the MWCNTs were measured via Raman
analysis, as shown in Fig. 2(b), where both the G peak and the D peak,
which are commonly detected in graphite materials, were observed at
1338 and 1572 cm−1, respectively. The D peak represents structural
defects and its intensity increases with a strengthening of the sp3 bond
on the MWCNT surface [20,21]. The intensity ratios of the D peak to the
G peak (ID/IG) were 0.99 and 0.98 for the long and short MWCNTs,
respectively, indicating that the defect levels of these two MWCNTs

were almost identical.
From the FT-IR and Raman spectra, it was seen that the surface

chemistries and defect levels of the two types of MWCNTs were similar;
thus, their effects on the composite properties were insignificant.
Furthermore, because the diameters of the two types of MWCNTs were
nearly identical, the MWCNT length was considered an important
morphological parameter governing their dispersion and the composite
properties.

3.2. Dispersion of long MWCNTs vis-à-vis short MWCNTs

In order to evaluate the dispersion of MWCNTs in the PA6 polymer,
FE-SEM and micro-CT measurements were performed. The FE-SEM
images in Fig. 3 show the degree of dispersion of MWCNTs on the
fractured surface of the composite; specifically, Fig. 3(a)–(c) and (d)–(f)
show the results for long-MWCNT/PA6 (L-PA6) and short-MWCNT/PA6
(S-PA6) composites, respectively. As can be seen in Fig. 3(a) and (d), at
a low MWCNT concentration of 1 wt%, even dispersion of MWCNTs
was observed in both the L-PA6 and the S-PA6 composites. However,
with increasing MWCNT concentration, aggregation was observed: ag-
gregation occurred from 5wt% onward in the L-PA6 composite and at
10 wt% in the S-PA6 composite. Since the average aspect ratio of the

Fig. 1. SEM images of (a), (b) long MWCNTs and (c), (d) short MWCNTs. In (a) and (c), an MWCNT bundle is shown to facilitate measurement of length, whereas in
(b) and (d), single MWCNT fibers are shown to facilitate measurement of diameter.

Fig. 2. (a) FT-IR spectra measured from 4000 to
500 cm−1 and (b) Raman spectra measured from
1000 to 2500 cm−1 for long and short MWCNTs;
the peaks at 3430 cm−1 and 2915 cm−1 in (a)
correspond to the OeH peak and sp2 CeH peak,
respectively, whereas those at 1343 cm−1 and
1583 cm−1 in (b) correspond to the D peak and G
peak, respectively.
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long MWCNTs was 5 times that of the short MWCNTs, the interparticle
distance between the strands of the long MWCNTs was short, which
resulted in increased aggregation in the long MWCNTs.

Micro-CT is an analytical method capable of nondestructive eva-
luation of dispersion of fillers in composites. Unlike SEM, which can
measure a surface in two dimensions, micro-CT can measure the dis-
persion of fillers in a relatively wide range of composites in three di-
mensions. The resolution of the microtomograph used in this study is
700 nm, and if the MWCNTs are evenly dispersed in the PA6 matrix on
account of a strong shear force in the internal mixer, the size of the
aggregates it will be smaller than the resolution of the microtomograph
(700 nm), and the MWCNTs will consequently not be observed.
However, when the MWCNTs are aggregated and the aggregate size
increases beyond 700 nm, MWCNTs can be observed via micro-CT [22].

Fig. 4(a)–(c) and (d)–(f) show the micro-CT images of the L-PA6 and
S-PA6 composites, respectively; the images in Fig. 4(a) and (d), (b) and
(e), and (c) and (f) correspond to MWCNT concentrations of 1, 5, and
10 wt%, respectively. In the micro-CT images, the white dots represent
MWCNT aggregates; for both the L-PA6 and the S-PA6 composites, the
number and size of these aggregates increased as the MWCNT con-
centration increased. Specifically, micro-CT indicated that aggregation

occurred at 5 wt% for the L-PA6 composite and at 10 wt% for the S-PA6
composite, which is in good agreement with the FE-SEM observations in
Fig. 3. In other words, from both the micro-CT images and the FE-SEM
images, it was found that aggregation occurred at a lower concentration
when the long MWCNTs were used whereas dispersion was improved
and aggregation occurred to a smaller extent when short MWCNTs were
used.

It can thus be concluded that for both the types of MWCNTs, ag-
gregation occurred with increasing MWCNT concentration but that this
aggregation began at different concentrations depending on the
MWCNT length. Therefore, the length of MWCNTs is an important
morphological factor governing their dispersion, and it is consequently
thought to be a crucial factor influencing the physical properties of the
composite material.

3.3. Mechanical, thermal, and electrical properties

3.3.1. Mechanical properties
Fig. 5 shows the evolutions of the tensile strength and Young’s

modulus with the MWCNT concentration and length. With an increase
in the MWCNT concentration from a low value, the tensile strength and

Fig. 3. FE-SEM images of (a)–(c) long-MWCNT/PA6 composite and (d)–(f) short-MWCNT/PA6 composite. The images in (a) and (d), (b) and (e), and (c) and (f)
correspond to filler concentrations of 1, 5, and 10wt%, respectively, dispersed in PA6.

Fig. 4. Micro-CT images of (a)–(c) long-
MWCNT/PA6 composite and (d)–(f) short-
MWCNT/PA6 composite. The images in (a)
and (d), (b) and (e), and (c) and (f) corre-
spond to filler concentrations of 1, 5, and
10 wt%, respectively, dispersed in PA6. The
resolution of the microtomograph is
700 nm, and the MWCNT filler is observed
as white dots when the aggregates become
larger than 700 nm in size.
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Young’s modulus increased, attained maximum values, and subse-
quently decreased. It is notable that the concentration at which both the
tensile strength and the Young’s modulus attained maximum values
depended strongly on the MWCNT length. For example, the L-PA6
composite showed the maximum tensile strength at 1 wt%, whereas the
S-PA6 composite showed the maximum tensile strength and Young’s
modulus at 5 wt%. In this respect, the MWCNT length is an important
morphological factor for the tensile properties of the composite.

As shown in Fig. 5, at the concentration of 1 wt%, the L-PA6 com-
posite showed 12% higher tensile strength and 40% higher Young’s
modulus than the S-PA6 composite (81MPa, 3.0 GPa and 73MPa, 2.3
GPa for L-PA6 and S-PA6, respectively). The tensile strain–stress curves
at 1 wt% in Fig. S2 reveal more distinct differences, where the L-PA6
composite shows elastic deformation until brittle failure whereas the S-
PA6 composite shows plastic deformation after yielding. At this low
concentration, the MWNCTs were uniformly dispersed without any
aggregation regardless of the length (see the FE-SEM and micro-CT
images in Figs. 3 and 4, respectively); therefore, the difference in tensile
properties seems to be dominated by the aspect ratio [12,23–26]. That
is, under uniform dispersion, the composite with long MWCNTs shows
better tensile performance because of its high force transfer efficiency
[27].

However, contrary to the expectation that long MWCNTs would
outperform short MWCNTs in terms of the force transfer efficiency, the
short MWCNTs showed superior performance as a filler as their con-
centration increased. For example, the tensile properties of the L-PA6
composite decreased from 3wt% onward whereas those of the S-PA6
composite continued to increase up until 5 wt%, and the latter ended up
with the highest tensile strength and Young’s modulus in this study. The
superior performance of the short MWCNTs at higher concentrations
originated from their even dispersion in the composite. The con-
centrations at which the tensile performance began degrading were
3 wt% and 7wt% for the L-PA6 composite and S-PA6 composite, re-
spectively, as shown in Fig. 5; these results are in good agreement with
the FE-SEM and micro-CT observations. That is, in the case of the L-PA6
composite, poor dispersion and corresponding aggregation from 3wt%
onward caused a decrease in the area of the MWCNT–matrix interface,
which, in turn, led to a sharp decrease in the tensile properties. How-
ever, the S-PA6 composite showed uniform dispersion up until 5 wt%,
which resulted in its highest tensile strength and Young’s modulus. In
conclusion, when the MWCNTs are uniformly dispersed, the tensile
properties are predominantly influenced by their aspect ratio. On the
other hand, because of the occurrence of aggregation with an increase
in the MWCNT concentration, dispersion becomes a major influencing
factor.

For more comprehensive and in-depth analysis, the theoretical va-
lues were calculated using the modified Halpin-Tsai equation [28,29] as
in Eq. (2) and compared with the experimental measurements.
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where Ec, Em and Ef indicates the Young's modulus of composite, matrix
and MWCNT, while Vf and α are the volume fraction and orientation
factor of MWCNT. Ψ represents the exponential shape factor, where the
parameters of a and b are closely related to the degree of filler ag-
gregation. That is, the higher the values of the parameters, the greater
the aggregation, which consequently leads to nonlinear behaviors of
mechanical performance with increasing MWCNT contents. The equa-
tion for tensile strength exhibits itself as the exactly same form, and the
detailed calculations are explained in the Supporting Information. As a
result, the predictions were well overlapped with the experimental
observations, where higher values of a and b were obtained for long
MWCNT; a: 75, b: 4.9 (long) and a: 70, b: 2.7 (short) for Young’s
modulus, and a: 200, b: 4.5 (long) and a:170, b:0.3 (short) for tensile
strength. Of particular interest is the lower a and b values for short
MWCNT. That is, the modified Halpin-Tsai equation predictions re-
vealed that short MWCNTs were more uniformly dispersed than long
MWCNTs, which is in good agreement with the experimental observa-
tions through SEM and micro-CT.

3.3.2. Thermal conductivity
Fig. 6 shows the results of thermal conductivity measurements at

various MWCNT concentrations and lengths. As the MWCNT con-
centration increased, the thermal conductivity of both the L-PA6 and
the S-PA6 composites improved. However, the degree of improvement
was higher for the L-PA6 composite at all the concentrations. Since the
surface chemistry and defect levels of the two types of MWCNTs were

Fig. 5. Tensile strength (a) and Young’s modulus (b) plotted against MWCNT concentration for long- and short-MWCNT/PA6 composites under uniaxial tension at
room temperature at constant engineering strain rate of 5mm/min.

Fig. 6. Thermal conductivity plotted against MWCNT concentration for long-
and short-MWCNT/PA6 composites. For each concentration, measurements
were performed 5 times at 30min intervals.
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similar to each other as confirmed by the FT-IR and Raman spectra,
these MWCNTs differed only in terms of the length and degree of dis-
persion. In contrast to a previously reported result that uniform dis-
persion of MWCNTs was the main factor influencing thermal con-
ductivity [25], our observations indicated that dispersion had no
significant effect on thermal conductivity. For instance, the thermal
conductivity did not decrease but rather increased even at concentra-
tions at which non-uniform dispersion and aggregation occurred; this
behavior was specifically observed at concentrations of 5 wt% and
10 wt% for the L-PA6 and S-PA6 composites, respectively. In conclu-
sion, the thermal conductivity was dominantly influenced by the length
rather than the degree of dispersion, which is attributed to the reduc-
tion in phonon scattering due to a reduction in the contact interface
area for long MWCNTs [19,30,31].

The present experimental results for MWCNT/PA6 composites were
compared with a micromechanics-based model using the following Eq.
(3), as shown in Fig. 6.

∑= ⎡

⎣
⎢ + + − + ⎤

⎦
⎥

=

− − −ϕ ϕK K I S A I S S A¯ · { ( ) ·[ ·( ) ] }
r

r r r r r r r0
0

4
1 1 1

(3)

where K̄ is the effective thermal conductivity of composite containing
3D randomly oriented and variously aggregated MWCNTs. Detailed
descriptions of the additional constants are included in the previous
literature [19]. The values measured in this experiments were applied
for the material parameters of the analysis. In this simulation, it was
assumed that the interfacial characteristic of the MWCNT was the same
regardless of the length; however, the filler aggregation was affected by
its length. Consequently, it was revealed that longer MWCNT led to a
higher thermal conductivity when the same concentration was in-
corporated, which is well agreed with the experimental observations.
The improvement ratio of the thermal conductivity according to the
filler concentration gradually decreased, finally converging to a specific
value.

3.3.3. Electrical conductivity
Fig. 7 shows the results of electrical conductivity measurements at

different MWCNT concentrations and lengths. Irrespective of the
MWCNT length, the percolation threshold was reached at a con-
centration of around 1wt%. In order for electrical percolation to occur,
the distance between MWCNTs in a composite must be small enough for
the formation of an electrical path. Thus, uniform dispersion of
MWCNTs is considered a major physical factor that governs the elec-
trical percolation of a nanocomposite [5,11,32]. The fact that both the
L-PA6 and the S-PA6 composites reached the percolation threshold
indicates that the MWCNTs were uniformly dispersed in the composites
at the concentration of 1 wt%. After the percolation threshold was
reached, the electrical conductivities of both the composites showed

similar tendencies. As a result, the composite materials had a sufficient
electrical path for electron transfer at an MWCNT concentration of 1 wt
%, with the effects of the MWCNT length and dispersion being negli-
gible.

The electrical conductivity was also analyzed through a theoretical
formula, as shown in Fig. 7. The electrical conductivity of 3D randomly
oriented and aggregated the MWCNT/PA6 composite can be derived
through the effective medium model as [22]

− + + − + =− − − − − −ϕ ϕL L S L L L S L[( ) ] [( ) ] 0e e e e0 0
1

0
1 1

1 1
1

1
1 1 (4)

where Le denotes the effective conductivity tensor, which can be ob-
tained by solving Eq. (4). The definition of constants in Eq. (4) and the
modeling process are described in more detail in the previous literature
[22]. The experimentally measured parameters were applied to the
model. The simulation calculations indicated that the incorporation of
longer MWCNT resulted in a higher electrical conductivity at percola-
tion threshold and later, which is well overlapped with the experi-
mental observations. However, it was not so much affected by the filler
length in the matrix, contrary to the case of the thermal conductivity.

4. Conclusion

In order to investigate the effects of MWCNT morphology on the
properties of an MWCNT-incorporated polymer composite, two kinds of
MWCNTs with similar surface chemistry and thickness but with dif-
ferent lengths were mixed with a PA6 polymer matrix for composite
fabrication via a melt-compounding method. FE-SEM and micro-CT
observations revealed that the length of MWCNTs strongly influenced
their dispersion state in the composite, where a short-MWCNT/PA6
composite showed more uniform dispersion up to higher MWCNT
concentrations. The mechanical performance, electrical conductivity,
and thermal conductivity of the fabricated composite were measured in
order to understand the correlations among the MWCNT length, dis-
persion state, and composite properties. The following conclusions were
drawn. (1) The aspect ratio has a dominant effect on the tensile prop-
erties of the composite when the MWCNTs are uniformly dispersed;
thus, better tensile performance is achieved for the composite with long
MWCNTs. However, as the MWCNT concentration increases, dispersion
becomes a major physical factor influencing the tensile performance
and the use of short MWCNTs is more effective because their dispersion
is more uniform. (2) Thermal conductivity increases with increasing
MWCNT concentration and shows a larger improvement for the com-
posite with long MWCNTs, since these MWCNTs form a smaller inter-
face with the polymer and accordingly reduce phonon scattering. The
effects of dispersion and aggregation on thermal conductivity are neg-
ligible. (3) Above 1 wt%, at which concentration the percolation
threshold is reached, the MWCNT length does not have a significant
effect on the electrical conductivity of the composite. In this study, the
mechanical, electrical, and thermal properties of an MWCNT-in-
corporated polymer composite were systematically examined in order
to correlate them with the length and dispersion of the MWCNTs. We
believe that the fundamental understanding gained from this study can
be applied as design guidelines for morphology selection of MWCNTs
for a wide range of applications.
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