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This paper reports that the multi-walled carbon nanotubes (MWCNT)/nylon-6 (PA6) nanocomposites with dif-

ferent MWCNT loadings have been prepared by a simple melt-compounding method. The electrical, dielectric, and

surface wetting properties of the CNT/PA6 composites have been studied. The temperature dependence of the con-

ductivity of the CNT/PA6 composite with 10.0wt% CNT loading (σRT ∼ 10−4 S/cm) are measured, and afterwards

a charge-energy-limited tunnelling model (ln σ(T ) ∼ T−1/2) is found. With increasing CNT weight percentage from

0.0 to 10.0 wt%, the dielectric constant of the CNT/PA6 composites enhances and the dielectric loss tangent increases

two orders of magnitude. In addition, water contact angles of the CNT/PA6 composites increase and the composites

with CNT loading larger than 2.0wt% even become hydrophobic. The obtained results indicate that the electrical and

surface properties of the composites have been significantly enhanced by the embedded carbon nanotubes.
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1. Introduction

Since the discovery of carbon nanotubes (CNT) in

1991,[1] they have attracted much attention in many

fields because of their unique electronic, thermal, opti-

cal, and mechanical properties,[2−5] and potential ap-

plications in field-effect transistor, full-colour display,

chemical actuator, tip of scanning-probe microscope,

and molecular computer.[6−9] In recent years, scien-

tists have demonstrated that the combination of CNT

and polymeric matrix is an effective method for taking

full advantages of both CNT and polymers.

By now, a large number of papers have been

published about the synthesis and properties of

composite films and nanostructures based on CNT

and conjugated polymers.[10−19] For instance, the

strength and modulus of a polystyrene coated car-

bon nanofibre composites are higher than those

of uncoated composites.[10] Long et al
[11−13] have

observed an enhancement of conductivity of the

CNT/polymer nanocables by two orders of magni-

tude with increasing CNT weight percentage and stud-

ied the low-temperature magnetoresistance of these

CNT/polymer composites. Liu et al
[14] found that the

CNT/SCPU composites exhibited strong microwave

absorption in the microwave range of 2–18 GHz.

Nylon-6 (PA6), also known as polyamide-6 and poly-

caprolactam, is one of the most widely used syn-

thetic polymers for fibres due to excellent physical

and mechanical properties. Multi-walled CNT re-

inforced PA6 composites have been explored inten-

sively in recent years. For instance, in compari-

son with pure PA6, the elastic modulus and the

yield strength of the 2.0wt% MWCNT/PA6 compos-

ite are greatly improved by about 214% and 162%,

respectively.[15,16] Significant improvements in tensile

modulus, strength, and toughness relative to nylon

have also been achieved in nylon nanocomposites us-

ing functionalized single-walled CNT.[17,18] In addi-

tion, Gao et al
[19] reported an interesting continuous

spinning of a single-walled CNT/nylon composite fi-

bre. However, their temperature-dependent electrical
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conductivity, dielectric loss and wettability have not

been reported extensively. In the present study, we

have synthesized multi-walled CNT/PA6 composites

by a simple melt-compounding method, and studied

their temperature-dependent electrical conductivity,

dielectric, and surface wetting properties as a func-

tion of CNT loading. It is interesting to find that these

physical properties have been enhanced evidently by

the embedded nanotubes and nanostructures of the

composites.

2. Experimental section

PA6 in pellet form (relative viscosity ∼3.2 in

98% H2SO4 solvent, and diameter 2–3mm) was sup-

plied by Yue-Yang Petro-Chemical Engineering Fac-

tory. Multi-walled CNT used in this work were pre-

pared by ethylene chemical vapour deposition (CVD)

using Al2O3 supported Fe catalysts.[12] The outer di-

ameter of MWCNT was about 30 nm, and the inner di-

ameter was 5–10nm. The products were washed with

concentrated hydrochloric acid to remove the catalyst

and the carrier of catalyst, and then were purified with

concentrated HNO3 to remove the amorphous carbon

particles. PA6 nanocomposites containing different

MWCNT loadings (0, 0.5, 1.0, 2.0, 5.0 and 10.0wt%)

were prepared by a melt-compounding method using

a twin-screw mixer at 260◦C for 10min with a screw

speed of 100 rpm. Pellet samples (with thickness of

about 1.5mm) were prepared by compression mold-

ing in a press at 260◦C.

A scanning electron microscope (SEM; JEOL

JSM-6390) operating at 20 kV was used to observe

the morphology of the cross-sections of the CNT/PA6

composites. The infrared (IR) spectra of the compos-

ites were recorded by using a MAGNA-IR 550 spec-

trometer. The temperature-dependent electrical con-

ductivity of the 10.0wt% composite was measured

by a four-probe method using Keithley-220 current

source and Keithley-181 nanovoltmeter. The dielec-

tric constant and dielectric loss at room temperature

were measured by a TH2819 Precision LCR Meter

(Changzhou Tonghui Electronic Co. LTD). The water

contact angle values were acquired on a Dataphysics

OCA-20 contact angle system at room temperature in

ambient atmosphere. For each measurement, a 5µL

droplet was dispensed onto the sample under investi-

gation.

3. Results and discussion

3.1. Structure and morphology

The structure of the PA6 was identified through

the IR spectrum, as shown in curve A in Fig.1.

The sharp peak at 1650 cm−1 corresponds to the

stretching vibration of the C–O group of the amide

functionality,[20−22] and the strong peak around

1560 cm−1 could be attributed to a combination of

the bending vibration of the N–H bond and the

stretching vibration of the C–N bond of the amide

group.[19,23] In addition, the broad bands between

3000 and 3300 cm−1 are assigned to the hydrogen-

bonded –COOH and –NH– groups of the PA6, while

the C–H stretching vibrations take place at 2860 and

2940 cm−1.[19,23] Curves B–F in Fig.1 are the IR spec-

trum of the CNT/PA6 composites with 0.5, 1.0, 2.0,

5.0 and 10.0wt% CNT loadings, respectively. These

IR spectra of the CNT/PA6 composites with differ-

ent loadings are nearly the same. In comparison with

the curve A, the peaks and bands of function groups

still appear in the IR spectra. However, the peaks

at 1560 cm−1, 1650 cm−1, 2860 cm−1 and 2940 cm−1

and the broad bands between 3000 and 3300 cm−1 in

curves B–F are evidently weaker than those of curve

A, which may be attributed to the influence of the

embedded CNT on the PA6 matrices.

Fig.1. IR spectrum of the CNT/PA6 composites: (curve

A) pristine PA6; (curve B) 0.5wt%; (curve C) 1.0wt%;

(curve D) 2.0wt%; (curve E) 5.0wt% and (curve F )

10.0 wt%.

The morphology of the composites was verified

by using SEM. Cross sections of the composites were

prepared by breaking off the CNT/PA6 composites to

give a fracture surface, and the resulting SEM image

is shown in Fig.2, which displays the disordered dis-

persion of the CNT in the host PA6 matrices. The
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bright dots and wires in the image are the MWCNT

due to their relatively high electrical conductivity and

the other parts are PA6 matrices.

Fig.2. Typical SEM image of the cross section of the

5.0wt% CNT/PA6 composite.

3.2. Electrical conductivity

It is reported that the room-temperature con-

ductivities (σRT) of the CNT/PA6 composites are

3.2× 10−5 S/cm and 5.9× 10−4 S/cm for the compos-

ites with 5.0wt% and 10.0wt% CNT, respectively.[24]

In comparison with the room temperature conductiv-

ity of the pure PA6, which has the order of magnitude

of 10−14 S/cm, it is obvious that the room tempera-

ture conductivity of the composites is enhanced sig-

nificantly.

In order to further explore how the composite’s

conductivity is affected by the embedded CNT, we

measured the temperature dependence of the conduc-

tivity of the 10.0wt% CNT/PA6 composite, as shown

in Fig.3.

Fig.3. Temperature dependence of the electrical conductivity of the 10.0wt% CNT/PA6 composite plotted

as (a) σ/σRT versus T , and (b) ln(σ/σRT) versus T−1/2.

It is obvious that the conductivity data of this

sample can be well fitted with the relation ln σ(T ) =

A + B · T−1/2, namely, ln σ(T ) is linear in T−1/2.[25]

The temperature dependence can be interpreted in

terms of the charge-energy-limited tunnelling model,

which describes the charge transport in a system of

metallic particles embedded in a dielectric matrix:[26]

σ(T ) = σ0 exp[−(C0/T )1/2], (1)

where C0 is a constant and depends on the barrier

height for the charge carriers and the charging en-

ergy. The value of C0 = 84K for this sample is cal-

culated from the slope of the ln σ(T ) versus T−1/2

plot. Here, it is noted that different methods and tech-

niques of incorporation of CNT in the polymer matrix

will influence strongly on the electrical and mechanical

properties of the composite by modifying the disper-

sion of CNT and the interfacial interactions between

the two components.[10−12,24,27] For example, homoge-

neous CNT/polymer composites, which are fabricated

by using functionalized soluble CNT, show dramatic

improvements in electrical conductivity with very low

percolation threshold owing to significantly improv-

ing the dispersion of CNT in the polymer matrix.[27]

Long et al
[11,12] also reported that a cationic surfac-

tant directed in situ chemical oxidative polymeriza-

tion can also improve the dispersion of MWCNT in

conducting polymers and electrical properties of the

resulting composites. In addition, it is also reported

that a plasma polymerization (coating) treatment can

enhance carbon nanofibre dispersion and interfacial

bonding in polystyrene composites, and thus enhance

their strength and modulus significantly.[10]

3.3.Dielectric properties

Dielectric constant and dielectric loss are also im-

portant parameters of the composite materials. The

complex permittivity is ε∗ = ε′ − iε′′, where ε′ and

ε′′ represent the real and imaginary parts, and the
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dielectric loss tangent is tanδ = ε′′/ε′. The dielec-

tric properties of the CNT/PA6 composites have not

been reported intensively yet. This paper reports

that we have measured the dielectric constant and

dielectric loss of the composites at room tempera-

ture. Compared with the Liu’s work,[16] the dielectric

properties of CNT/PA6 are explored at low frequen-

cies. Figure 4 exhibits the relative dielectric constant

ε (ε = ε′/ε0, ε0 is the permittivity of vacuum) of the

CNT/PA6 composites as function of the CNT con-

centration and the frequency. It is evident that the

dielectric constant increases by several times with in-

creasing CNT weight percentage from 0 to 10.0wt%.

For example, ε = 4.1 for the pure PA6 pellet, and

ε = 51.7(f = 0.5 kHz), 19.3 (f = 10kHz) and 11.0

(f = 200kHz) for the 10.0wt% CNT/PA6 composite.

When the conductive fillers and CNT are incorporated

into an insulating PA6 matrix, a large interfacial po-

larization occurs. And the enhancement of the dielec-

tric constant at low frequencies can be attributed to

this large interfacial polarization.[28] In addition, for

the CNT/PA6 composite with a fixed CNT concentra-

tion (e.g., especially for the 10.0wt% composite), the

dielectric constant decreases with the enhancement of

the frequency. This indicates that at high frequen-

cies the mobility of polar groups at the CNT/PA6

interfaces is too slow to contribute to the dielectric

constant.[29,30]

Fig.4. Relative dielectric constant of the CNT/PA6 com-

posites, which increases with increasing CNT loading.

Figure 5 shows the dielectric loss tangent of the

CNT/PA6 composites as function of the CNT loading

and the frequency. It is clearly seen that the dielec-

tric loss tangent of the composites increases by one to

two orders of magnitude with increasing CNT weight

percentage. In the meantime, the dielectric loss tan-

gent becomes less frequency-dependent at the range

of 50–200kHz. Our results indicate that the dielec-

tric properties of the CNT/PA6 composites have been

enhanced significantly by the embedded CNT.

Fig.5. Dielectric loss tangent of the CNT/PA6 compos-

ites, which increases two orders of magnitude with increas-

ing CNT weight percentage.

3.4. Surface wetting property

Wettability is one of the important properties of

solid surface from both fundamental and practical as-

pects. A static water contact angle (WCA) is usually

used as a criterion for the evaluation of hydrophilic-

ity (WCA< 90◦) or hydrophobicity (WCA> 90◦) of

the surface. In this article, the surface wetting prop-

erty of the CNT/PA6 composites was evaluated by

WCA measurements, as shown in Fig.6. Accord-

ing to the WCA results (Fig.7), it is proved that

the pure PA6 surface is hydrophilic, with the WCA

of about 51◦. Surprisingly, there is evident increase

of the WCA values which can even reach to about

101.1◦) (Fig.6) when the CNT loading was increased

to 2.0wt%. Namely, there is a transition from hy-

drophilicity to hydrophobicity.

Fig.6. Water droplet on the 2.0wt% CNT/PA6 composite

surface.

As we know, the wettability of a surface is deter-

mined by a combination of its chemical properties and

topographical microstructure. If a surface is rough or
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microtextured with a low interfacial free energy, the

WCA can reach a value larger than 160◦. For example,

although Kakade and Pillai[31] reported that CNT ex-

hibited intrinsic hydrophilic behaviour (contact angle

< 90◦) because of their perfect graphitic network of

sp2 carbon, however, superhydrophobic phenomenon

(WCA> 150◦) has been observed in aligned CNT due

to their particular nanostructures.[32] For the present

case, the embedded CNT have modified the inner

structures and surface morphologies of the CNT/PA6

composites evidently (as shown in Fig.2). As a result

of their nanostructures, the WCA of the composites

Fig.7. Water contact angles of the CNT/PA6 composites

with different CNT loadings.

increases significantly from 51◦ to 101.1◦. Here we

note that the CNT were disorderedly dispersed into

the PA6 matrix, if the nanotubes are aligned in the

polymer matrix and aligned on the surface, the WCA

may reach a much larger value. Figure 7 also shows

when the CNT loading continues increasing from 2.0

to 5.0 and 10.0wt%, the WCA does not enhance but

seems to decrease a little (91◦ for the 10.0wt% com-

posite). This is possibly related with the disordered

dispersion of the nanotubes and water seepage into

the voids of the composite’s surface because it has

been reported that the droplets on CNT were not

stable and eventually seeped into the voids after a

few minutes due to a hydrophilic surface of the CNT

graphitic surface.[33,34] Therefore, it is evident that the

surface wetting property of the CNT/PA6 composites

is strongly dependent on the embedded CNT and the

nanostructures of the composites.

4. Conclusions

Multi-walled CNT/PA6 nanocomposites with dif-

ferent CNT loadings from 0 to 10.0wt% have been

prepared by a simple melt-compounding method. The

structure, morphology and physical properties of the

composites have been characterized by infrared spec-

tra, SEM, electrical conductivity, dielectric constant,

dielectric loss, and wettability measurements. It is

found that the temperature dependence of the con-

ductivity of the CNT/PA6 composite with 10.0wt%

CNT loading follows a charge-energy-limited tun-

nelling model (ln σ(T ) ∼ T−1/2). The CNT/PA6

composites dielectric constant and the dielectric loss

tangent increase by one to two orders of magnitude.

Particularly, the 2.0, 5.0, and 10.0 wt% CNT/PA6

composites show hydrophobicity. These results indi-

cate that the electrical, dielectric and surface wetting

properties of the CNT/PA6 composites have been en-

hanced significantly by the filled MWCNT. Dealing

with the mechanical properties of the resulting com-

posites, we shall make further investigation on this

topic.
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