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Abstract Composite films of Polyamide-6,6 (PA66)

and multi-walled carbon nanotubes (MWCNTs) were

prepared by a combination of solution casting followed

by compression molding techniques. Both unfunctional-

ized (u-MWCNTs) and functionalized nanotubes

(f-MWCNTs) were used in this study. The functional-

ization involved direct solvent-free amination of

MWCNTs with hexamethylenediamine. Thermogravi-

metric analysis was used to observe the changes in the

nanotubes upon functionalization and morphological

features of the resulting composite films were studied

using scanning electron microscopy, transmission elec-

tron microscopy, and atomic force microscopy. The

crystallinity changes by incorporation of the u-MWCNTs

and f-MWCNTs in the PA66 matrix were studied by wide

angle X-ray scattering and differential scanning calorim-

etry. The f-MWCNT/PA66 film showed an improvement

of ~43% in maximum tensile stress (MTS) and ~32% in

Young’s modulus over pristine PA66 film, while at a

similar loading of 0.5 wt%, the f-MWCNT/PA66 film

showed ~15% increase in MTS and ~16% increase in

modulus over the u-MWCNT/PA66 film. Dynamic

mechanical analysis indicated significant difference in

the small-strain mechanical properties between the

MWCNT-filled and unfilled PA66 at the very low

MWNT loadings that were tested and supported the

tensile results. The water absorption trend of the

composite films showed dramatic improvement over

the neat film.

Introduction

Carbon nanotubes (CNTs) classified as a one-dimen-

sional carbon system because of their high aspect ratio

[1] are being extensively studied since their discovery by

Iijima [2], due to their unique mechanical, electrical,

thermal and other properties [1, 3, 4]. However, the most

important application of CNTs, based on their mechan-

ical properties is as a reinforcement agent in polymer

composites. Moreover, due to the very high aspect ratio

of CNTs, the electrical conductivity of these composites

shows the percolation behavior at relatively low CNT

contents [5]. Although CNT-filled polymer composites

are the obvious choice of researchers after the success

with carbon-fiber reinforced polymer composites, the

effective utilization of CNTs depends upon three

factors: homogeneous dispersion of CNTs in the poly-

mer matrix while maintaining the integrity of the tubes,

alignment of the nanotubes and formation of strong

interfaces between the CNT and polymer matrix [6, 7].

Researchers have reported the use of both single-walled

carbon nanotubes (SWCNTs) and multi-walled carbon

nanotubes (MWCNTs) with and without functionaliza-

tion to reinforce polymer matrices [8–18]. Previous

researchers have functionalized CNTs in order to

promote interfacial interactions between the nanotubes

and polymeric matrices leading to better reinforcement.

In this article, we report the results based on both
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unfunctionalized and amine-functionalized MWCNTs.

Till now the methods of fabrication of the CNT-based

composites include the sonication of pure or function-

alized nanotubes in a polymer solution [11, 12], in situ

polymerization in the presence of CNTs [19], melt

mixing [16–18] and melt processing after solution mixing

[9]. This article reports the characteristics of MWCNT

reinforced poly (iminohexamethyleneiminoadipoyl)

(better known as Polyamide-6,6) films prepared by the

sonication of MWCNTs in polymer solution followed by

casting and subsequent compression molding. To the

best of our knowledge, no previous work involving

CNTs in PA66 exists and a comparative study of the

u-MWCNT and f-MWCNT reinforced PA66 films in

terms of morphological, thermal, mechanical, dynamic

mechanical, and water absorption results is reported for

the first time.

Nanocomposites from other types of fillers, namely

silica and clay have been reported extensively in the

literature [20, 21]. For example, nanoclay reinforced

polymers have been shown to impart improved tensile

behavior, ductility, and barrier properties at a very low

loading of the filler. Similarly, the silica/polymer

hybrids display new properties for optical, electrical,

structural, and related applications [20]. We have also

reported from our laboratory, preparation and prop-

erties of various nanoclay/rubber and nanosilica/poly-

mer composites [22, 23]. PA66/silica hybrid

nanocomposites have also been developed in our

laboratory [24] and this work extends our efforts in

this field.

Experimental

Preparation of MWCNT/PA66 composite films

A commercial grade of PA66 (Zytel 101L, DuPont,

India) was dissolved in 100% formic acid (GR) of

Merck Ltd., India to prepare a 10 wt% PA66 solution.

MWCNT (CVD MWNT 95) from Iljin Nanotech Co.,

Korea having a carbon content of about 95% was used

as received. The MWCNTs were grown by the chem-

ical vapor deposition (CVD) process and the diameter

and length of the nanotubes were ~10–20 nm and ~10–

50 lm, respectively (Fig. 1). Hexamethylenediamine

(HMDA) (synthesis grade) of Merck Schuchardt,

Germany was used for amination of the nanotubes

and ethanol (synthesis grade) of Merck Ltd., India was

used as the solvent for HMDA.

The MWCNTs were functionalized following the

procedure outlined by Basiuk et al [25]. In brief,

100 mg of MWCNT and 2 g of HMDA were taken in a

thick-walled Borosil test tube (50 ml capacity) and

heated in an oil-bath to 393–403 K for 12 h. During the

course of the reaction, HMDA melted and the

nanotubes remained immersed in the HMDA melt.

Some HMDA also evaporated and condensed at the

top end (cooler part) of the test tube. The amine-

functionalized nanotubes (f-MWCNTs) were trans-

ferred while hot from the test tube to a beaker and

were freed of the excess amine by washing with ethanol

ten times (10 min sonication) and successive filtration

through a sintered disc crucible by application of slight

vacuum. The filtered f-MWCNTs were further washed

with distilled water, filtered and then dried in a vacuum

oven, characterized and subsequently used for the

composite preparation. The duration of the function-

alization was varied and after each functionalization

and purification procedure (to free the f-MWCNTs

from the excess amine), the f-MWCNTs were sub-

jected to FT-IR and TGA studies. It was observed that

exposing the MWCNTs to a time greater than 12 h (we

exposed the MWCNTs to the amination reaction up to

36 h) did not cause any further change in the FT-IR or

TGA results. Thus, the functionalization of the

MWCNTs was optimized.

For the preparation of the MWCNT reinforced

composites, the requisite amount of MWCNT (func-

tionalized or unfunctionalized) was initially sonicated

(Elma GmbH, 40 W) in formic acid for 1 h and was

then added to the 10% PA66 solution and the resulting

mixture was mechanically stirred for 1 h at 300–

400 rpm. Then the dispersion was sonicated for 1 h

and finally again mechanically stirred for 1 h at 300–

400 rpm to prepare the MWCNT/PA66 dispersion. It is

known that ultrasonic treatment of the nanotubes

Fig. 1 TEM micrograph of as-supplied MWCNT (TEM image
courtesy of Iljin Nanotech Co., Korea)
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results in damage by introduction of defects into the

MWCNTs [26] and so the sequence of operations was

optimized for the composition containing 0.5 wt% of

u-MWCNTs and was subsequently applied to the other

compositions. The dispersions were finally poured on

thoroughly cleaned glass plates for room temperature

(298 K) drying in a fume hood to constant weight. The

air-dried films on the glass plates were opaque and

extremely adherent and thus had to be scrapped with a

stainless steel spatula for removal. The resultant films

were vacuum dried for 24 h at 353 K and subsequently

compression molded in between Teflon sheets at 553 K

for 6 min for obtaining self-standing films. A minimum

of three films were prepared and from each film, a

minimum of two tensile specimens were die-punched.

The thicknesses of the films were 100 ± 10 lm for all

the samples. The u-MWCNT content in the polymer

matrix was varied from 0.5 to 2.0 wt% on the basis of

100 g of PA66. The f-MWCNT loading in PA66 was

studied at two concentrations, viz. 0.5 and 1.0 wt% on

the basis of 100 g of PA66. The 1.0 wt% f-MWCNT/

PA66 composite sample was prepared to observe the

tensile behavior when the addition of f-MWCNT was

increased slightly. The films were stored in a desiccator

to minimize moisture ingress. However, during syn-

thesis and testing of the hybrid composite films, the

relative humidity in air was ~80%. All the films were

prepared at the same time and thus were subjected

equally to the ambient conditions of temperature and

humidity. Pure PA66 films were prepared similarly.

The designations of the compression-molded films are

tabulated in Table 1.

Characterization of the nanotubes and the prepared

films

Fourier transform infrared (FT-IR) spectroscopic anal-

yses of the nanotubes were carried out under ambient

conditions using a Perkin-Elmer FT-IR spectrometer

Spectrum RX I at a resolution of 4 cm–1. The nanotu-

bes (2 mg) were mixed with KBr (198 mg) and pressed

into a thin circular disc for the FT-IR study. Thermo-

gravimetric analysis (TGA) of the nanotubes was

conducted using TGA Q 50 of TA Instruments-Waters

LLC, USA at a heating rate of 10 K min–1 in the

temperature range of 313–1073 K under oxygen flow

rate of 60 ml min–1.

The dispersion of the MWCNTs in the PA66 matrix

was visually compared using digital images taken with

a Dimage Z1 digital camera (Minolta, Japan). Scan-

ning electron microscopy (SEM) was performed using

a JEOL JSM 5800 scanning electron microscope. For

SEM, the fractured cross-section of thicker films

(~300 lm) after tensile failure was photographed.

The films were coated with gold by sputtering. For

transmission electron microscopy (TEM) measure-

ments, 100 nm sections were microtomed at 213 K

using Ultracut E ultramicrotome by Reichert and Jung

using a diamond knife. Measurements were carried out

with a Tecnai G2 TEM (120 kV) and the digital images

were acquired using a Gatan Model 791 side mount

camera.

Tapping mode atomic force microscopy (AFM)

images of the CNT loaded films were taken with

Nanoscope IIIa of Veeco-Digital Instruments with

tapping mode etched silicon probes (RTESP) having a

resonance frequency of ~280 kHz and spring constant

~40 N/m. Typical scan rate for image acquisition was

~1.0 line/s. The images were obtained under ambient

laboratory conditions and no filtering or other image

processing operations were performed to generate the

images.

Wide angle X-ray scattering (WAXS) data were

collected in digital form from the films using a Philips

1710 X-Ray diffractometer operated at 40 kV and

20 mA with Cu Ka radiation source. The scan rate was

3�min–1. WAXS data were collected on films, which

were annealed at 473 K for 3 h. The area under the

crystalline and amorphous portions was determined in

arbitrary units and the percent crystallinity was calcu-

lated using the following equation:

% crystallinity ¼ IC

IC þ IA
� 100 ð1Þ

where IC and IA are the integrated intensities corre-

sponding to the crystalline and amorphous phases,

respectively. The crystallinity values reported are the

average values based on three experiments per sample.

The scans were profile fitted by using standard software

(ORIGIN 7.0).

Table 1 Designation of the compression molded films

Sample
designation

PA66
(%)

MWCNT
(%)

Comments

NC0 100 – Neat PA66 film
NC05 100 0.5 0.5 wt% u-MWCNT

loaded film
NC1 100 1.0 1.0 wt% u-MWCNT

loaded film
NC2 100 2.0 2.0 wt% u-MWCNT

loaded film
NC05m 100 0.5 0.5 wt% f-MWCNT

loaded film
NC1m 100 1.0 1.0 wt% f-MWCNT

loaded film
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Differential scanning calorimetry (DSC) measure-

ments of the pure PA66 and the MWCNT/PA66

films were performed using a DSC model Q 100 of

TA Instruments-Waters LLC, USA with nitrogen as

the purge gas. The machine was calibrated according

to the elaborate procedure mentioned in the DSC

manual using indium and sapphire at a heating rate

of 10 K min–1 and the maximum error in tempera-

ture as a result was within ±0.5 K. In the heating

scan, the films were heated from 303 to 573 K at a

heating rate of 10 K min–1. The films were held for

5 min at 573 K to eliminate the previous heat history

completely before cooling to 303 K at 10 K min–1.

The second heating run was started after equilibra-

tion of the cooled films at 303 K and a similar

protocol was followed as the first heating run. For

determining the crystallinity from the DSC heating

runs, the heat of fusion of a 100% crystalline PA66

was taken to be 190 kJ/kg [27] and the following

equation was used:

% crystallinity ¼ DHEXP

DHF
� 100 ð2Þ

where DHEXP is the actual heat of fusion of the sample

under study and DHF is the heat of fusion of 100%

crystalline PA66. DSC was conducted on films which

were annealed at 473 K for 3 h.

Measurement of film properties

Measurement of mechanical properties of the compos-

ites was carried out using a Zwick 1445 Universal

Testing Machine at a cross-head speed of 50 mm min–1.

The tensile specimens were punched from the com-

pression molded films using ASTM Type IV die. The

tests were carried out as per ASTM D 638-98 at

298 ± 2 K. The average value of five tests was used

for reporting and the samples tested were in the Dry-

As-Molded (DAM) state.

Dynamic mechanical analysis (DMA) of the films

were performed using DMA 2980 Dynamic Mechan-

ical Analyzer of TA Instruments-Waters LLC, USA in

tension film mode in the temperature range of 303–

473 K at a frequency of 1 Hz and heating rate of

2 K min–1. The storage modulus (E¢) and loss tangent

(tan d) were measured as a function of temperature for

all the DAM specimens.

Water absorption tendency of neat PA66 and the

MWCNT reinforced PA66 films were evaluated by

immersing equal weights of the sample films in water

for 120 h at ambient temperature (298 K). The water

uptake was calculated using the following formula:

% water uptake ¼ final weight� initial weight

initial weight
� 100

ð3Þ

Results and discussion

Characterization of MWCNTs

The FT-IR traces of u-MWCNTs and f-MWCNTs are

compared in Fig. 2. The FT-IR spectra are of poor

quality primarily due to the absorption by the

MWCNTs and also due to the low concentration of

the organic moieties attached to the nanotubes. How-

ever, the characteristic N–H stretch in the 3500–

3300 cm–1 region and N–H deformation in the

~1600 cm–1 region is more prominent in the f-MWCNT

spectrum compared to the u-MWCNT spectrum. This

was also previously reported by Basiuk et al. [25] for

1-octadecylamine modified MWCNT.

The thermogravimetric analysis (TGA) of the

MWCNTs reveals that the u-MWCNTs start losing

weight from 760 K, whereas the f-MWCNTs do so

gradually from 473 K (Fig. 3a). The loss of weight for

the u-MWCNTs is in line with the reported value of

740 K for pristine MWCNTs at a heating rate of

10 K min–1 in air by Zou et al [28]. The derivative

thermogravimetric (DTG) peak degradation tempera-

tures of u-MWCNT and f-MWCNT are at 889 and

879 K (Fig. 3b) and these indicate that the shift in the

Fig. 2 FT-IR spectra of u-MWCNT and f-MWCNT
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maximum decomposition temperature is due to the

functionalization of the nanotubes. The TGA of

HMDA is also shown along with the nanotubes in

Fig. 3a, b. The DTG peak of HMDA occurs at ~397 K

and it is observed that HMDA remaining is less than

1.0 wt% at 480 K. The HMDA molecules are not just

simply physisorbed on the sidewalls of the nanotubes

since physisorbed HMDA molecules would get re-

moved at temperatures lower than 673 K and thus are

chemically attached to the sidewalls and the defect

sites on the nanotubes. Similar conclusions were drawn

by Basiuk et al. [25] with their 1-octadecylamine

derivatized MWCNTs.

Characterization of the films

The digital photographs shown in Fig. 4a–d compare

the overall distribution of the MWCNTs on the

millimeter scale for NC05, NC1, NC2, and NC05m,

respectively. It is evident that on the millimeter scale

the distribution of the unfunctionalized nanotubes is

not uniform even after melt mixing and that the

number of u-MWCNT agglomerates increases with

nanotube loading. These observations are similar to

those obtained by Haggenmueller et al. [9] for

SWCNT–PMMA nanocomposites and by Bhattachar-

yya et al. [29] for melt-blended PP/SWCNT compos-

ites. However, the f-MWCNTs are homogeneously

dispersed in the polymer matrix and therefore the

appearance of the NC05m film is grayish compared to

NC05 film.

Figure 5a shows the SEM image of NC05 after

tensile failure. The nanotubes are seen to be randomly

oriented in the matrix. It is easily observed that there is

a significant bridging action of the u-MWCNT between

the polymer fracture surfaces. Like in conventional

fiber composites, nanotube pull-out and fracture is also

noticeable in Fig. 5a. Figure 5b provides an enlarged

view of a bridging u-MWCNT between the polymer

surfaces. This bridging action would result in increased

tensile strengths as reported below. The length of the

exposed MWCNT is ~6 lm. Its thickness varies from

140 to 190 nm in contrast to the dimensions given in

Fig. 1 and this may be due to the bundling up of a few

nanotubes and also due to the matrix encapsulating the

nanotube. Further, the sputtered gold coating used to

make the samples conductive for using in our SEM

needs to be taken into account when measuring the

thickness for the bridging nanotube. However, some of

the scattered nanotubes in Fig. 5a have the dimensions

lower than 90 nm. Figure 5c shows the SEM image of

the NC05m composite film in the fractured area after

the tensile test. The nanotubes (some of the nanotubes

Fig. 3 (a) TGA curves of u-MWCNT, f-MWCNT, and HMDA,
(b) DTG curves of u-MWCNT, f-MWCNT, and HMDA

Fig. 4 Digital photographs of (a) NC05, (b) NC1, (c) NC2, and
(d) NC05m. Agglomerates are more evident in (b) and (c). All
photographs have the same magnification
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are marked by arrows for visual detection) are seen to

be uniformly scattered throughout the matrix. The

exposed (pull-out) portions of the amine-functional-

ized nanotubes are also covered with the polymeric

matrix in Fig. 5c. In this case, the nanotubes are not

completely pulled out from the matrix (while nearly

complete pull-out of the nanotube is noticed in Fig. 5b)

implying greater anchoring and/or interactions as a

result of functionalization. Due to the presence of

amine functional groups, the anchoring/interacting

sites between the f-MWCNT and the polymer matrix

increase, and these increased interactions between the

f-MWCNT and the PA66 matrix are responsible for

the increased tensile properties of NC05m over those

of NC05 as mentioned later. Moreover, this favorable

interaction (polar–polar interactions between the

amine groups and the polar –CONH– groups along

the PA66 chain) results in increased compatibility

between the f-MWCNTs and the matrix leading to

better dispersion due to a lowering of the interfacial

tension. The average dimensions of the exposed

f-MWCNTs vary from 50 to 80 nm and this is ascribed

to the better dispersion than the u-MWCNTs. Repre-

sentative TEM images of NC05 and NC05m are shown

in Fig. 5d and e, respectively. It is evident that the

dispersion of the f-MWCNTs is better than that of the

u-MWCNTs and bundling is more for the u-MWCNTs

compared to f-MWCNTs. The curvy nature of both

types of nanotubes is evident from the TEM images.

However, the darkening of the f-MWCNT sidewalls

and tube ends indicate amorphous material originating

from the HMDA molecules bound to the defect sites

[25].

Representative AFM photographs of the composite

films are shown in Fig. 6a–c. AFM phase images of

NC05 and NC05m are shown in Fig. 6a and b,

respectively. The nanotubes in Fig. 6a appear to have

diameter of 20–40 nm (the values were obtained

quantitatively by AFM section analysis) and this

increase is due to the matrix covering the nanotubes.

The spaghetti-like structure of u-MWCNTs is clearly

perceptible in the bottom portion of Fig. 6a. Evi-

dently, some parts of the nanotube are above the film

surface and some parts are embedded within the

PA66 matrix. Some nanotube ends (which are per-

pendicular to the plane of the image) are also

noticeable in the same figure. The AFM phase image

of NC05m shown in Fig. 6b shows very uniform

distribution of the nanotubes in the matrix. The

section analysis of the amine-modified nanotubes

exhibits the diameter ranging from 20 to 30 nm.

Section analysis of nanotube-agglomerated region in

Fig. 5 SEM micrograph of
NC05 after tensile test in (a)
and zoom up of an individual
nanotube in (b). The portion
enlarged is marked in (a) by
an ellipse. (c) SEM
micrograph of NC05m after
tensile test. (d) TEM image of
NC05. (e) TEM image of
NC05m
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NC1 (Fig. 6c) gives the horizontal length (L) as

122 nm and this implies that several nanotubes are

bundled up within the matrix.

Dispersion and orientation of the nanotubes does

influence the mechanical performance and hence, the

dispersions were checked over a large number of

Fig. 6 (a) AFM phase image
of NC05. (b) AFM phase
image of NC05m. (c) AFM
section analysis of NC1
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samples. Both the TEM and AFM images do not

reveal any preferred orientation of the nanotubes and

functionalization does not change the picture. The only

aspect affected is that the dispersion probably gets

better with functionalization of the nanotubes and this

gets reflected in the tensile and dynamic mechanical

properties.

WAXS was used to investigate the changes in

crystalline structure of the MWCNT/PA66 films. Usu-

ally, the appearance of peaks at 2h values of ~20.2� and

23.6� signifies the existence of the a-phase in PA66. It

has been reported that PA66 exists in the a- and b-

crystalline forms at room temperature [30]. However,

PA66/clay nanocomposites under certain circum-

stances give rise to the c crystalline phase (consisting

of the c1 and c2 peaks) along with the a phase

(consisting of a1 and a2 peaks) at room temperature

[31]. The WAXS scans of the annealed films stacked in

Fig. 7 show the presence of the a1, a2, c1, and c2 peaks

at ~20.3�, 23.6�, 13.6�, and 22.0�, respectively. The a1

peak arises from the distance between the hydrogen-

bonded chains while the a2 peak arises from the

separation of the hydrogen-bonded sheets. The a1

peak intensity is more than that of a2 peak in all the

films. The variation in the peak positions for the

films—NC0, NC05, NC1, NC2, and NC05m are negli-

gible (within ±0.1 and hence within experimental

error) and hence not reported here. However, the

presence of the c1 and c2 peaks in all the samples

proves that it is an artifact of the solution casting and/

or the thermal history and not due to the presence of

MWCNT in the PA66 matrix. The presence of the

(002) peak intensity at ~26� (2h) due to the MWCNTs

[32] is almost non-existent due to the low level of CNT

loading and does not seem to affect the WAXS profiles

of PA66.

The relative crystallinity values from the WAXS

scans are mentioned in Fig. 7 against the correspond-

ing curves. NC05m, which contains f-MWCNTs, shows

the highest crystallinity content of 40% among all the

films. It is further observed that the crystallinity

increases from 36% to 38% in the films NC0 and

NC05 and then again decreases from 37% to 35% in

the films NC1 and NC2. Further support for the WAXS

results come from the DSC scans.

The DSC first heat provides useful information

about the polymer crystallization that has occurred due

to the thermo-mechanical processing of the polymer.

Figure 8a shows the first heating DSC traces of the

films where the change in the enthalpy values (DHEXP)

and the variation of melt temperature (Tm) can be

noted with MWCNT loading. Since the films were

annealed, the DSC first heating traces help in under-

standing the role of MWCNTs in inducing crystallinity

changes in the PA66 matrix. Among all the films,

NC05m shows the highest DHEXP value and thus the

highest crystallinity. The crystallinity values of NC0,

NC05, NC1, NC2, and NC05m calculated using Eq. 2

(the DHEXP values were corrected by linear weighted

averaging of the PA66 and MWCNT weight contribu-

tions) were 41%, 47%, 43%, 37%, and 51% respec-

tively. This trend mirrors the crystallinity trend from

the WAXS studies. However, the melt temperatures

(Tm) show no significant difference.

The DSC second heating scans of the polymer films

are shown in Fig. 8b and evaluate the effect of

MWCNTs on the films which have been subjected to

an equivalent thermal history. Here also, the film

containing 0.5 wt% f-MWCNT loading exhibits the

highest enthalpy value of 84 kJ/kg. The percent crys-

tallinity calculated for NC0, NC05, NC1, NC2, and

NC05m are 35%, 42%, 36%, 35%, and 44%, respec-

tively. Therefore, at equivalent thermal histories, the

0.5 wt% f-MWCNT loaded film exhibits more crystal-

linity than the u-MWCNT loaded films. As observed in

the first heating runs, the variation in Tm remains

marginal also in the second heating runs.

The crystallization exotherms of the films are

compared in Fig. 8c. The onset (Tonset) and peak (Tp)

temperatures and heat of crystallization (DHC) of the

films are mentioned against the curves in Fig. 8c. It is

observed that the crystallization temperature (Tp)

increases marginally with the introduction of the

nanotubes indicating that nanotubes nucleate crystal-

lization. Functionalization of the nanotubes leads to a
Fig. 7 WAXS profiles of the annealed films. The curves are
vertically offset for clarity
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far greater extent of nucleation than the unfunction-

alized nanotubes (at equivalent nanotube loading, i.e.,

at 0.5 wt% loading). Most probably, better dispersion

of the f-MWCNTs leads to generation of more acces-

sible heterogeneous nucleation sites and thus NC05m

film has the higher heat of crystallization than the

NC05 film. Further, the onset temperature has also

increased for all the nanotube loaded films compared

to neat PA66 indicating that the composite films start

crystallization at higher temperature than the neat

PA66 film (i.e., NC0) does. However, even though the

u-MWCNTs induce nucleation in PA66, the very high

aspect ratios and most probably interfacial interactions

between MWCNTs and the amide groups situated

along the PA66 chains result in confinement and

restriction of the movement of the PA66 molecules

leading to lower crystallization rates in the PA66/

MWCNT composite films. This restriction in the

movement of the PA66 molecules probably increases

with the concentration of u-MWCNT and this ulti-

mately leads to a lowering of the overall crystallinity in

the NC1 and NC2 composite films after the initial

crystallinity increase in NC05 composite film. Similar

interfacial interactions between MWCNT and EVA

(ethylene-co-vinyl acetate copolymer) leading to lower

crystallization rates have been reported by Li et al.

[33].

Typical stress–strain curves for the DAM films are

presented in Fig. 9a and maximum tensile stress,

Young’s modulus and elongation at break (EB)

behavior for all the films are compared in Fig. 9b.

The tensile property values for neat PA66 shown in

Fig. 9b are considerably lower than that for injection-

molded bulk specimen data of the manufacturer (the

DAM yield stress and Young’s modulus values of neat

Zytel 101L are 83 and 3,100 MPa, respectively) [34].

This is probably due to sample preparation by com-

pression molding technique and the molding conditions

[24]. All the MWCNT/PA66 composite films show an

increase in Young’s modulus over neat PA66 film.

CNT acts as the hard phase in the soft polymeric phase

and so addition of CNT would result in the increase of

modulus of the composite. The modulus value of

NC05m is highest among all the films studied (~32%

increase over NC0 and ~16% increase over NC05) and

this can be ascribed to maximum crystallinity and best

dispersion among all the nanotube-reinforced films. It

is well known that in semicrystalline polymers like

PA66, the crystallinity plays a major role in shaping the

mechanical properties. Further, the increased interac-

tions between amine groups on the f-MWCNT surface

and the PA66 as mentioned previously leads to better

interfacial adhesion favoring stress transfer from the

matrix to the f-MWCNTs. Among the u-MWCNT

Fig. 8 (a) DSC curves
obtained from the first
heating scan for the films. (b)
DSC curves obtained from
the second heating scan for
the films. (c) Non-isothermal
crystallization thermograms
of the films at a cooling rate
of 10 K mn–1
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reinforced composite films, the Young’s modulus value

reaches a maximum for the NC05 film and then drops

gradually to lower values for the higher CNT loadings

of 1 and 2 wt%. With a very small loading of 0.5 wt%

u-MWCNT, the crystallinity has been shown to

increase as already mentioned in the discussion under

WAXS and DSC results. This increase in crystallinity

in NC05 leads to an increased modulus value over

NC0, NC1, and NC2. The increase in modulus for the

NC05 film over NC0 is ~14% while the improvements

are ~ 9% and 8%, respectively for NC1 and NC2 over

NC0. It is well known that for effective reinforcement,

good nanotube dispersion is necessary.

The effect of functionalization is also evident in the

maximum tensile stress (MTS) trend. The increase in

MTS of NC05m is ~43% while that of NC05 is ~24%

over NC0. In spite of the not so excellent nanotube

dispersion in the films having u-MWCNT loadings of 1

and 2 wt%, the modulus and MTS values are more

than that of neat PA66 film. Both modulus and MTS

should have increased with increasing CNT loading but

due to poor dispersion the values are lower than those

obtained with CNT loading of 0.5 wt%. Also, the

crystallinity decreases with nanotube loading after

0.5 wt%. Bhattacharya et al. [29] reported no improve-

ment in the tensile properties of SWCNT loaded

polypropylene composite and they had attributed this

to the presence of large nanotube aggregates due to

poor dispersion of the SWCNT in the polymer matrix.

In the present work, all the MWCNT loaded films

exhibited lower EB values than the neat film and this

means that the composites become brittle with increas-

ing nanotube loading. The data for NC1m suggests that

the tensile properties of the functionalized MWCNT

loaded PA66 films plateau out at 1 wt% f-MWCNT

loading.

The variation of tan d and storage modulus (E’) with

temperature for the films are shown in Fig. 10a and b,

respectively. The glass transition temperature (Tg) of

NC0 occurs at ~349 K and for NC05, NC1, NC2 and

NC05m the Tg does not vary much. So the presence of

nanotubes in the matrix does not affect the tan d peak

position. However, the tan d peak heights of NC05 and

NC05m are significantly lower than that of NC0 (inset

of Fig. 10a). The peak height of NC05m is lower than

that of NC05. In semicrystalline polymers like PA66, a

decrease in tan d peak height implies an increase in

crystallinity [35] and evidence for the crystallinity

increase comes from the WAXS and DSC studies. It is

seen that the storage modulus (E¢) values for all the

nanotube loaded films are above that of the neat film in

the temperature range of 298–473 K and can be

explained on the basis of both crystallinity and rein-

forcing action of nanotube loading. Among all the

films, NC05m exhibits the highest E¢ value and this

may be reasoned on the basis of increased crystallinity

resulting from the good dispersion of the nanotubes in

the matrix due to functionalization of the nanotubes.

The storage modulus value of NC05 is next to that of

NC05m and this is due to the lower crystallinity as a

result of dispersion of unfunctionalized nanotubes. The

E¢ value of NC1 is higher than that of NC2 and this

may be due to better dispersion of nanotubes in the

former as evidenced from Fig. 4. The remarkable

Fig. 9 (a) Typical engineering tensile stress-strain curves for the
as-prepared DAM films. (Those curves which had their maxi-
mum tensile stress values closer to the mean maximum tensile
stress values were chosen as the representative stress-strain
curves.) (b) Comparison of maximum tensile stress (MTS),
Young’s modulus and elongation at break (EB) for the
as-prepared DAM films
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feature of all the nanotube loaded films are that the E’

values are significantly higher than the neat PA66 film

even at higher temperatures. Schaffer et al. [8]

reported a similar improvement of E¢ values at higher

temperatures in CNT reinforced poly (vinyl alcohol)

composite films. At Tg, the E¢ values for NC05m,

NC05, NC1, and NC2 are greater than the E¢ value of

NC0 by ~62%, 51%, 35%, and 27%, respectively, and

at 453 K, the corresponding increases are ~182%,

141%, 114%, and 87%, respectively. Thus the small-

strain mechanical responses of the polymer with and

without nanotubes corroborate the trend in the large-

strain findings from the tensile tests.

The water uptake characteristics of unannealed films

are compared in Fig. 11. It is observed that the water

absorbing tendency progressively decreases by ~3.0%,

6.5%, and 10.0% with increasing u-MWCNT loading.

NC05m exhibits ~6% lower water uptake than NC0

and this is ~3.0% lower than the water uptake of NC05.

Lower water absorption is a key property improvement

especially for polyamides like PA66. The nanotubes

probably impede the penetration of the water mole-

cules and this leads to decreased water absorption.

With functionalization, the nanotubes are better dis-

persed in the PA66 matrix and hence NC05m shows

increased resistance to water absorption than NC05.

Conclusions

MWCNTs were functionalized by direct amination

with HMDA. The unfunctionalized and functionalized

MWCNT/PA66 composite films were prepared by

solution casting followed by compression molding.

SEM, TEM, and AFM reveal that the 0.5 wt%

f-MWCNTs are more homogeneously distributed than

0.5 wt% u-MWCNTs in the PA66 matrix. AFM studies

revealed that the CNT dispersion deteriorated with

increasing unfunctionalized CNT loading. Functional-

ization of the nanotubes leads to increase in percent

crystallinity as evidenced from both WAXS and DSC

studies. With a very low loading of 0.5 wt%

u-MWCNT in PA66, the maximum tensile stress and

Young’s modulus improved over the neat PA66 film by

~24% and 14%, respectively. Further CNT loading

does not improve these tensile properties over NC05

and this is explained on the basis of dispersion problem

of the CNTs in the PA66 matrix and also due to the

crystallization behavior of the MWCNTs. However,

PA66 loaded with 0.5 wt% f-MWCNT exhibited ~15%

improvement in maximum tensile stress and ~16%

improvement in modulus over NC05. The presence of

the nanotubes increases the stiffness of the composite

Fig. 11 Water uptake characteristics of the unannealed films

Fig. 10 (a) Tan d curves for the DAM films. Inset compares the
height of NC0, NC05, and NC05m. (b) Storage modulus (E¢)
curves of the DAM films
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particularly at higher temperatures as reflected from

the storage modulus values. Water absorption de-

creases remarkably with increasing nanotube concen-

tration and more so at equivalent loading for the

functionalized nanotubes over the unfunctionalized

ones. This work probably paves the path for preparing

stronger lightweight PA66-based nanocomposites suit-

able for use as advanced composites.
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