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Polyamide-6-based composites
reinforced with pristine or functionalized
multi-walled carbon nanotubes produced
using melt extrusion technique

Nasir Mahmood1, Mohammad Islam2,3, Asad Hameed2,
Shaukat Saeed4 and Ahmad Nawaz Khan2

Abstract

Polyamide-6-based composites with pristine or functionalized multi-walled carbon nanotubes were produced using melt

extrusion technique. After chemical functionalization, defect formation and attachment of carboxylic (�COOH) or

amine (�NH2) groups on carbon nanotubes was confirmed from high-resolution transmission electron microscope

and Fourier transform infra-red spectroscope studies. Carbon nanotubes incorporation promoted growth of a-form

crystals with enhanced thermal stability through increase in crystallization temperature from 162 to 192�C. Dynamic

mechanical thermal analysis (DMTA) indirectly pointed out to a homogeneous, uniform dispersion of nanotubes with

reduction in free volume of the polymer, exhibiting a slight increase in glass transition temperature and a significant drop

in coefficient of thermal expansion value. Composites containing 0.5 wt% NH2-carbon nanotubes show increases in

elastic modulus and tensile strength by �60 and 76%, respectively. Uniform dispersion and high interfacial strength was

manifested by drop in strain to failure and lack of evidence of carbon nanotubes debonding from the matrix.
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Introduction

Multi-walled carbon nanotubes (MWCNT) can be con-
sidered as coaxial cylinders of rolled graphene sheets,
with inter-cylinder spacing in the range of 0.342 to
0.375 nm1 depending on the diameter, and lengths of
up to several millimeters. Beside outstanding electrical,
optical, thermal, and magnetic properties, these nano-
tubes also offer exceptional mechanical properties as
manifested by measured values of Young’s modulus
and tensile strength to be 1.2 TPa and 50–200GPa,
respectively.2 Thus, MWCNT being one-dimensional
structures with high-aspect ratio have strong potential
both as a replacement of conventional fibers and as an
added nanofiller along with woven or laminated fibers,3

in polymer-based composites with resulting advantages
of similar or better mechanical properties through
much less degree of nanotubes loading. MWCNT use
as reinforcement in a polymer matrix can lead to devel-
opment of composites that are easy to process, flexible,
chemically inert, and have low weight. Since CNTs

have extremely high surface area, they tend to agglom-
erate due to weak van der Waals forces. Also, the
hydrophobic nature of nanotubes results in poor inter-
face formation between MWCNT and the polymer.
Thus, in order to ensure a homogeneous, agglomera-
tion-free dispersion within the polymeric matrix and to
have reasonable interfacial strength, the surfaces of
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nanotubes must be modified. Based on the nature of
CNT/polymer interaction, there are four strategies for
nanotube mixing or dispersion namely; covalent link-
age, non-covalent blending or mixing, specific adsorp-
tion or assembly, and compounding of previously
functionalized CNT.4 Whereas approaches involving
physical adsorption such as van der Waals forces
and/or p–p stacking are not damaging to the nanotubes
and facilitate re-dispersion, they result in weak CNT
interaction with the polymer, while the converse is
true for chemical and defect functionalization routes.5

Among several thermoplastic polymers, polyamide
commonly known as nylon is the most versatile poly-
mer offering more strong interactions with nanotubes
than other polymers. Polyamide-6 (PA6, polycarpolac-
tam) is one of the most widely used materials in engin-
eering products and is therefore being aggressively
explored for reinforcement with different types of nano-
tubes.6–10 Primarily, efforts have focused on pristine or
purified MWCNT incorporation with melt processing
route found to yield better results,7,11 presumably due
to application of intense shear forces during blending of
nanotubes with the polymer melt that enhances disper-
sion as well as induces some degree of alignment among
nanotubes. Yu et al.12 reported an increase of �27% in
thermal conductivity and an increase in glass transition
temperature by 10�C upon 2.1wt% pristine MWCNT
addition into PA6, with an associated increase in crys-
tallinity. Another study reported a three-fold increase
in the values of modulus of elasticity and tensile
strength through aligned MWCNT use and stretching
of the resulting CNT/Nylon 6,6 composites.13

In this paper, we report fabrication of CNT/PA6
composites through incorporation of pristine or func-
tionalized nanotubes with relatively low loading. Using
melt extrusion technique, composites with certain load-
ing levels of pristine or functionalized (with carboxylic
acid –COOH or amine –NH2 groups) were produced
and investigated for structural, compositional, thermal,
and mechanical properties. The modification of tensile
properties including modulus of elasticity, tensile
strength, and strain to failure with respect to neat
PA6 are described and discussed.

Experimental

All the chemical reagents used for purification and
attachment of functional groups such as hydrochloric
acid (HCl), nitric acid (HNO3), sulfuric acid (H2SO4),
tetrahydrofuron (C4H8O), thionyl chloride (SOCl2),
and ethylenediamine (C2H4(NH2)2) were of analytical
grade with purity level of >99.99%. MWCNT were
purchased from Sun Nanotech Company, China, and
used either in as-received form or after functionaliza-
tion. Commercially available PA6 was procured from

local market and was used without any further pre-
treatment.

CNT functionalization

A total of 3 g MWCNT were refluxed with HCl at 80�C
for 6 h and filtered followed by addition into HNO3 and
H2SO4 mixed solution (1:3 v/v ratio). After ultrasonic
vibration for 2 h and magnetic stirring at 50�C for 1 h,
the reflux reaction was carried out at 85�C for 12 h. The
MWCNT/acid mixture was washed with distilled water
for several times till a pH of �7 was obtained. The
filtrate containing COOH-functionalized MWCNT
was dried in oven at 110�C for 12 h. Heat treatment
at 350�C for 30min was performed to ensure removal
of any traces of acids. After grinding of the dried mater-
ial for 15min, a black powder was obtained; 0.7 g of
this powder was added in 250mL of SOCl2 and soni-
cated for 1 h. Substitution of –COOH by –OCl group
was ensured through reflux process at 60�C for 24 h.
After SOCl2 evaporation, any traces of excess SOCl2
were removed using C4H8O (40mL), followed by
vacuum drying at 50�C for 1 h. To produce NH2–func-
tionalized CNT, 1 g of dry powder was dispersed in
C2H4(NH2)2 and mixed ultrasonically for 6 h. The
refluxing treatment at 85�C for 48 h led to attachment
of amine group to the nanotubes. Ethylenediamine was
evaporated at 80�C under vacuum and the resulting
black residue was thoroughly washed in ethanol.
Oven drying at 100�C for 2 h was carried out to extract
amine-functionalized (N-CNT) nanotubes. Throughout
this paper, pristine, carboxylic-, and amine functiona-
lized MWCNT are referred to as P-CNT, C-CNT, and
N-CNT, respectively.

Melt processing of CNT/PA6 composites

As opposed to solution mixing technique, melt extru-
sion process for fabricating composites does not result
in voids in the final product. In our case, minilab
HAAKE Twin Extruder Mixer (Thermo scientific)
was used for making composites with different CNT
loadings. The process involved mixing 10 g of com-
mercially available PA6, in granular form, with 0.5
or 1.0wt% of P-CNT, C-CNT, or N-CNT nanotubes
at 250�C temperature and a screw speed of 40 r/min.
To ensure homogeneous dispersion and a significant
degree of alignment, the procedure was repeated 6
times for each sample. The fibers so obtained were
used for various analytical studies. Using HAAKE
MiniJet Piston Injection Molding System (Thermo sci-
entific), moulds were made for tensile testing. The
samples were heated to 250�C and subsequently
injected into the mould at 250 bar pressure. For
dynamic mechanical analysis (DMA) studies, 0.3-mm
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thick sheets were formed using hot press at 230�C and
400 bar pressure.

Characterization

P-CNT and the fractured surfaces of various CNT/PA6
composites were examined under scanning electron
microscope (SEM) (JEOL JSM 6460) and high-resolu-
tion transmission electron microscope (HRTEM)
(Hitachi HNAR9000). The phase analysis was per-
formed using X-ray diffraction (XRD) (STOE Stadi
MP), while the melting point and the crystallization
temperature were measured using differential scanning
calorimeter (DSC) (Mettler Toledo DSC 823e) under
nitrogen flow. The information regarding attachment
of various functional groups to the nanotube surface
and the chemical nature of composites surfaces was
retrieved from attenuation-total-reflection, Fourier
transform infra-red spectroscope (ATR-FTIR)
(JASCO FTIR-4100). Thermal analysis of the compos-
ites was carried out by operating thermogravimetric
analyzer (TG/DTA) (TA Instruments Pyris 1 diamond
Q5000IR) at a rate of 10�C/min in nitrogen
atmosphere.

Mechanical testing

In accordance with ASTM D-638 standard Type I, all
the dogbone specimens for tensile testing had a gage
length of 20mm. The ASTM standard followed is tech-
nically equivalent to ISO 527-1. The tests were carried
out on a universal testing machine (TINIUS OLSEN
4465) at room temperature and cross-head speed of
5mm/min. For each sample composition, at least
three tests were conducted and the values of Young’s
modulus, tensile strength, and percent elongation were
averaged.

DMA studies were carried out on TMA (Perkin
Elmer, Q400), a machine that is capable of performing
both DMA and thermomechanical analysis (TMA).
The specimens were in the shape of thin sheets with
approximate dimensions of 20� 3� 0.3mm. During
the tests, the specimens were heated from room tem-
perature to �220�C at heating rate and frequency of
3�C/min and 1Hz, respectively.

Results and discussion

Structural, chemical, and compositional
characterization

The SEM image of the P-CNT is shown in Figure 1(a).
The CNT diameter was found to be in the range of �30
to 40 nm with an average diameter of �34 nm.
The length of the nanotubes was measured to be of

the order of few microns. Low and high magnification
HRTEM images of an individual nanotube are pre-
sented in Figure 1(b), (c). It is evident that strong oxi-
dizing agents (H2SO4 and HNO3) produce oxygenated
sites as defects on the sidewalls of the CNTs. The dis-
continuity in the outermost shells and slight detach-
ment from inner shells, as evident in Figure 1(c), is
indicative of defects generated on the outer surface
due to ultrasonication treatment.5 This finding is also
supported by Raman spectra (not shown here) that
exhibited an increase in the intensity of D band repre-
sentative of disordered sp3 carbon on CNT. The
absence of catalyst nanoparticles during TEM examin-
ation confirmed their removal during initial treatment
with HCl. Comparison of FTIR spectra for pristine and
functionalized CNT (not shown here) also confirmed
attachment of desired functional groups.

The chemical nature of the neat PA6 and CNT/
PA6 composites was explored using FTIR studies.
Due to small loading level of nanotubes into poly-
amide matrix and the similarities in chemical compos-
ition of the matrix and the nanotubes, however, the
signature spectra do not significantly differ. The char-
acteristic FTIR spectra for neat PA6 and 0.5N-CNT/
PA6 composite samples are shown in Figure 2. The
major absorption band located at 3298 cm�1 can be
attributed to N–H stretching mode vibrations from
nylon matrix. The presence of two main bands at
2931 and 2860 cm�1 is due to asymmetric and symmet-
ric stretching vibrations of H–C–H groups. The
absorption band at 1635 cm�1 represents amide I
(C¼O stretching vibrations), whereas stretching fre-
quency observed at 1540 cm�1 corresponds to amide
II (a combination of N–H bending vibration and
stretching vibration of the C–N bond) and/or CH2

asymmetric deformation. In addition to these bands,
the respective positions and the chemical moieties
responsible for appearance of several other bands
are described as follows: 3084 cm�1 (C–H asymmetric
stretching); 1462 cm�1 (C¼C atomic stretching);
1431 cm�1 (N–H deformation/CH2 scissoring);
1264 cm�1 (–S¼O); 1171 cm�1 (C–C–H symmetric
bending/CH2 twisting); 1110 cm�1 (C–C–H symmetric
bending); 1082 cm�1 (–OH); 1052 cm�1 (C–O, –OH);
730 cm�1 (N–H wagging/CH2 rocking); 630 cm�1

(C–C bending); 583 cm�1 (O¼C–N bending).14–17

XRD studies of the neat PA6 sample revealed pres-
ence of a main peak and two surrounding shoulder
peaks, as shown in Figure 3. The strong peak centered
at 21.28� represents g form crystals, whereas the other
two peaks are characteristic of a form. The diffraction
peaks representative of a form crystals indicate reflec-
tions from (200) and (002, 022) planes corresponding to
2y values of 20.48� and 23.24�, respectively. It is, there-
fore, concluded that neat PA6 composed of a mixture
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of a and g crystalline forms with g being the principal
phase. It is noteworthy that a is the thermodynamically
stable phase consisting of sheets of hydrogen-bonded
chains that are packed in an anti-parallel fashion,
whereas the g-phase is the least stable phase formed
as a result of random hydrogen bonding between par-
allel chains.11 The incorporation of CNTs, whether
pristine or functionalized, in small amount was found
to influence the crystalline nature of PA6 in such
manner that the peaks characteristic of the a form crys-
tals became more intense, diminishing the peak indica-
tive of g form crystals. Thus, the composites were found
to be predominantly composed of a phase crystals. The
degree of crystallinity was noticed to increase upon
increasing the CNT content from 0.5 to 1.0wt%.
Also, in case of functionalized CNT, the reflection
from (002, 220) was greater in intensity than that
from (200) plane. Thus, MWCNT presence enhances
degree of crystallinity and stability of the resulting com-
posites through formation of a form crystals by provid-
ing nucleation sites for end-tethering of a form crystals.
No diffraction peaks characteristic of MWCNT were

seen in the spectra obtained. Using Sherrer equation
(t¼ 0.94 �/� cos y), the crystallite size (t) corresponding
to a200, a002, 220, and g002 diffraction peaks was deter-
mined for all the samples, as listed in Table 1. The value
of t was noticed to increase from �2.2 to 7.8 nm upon
CNT addition, indicating enhancement of degree of
crystallinity due to CNT incorporation. Similar behav-
ior was reported in case of nylon 66/MWCNT
composites.18

Thermal properties

Thermal stability of the neat as well as PA6 composite
samples with different MWCNT types and loadings
was assessed for a temperature range of ambient to
600�C. No drastic reduction in weight was observed
for temperatures up to �400�C, although composites
containing P-CNT exhibited greater thermal stability.
As shown in Figure 4, the thermogram of the
0.5 P-CNT/PA6 composite indicates that the onset of
decomposition occurs at a higher temperature than that
for other compositions, implying greater degree of

Figure 1. (a) SEM microstructure of the as-received MWCNT and (b), (c) low and high magnification HRTEM images of a MWCNT

after –COOH group functionalization.

SEM: scanning electron microscope; MWCNT: multi-walled carbon nanotubes; HRTEM: high-resolution transmission electron

microscope.
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thermodynamic stability. Whereas incorporation of
P-CNT by 0.5wt% into PA6 matrix delayed thermal
degradation by up to 10�C, addition of 0.5wt%
N-CNT caused slight deterioration in thermal

properties of the resulting composite as compared to
neat PA6. Thus, addition of P-CNT leads to an
improvement in thermal properties through enhanced
degree of crystallization and preferential formation of a
form crystals. Further increase in loading of P-CNT to
1.0wt% results in similar or slightly better thermal
attributes, probably due to difficulties in uniform dis-
persion of nanotubes in the PA6 matrix. Since functio-
nalization of the nanotubes introduces defects on the
sidewalls of the nanotubes and reduces their length as
well,19 deterioration in thermal stability compared to
neat PA6 samples is noticed owing to the presence of
these defects and breakdown of attached functional
groups. Thermal properties obtained from DSC,
DMA, and TMA studies are presented in Table 2.

The effect of pristine or functionalized CNT on crys-
tallization and melting behavior of PA6 was investi-
gated using DSC. Figure 5(a) shows the
crystallization behavior of neat polyamide and its com-
posites containing 0.5wt% P-CNT or N-CNT loading
while cooling from 270�C to room temperature at
10�C/min. The presence of pristine or functionalized
CNT in PA6 cause an increase in the crystallization
temperature (TC) from 163 to 193�C. This improvement
in the value of TC clearly indicates that CNT act as a
nucleating agent for the PA6 matrix. Interestingly, the
degree to which an increase in crystallization

Figure 2. FTIR spectra of neat PA6 and 0.5 N-CNT/PA6 composite samples.

FTIR: Fourier transform infra-red spectroscope; PA6: polyamide-6.

Figure 3. X-ray diffraction spectra of neat PA6 and various CNT/

PA6 composites.

CNT: carbon nanotubes; PA6: polyamide-6.

Mahmood et al. 1201
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temperature is observed, i.e. by �30�C, is the same
regardless of surface of the nanotubes (unmodified or
modified through functionalization treatment), indicat-
ing both similar level of affinity exhibited by PA6 to the
nanotubes, and uniform, homogeneous dispersion of
the nanotubes in the matrix for such loading.
Although the value of TC for neat PA6 samples, as
determined during this study, is in the same range as
reported in literature, it is strongly influenced by the
cooling rate.4 Also, in contrast with earlier findings,20,21

a second crystallization peak was missing from the
thermogram, presumably due to the relatively low load-
ing level of the nanotubes. Figure 5(b) shows the melt-
ing behaviour of neat and composite PA6 samples upon
heating to 270�C at a rate of 10�C/min. For all com-
positions, the melting peak appears at �220�C with
decrease in intensity upon CNT incorporation (pristine
or functionalized) that is indicative of relatively less
ordered packing or small size of the crystallites. The
DSC data exhibited a single melting peak for all the
samples, which is consistent with the findings of Liu
et al.11 Moreover, this single melting peak pertains to
the presence of only a form crystal of PA6 upon inclu-
sion of any CNT type. Furthermore, although there is a
small exothermic peak present in the neat PA6 sample,
the same peak is absent in the composites. The exother-
mic peak in neat PA6 depicts rearrangement of crystals
or recrystallization during heating cycle of the DSC
studies, however, due to the CNT nucleating effect,
such exothermic peak does not appear in the CNT/
PA6 composites.

Mechanical properties

The mechanical properties of the PA6 and P-CNT/PA6
composites were investigated using DMA. The graph-
ical form of the tangent delta (tan d, the ratio of loss
modulus to the storage modulus, i.e. tan d¼G"/G’)
versus temperature data, as shown in Figure 6(a), was
utilized to determine glass transition temperature (Tg).

Table 1. Sample identification and crystallite size correspond-

ing to different crystallographic peaks as determined using

Scherrer equation for neat and composites PA6 samples.

Sample ID CNT type CNT (wt%)

Crystallite

size (thkl) nm

t200 t002, 220

PA6 � 0 2.2 2.5

0.5 P-CNT/PA6 Pristine 0.5 7.8 6.5

1.0 P-CNT/PA6 Pristine 1.0 3.4 4.2

0.5 C-CNT/PA6 –COOH 0.5 5.4 5.3

0.5 N-CNT/PA6 –NH2 0.5 5.5 5.6

CNT: carbon nanotubes; PA6: polyamide-6; P: pristine; C: carboxylic;

N: amine.

Figure 4. TGA thermograms of neat polyamide and different

CNT/PA6 composites showing overall thermal behavior and

comparison at the onset of thermal degradation (inset).

CNT: carbon nanotubes; PA6: polyamide-6; TGA: thermogravi-

metric analysis.

Table 2. Thermal and mechanical properties of neat and composites PA6 samples.

Sample ID
Thermal properties Mechanical properties

TC (oC) Tm (oC) Tg (oC) CTE (ppm/oC) E (GPa) %E change �TS (MPa) "f (%)

PA6 162.5 220.8 62.5 0.435 1.66 � 39.3 34.0

0.5 P-CNT/PA6 192.6 219.3 63.5 0.413 2.05 þ23.5 55.2 5.5

1.0 P-CNT/PA6 0.302 2.28 þ37.3 64.9 2.0

0.5 C-CNT/PA6 2.36 þ42.2 68.0 2.0

0.5 N-CNT/PA6 192.1 223.7 64.7 2.66 þ60.2 69.1 1.5

CNT: carbon nanotubes; PA6: polyamide-6; P: pristine; C: carboxylic; N: amine; TC: crystallization temperature; Tm: meltng temperature; Tg: glass

transition temperature; CTE: coefficient of thermal expansion; E: Elastic modulus; �TS: tensile strength; "f: strain at fracture.

1202 Journal of Composite Materials 48(10)
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The Tg value for neat PA6 is 62.5�C, which increases to
63.5 and 64.7�C, respectively, upon incorporation of
pristine MWCNT with relatively low loading levels of
0.5 and 1.0wt%. This trend is consistent with other

finding for CNT/PA6 composites.22 The incorporation
and good dispersion of the nanotubes into the PA6
matrix enhances the degree of their mutual interaction,
thus causing severe constraint on the motion of

Figure 5. (a) DSC heating thermograms of neat and composite PA6 samples indicating onset of melting, and (b) DSC cooling curves

showing crystallization behavior of PA6 composites with 0.5% P-CNT or N-CNT.

CNT: carbon nanotubes; DSC: differential scanning calorimeter; PA6: polyamide-6; TGA: thermogravimetric analysis.

Figure 6. (a) Tan d versus temperature for neat PA6 and P-CNT/PA6 composites and (b) change in dimension as a function of

temperature as produced by thermomechanical analysis for computation of CTE values.

CNT: carbon nanotubes; PA6: polyamide-6.
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polymer chains with an associated increase in the Tg

value. Generally, an increase in Tg value also predicts
improved elastic modulus and tensile strength levels in
composites. The TMA studies led to estimation of coef-
ficient of thermal expansion (CTE) using change in
dimension as a function of temperature. The change
in dimension versus temperature data for neat and
composite polyamide samples is presented in Figure
6(b). From the slope of the linear segment, the value
of CTE was computed. With increase in loading level of
pristine CNTs, a decrease in CTE values was noticed.
The findings confirmed resistance to relaxation imposed
by uniformly dispersed nanotubes in the polymer
matrix. With addition of only 1.0% P-CNT, the CTE
value dropped significantly from 0.435 for neat PA6 to
0.302 (10�6/�C).

Results from tensile testing of the neat PA6 and
composite specimens indicated increases in the values
of modulus of elasticity (E) and tensile strength (�TS)
upon MWCNT incorporation. Although addition of
any type of MWCNT, whether pristine or functiona-
lized, led to improvement in tensile properties, among
all compositions, maximum degree of enhancement was
observed in case of 0.5N-CNT/PA6 specimens, where
an improvement by� 61 and 76% was recorded in E
and �TS values, respectively. The data obtained from
tensile testing is graphically presented in Figure 7(a),
whereas percent change in E and �TS values with
respect to neat PA6 and strain to failure are listed in
Table 2. The reported values for each composition were
averaged from five trial runs and the standard deviation
was found to be up to �3% of the measured data. The

enhancement in E and �TS values can be attributed to
efficient load transfer from the matrix to reinforcing
nanotubes. Functionalization of nanotubes with either
carboxylic or amine group is believed to improve dis-
persion into the polymer matrix as well as enhance
load-bearing capacity of the composite, subsequently
leading to higher stiffness and strength levels. The
degree of change in mechanical properties is almost
the same for 1.0 P-CNT/PA6 and 0.5C-CNT/PA6 com-
posites, indicating more effectiveness of carboxylic
functionalized nanotubes with relatively less loading.
The results obtained are in agreement with an earlier
report on nylon 6 composites where an increase in
tensile modulus by �87% upon incorporation of
amine-functionalized CNT was reported.9 There is an
associated decrease in ductility as evident from drastic
reduction in strain to failure upon CNT incorporation,
as shown in graphical representation of data in
Figure 7(b). Adding as little as 0.5wt% of P-CNT
causes a drastic decrease in strain at fracture to an aver-
age value of �5.5%. In case of functionalized nano-
tubes, this value further dropped to about 2% or less.
It is speculated that whereas covalent functionalization
of nanotubes leads to higher interfacial strength and
subsequently efficient stress transfer mechanism, good
CNT dispersion within the PA6 matrix also imposes
extremely large constraint onto polymer chains due to
reduced free volume of PA6. Nevertheless, the synthesis
route adopted in this study indicated that melt com-
pounding technique yields composites with similar or
better mechanical attributes with much less nanotubes
loadings as compared to those prepared using in-situ

Figure 7. Mechanical properties of neat and composite PA6 specimens with different MWCNT types and loadings: (a) elastic

modulus and tensile strength and (b) strain at failure.

MWCNT: multi-walled carbon nanotubes; PA6: polyamide-6.
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polymerization technique.4 Composites with amine-
functionalized nanotubes exhibited better mechanical
properties than those with carboxylic-functionalized
CNT. Such behavior is due to more strong interfacial
strength and greater bond length due to double-bond
formation in case of N-CNT incorporation in contrast
with C-CNT, which yielded weak single bond and rela-
tively short bond lengths.23,24 The values of E, �TS, and
strain at fracture as well as percent increase with respect
to neat PA6 are listed in Table 2.

High-magnification surface microstructures of the
neat and composite polyamide samples after cryofrac-
ture in liquid nitrogen are shown in Figure 8. The
CNT incorporation appears to change the nature of
fracture from predominantly ductile with high degree
of roughness indicative of extensive plastic deform-
ation (Figure 8(a)) to brittle with a relatively smooth
surface as evident in case of PA6 composites rein-
forced with 0.5wt% of P-CNT, C-CNT, or N-CNT
(Figure 8(b)–(d)). The fractured surfaces of the com-
posites revealed MWCNT presence with varying attri-
butes. In case of 0.5 P-CNT/PA6 sample (Figure 8(b)),

the top central region shows a small cluster of few
nanotubes protruding out suggesting less uniform dis-
persion inside matrix and relatively less interfacial
strength compared with composites containing func-
tionalized CNT. Upon functionalization with car-
boxylic acid group, dispersion characteristics were
noticed to improve. Figure 8(c) shows 0.5C-CNT/
PA6 composite sample with several dots and segments
of nanotubes up to �0.5mm in length (indicated by
arrows). During application of tensile load, the CNTs
get stretched and eventually break leading to overall
failure of the composite without undergoing extensive
plastic deformation. In the absence of pull-out from
matrix, such failure should appear as a dot, represent-
ing the point where nanotubes break. The presence of
few nanotubes that seemed to have experienced
debonding and pull-out from PA6 matrix during ten-
sile testing, beside several dots indicative of CNT rup-
ture, implies less efficient load transfer from the PA6
matrix to the C-CNT. Amine-functionalization treat-
ment significantly improved CNT adhesion to PA6
through more intensive sidewalls modification and

Figure 8. High-magnification SEM microstructures of the surfaces after cryofracture in liquid nitrogen: (a) Neat PA6, (b) 0.5 P-CNT/

PA6, (c) 0.5 C-CNT/PA6, and (d) 0.5 N-CNT/PA6.

SEM: scanning electron microscope; CNT: carbon nanotubes; PA6: polyamide-6.
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subsequently very efficient load transfer from the
matrix to the CNT ensured formation of a dotted
structure for N-CNT-reinforced composites, as
shown in Figure 8(d). SEM studies of the fractured
surfaces support a trend of increasing degree of
improvement in tensile properties with associated
decrease in strain to failure upon MWCNT incorpor-
ation with extensive surface functionalization. Thus,
N-CNT-reinforced PA6 composites offer excellent dis-
persion characteristics and strong interfacial strength
between the nanotubes and the PA6 matrix. Although
pullout mechanism is dominant in strengthening of
the PA6 matrix, sword-in-sheath mechanism
(the MWCNT outermost shell remains attached to
the polymer; the inner tube(s) fracture and are
pulled out of this outer tube(s)) might also have a
contribution assuming some degree of alignment
between CNT was induced during melt extrusion.25

Conclusions

Polyamide matrix was reinforced with different
MWCNT types and 0.5 or 1.0wt% loading using
melt extrusion technique. HRTEM examination con-
firmed dissolution of catalyst nanoparticles and gener-
ation of defects on outermost surface of nanotubes as
induced by chemical functionalization, whereas attach-
ment of –COOH and –NH2 groups was indicated by
signature peaks in the FTIR spectra. Addition of as low
as 0.5wt% MWCNT was found to enhance degree of
crystallinity in the resulting composites through forma-
tion of more stable a–form crystals with nanotubes
offering nucleation sites for PA6. There is also an asso-
ciated increase in crystallite size upon CNT addition.
SEM examination of cryogenically fractured surface
pointed out to the formation of strong interface
between nanotubes and the nylon-6 matrix and conse-
quently effective load transfer from the matrix to the
reinforcing CNT, as manifested by little or no evidence
of nanotubes debonding from the matrix.

Thermogravimetric analysis revealed that thermal
stability of composites containing 0.5wt% P-CNT
improved as compared to neat PA6, while those with
1wt% P-CNT loading or functionalized nanotubes
slightly decreased due to defects on sidewalls and
attached functional groups. Addition of 0.5wt%
CNT increases the TC value from �162 to 192�C with
slight increase in Tm values. DMA and TMA studies
confirmed uniform dispersion of nanotubes within
matrix leading to reduced free volume of the polymer
caused by the restraining effect of nanotubes, as mani-
fested by small increase in Tg values and a significant
drop in CTE of the composites. For all composite com-
positions, the mechanical properties improved with a
corresponding decrease in plasticity. The introduction

of amine-functionalized nanotubes with loading
levels of 0.5wt%, however, produced composites
(0.5N-CNT/PA6) with respective E and �TS values of
2.66GPa and 69.1MPa, an increase by �60.2 and
75.8% when compared to neat PA6.

Among pristine (P), carboxylic- (C), and amine- (N)
functionalized CNT, incorporation of 0.5wt% P-CNT
into PA6 matrix imparts higher degree of improvement
in thermal properties through preferential nucleation and
growth of stable a form crystals and increase in crystallite
size. On the other hand, 0.5N-CNT/PA6 composites
show maximum increase in elastic modulus and tensile
strength values owing to efficient load transfer from
PA6 matrix to the CNT through uniform dispersion
and strong interfacial bonding with the PA6 matrix.
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