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ABSTRACT: Multiwalled carbon nanotubes (MWNTs)/nylon-6 (PA6) nanocomposites with different
MWNTs loadings have been prepared by the simple melt-compounding approach. A fine and homogeneous
dispersion of MWNTSs throughout PA6 matrix is observed by transmission electron microscopy. Scanning
electron microscopy observation on the fracture surfaces of the composites shows not only a uniform
dispersion of MWNTSs but also a strong interfacial adhesion with the matrix, as evidenced by the presence
of many broken but strongly embedded carbon nanotubes (CNTSs) in the matrix and by the absence of
debonding of CNTs from the matrix. Beadlike morphology is also observed along the stretched CNTs and
their bundles, probably indicating the anchoring locations of the CNTs defects (within the beads) along
the tubes where the PA6 matrix has strong interfacial interactions with the CNTSs, thus being favorable
to stress transfer from polymer to CNTs. Mechanical testing (by tensile and nanoindentation tests as
well as dynamic mechanical analysis) shows that, compared with neat PAG, the elastic modulus and the
yield strength of the composite are greatly improved by about 214% and 162%, respectively, with
incorporating only 2 wt % MWNTS. In addition, a unique crystallization and melting behavior of MWNTSs/
PA6 composites are observed and discussed by combining differential scanning calorimetry and X-ray
diffraction; that is, only the a-form crystals are observed in MWNTSs/PA6 composites, which is quite
different from the case observed in PA6/clay nanocomposites.

Introduction

On the basis of their unique and remarkable mechan-
ical and electrical properties of carbon nanotubes (CNTS),
many structural and smart applications of CNTs have
been proposed, including quantum wires, tiny electronic
devices, heterojunction devices, and electron emitters
as well as lighter, smaller, and higher performance
structures for aerospace and many other industrial
fields.12 Among them, one of the most intriguing ap-
plications of CNTs is the polymer/CNTs nanocom-
posites.®~1* The combination of high aspect ratio, small
size, very low density, and, more importantly, excellent
physical properties (such as extremely high mechanical
strength and stiffness, high electrical and thermal
conductivity) makes CNTs perfect candidates as ideal
reinforcing fillers in high strength, lightweight polymer
nanocomposites with high performance®!%16 and mul-
tifunctions.2’~2! However, the challenges for developing
high performance CNTs/polymer nanocomposites are (i)
homogeneous dispersion of CNTs in the polymeric
matrix and (ii) strong interfacial interactions so as to
effect efficient load transfer from the polymeric matrix
to the CNTs. Without chemically bonding, load transfer
between the CNTs and the matrix (i.e., across the CNTs/
polymer interfaces due to the chemically smooth CNTs
surfaces) mainly comes from electrostatic and van der
Waals interactions.??2 Much efficiency of load transfer
can be realized by chemical bonding of polymeric matrix
with functionalized CNTs.23:24

Despite advantages of single-walled carbon nanotubes
(SWNTSs) compared with multiwalled ones (MWNTS),
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a problem associated with the fabrication of polymer
composites using SWNTs is that during loading the
individual tubes tend to pull out from the ropes (bundles),
thus making load transfer difficult. Therefore, the
composite reinforcement is dominated by the collective
behavior of the bundles rather than by the strength of
individual tubules.®142526 As far as the MWNTSs are
concerned, it is noteworthy that MWNTSs produced using
the arc-discharge apparatus are highly crystalline and
defect-free (absence of vacancies, interstitials, dangling
bonds), and the surface is inert so that polymers do not
attach firmly to it. Thus, the introduction of defects via
oxidation routes using strong acids or the use of pyro-
lytically carbon-grown nanotubes (containing defects
and kinks) may be an alternative to fabricate composites
in which the tube surface is strongly bonded to the
polymeric matrix.4 It has been confirmed that refluxing
CNTs with concentrated nitric acid creates acidic sites
on CNTs, such as carboxylic, carbonyl, and hydroxyl
groups.2’-2% These reactive groups on CNTs greatly
enhance the combination of CNTs with polymeric ma-
trix, thus improving the mechanical strength of the
nanocomposites.3® Sidewall functionalization of CNTs
with organic chains or functional groups is another
efficient way to improve the dispersion and strengthen
the combination of CNTs with a polymeric matrix.?431.32

There are several main methods reported for
preparation of CNTs/polymer composites: (i) solution-
casting,833-35 (ii) melt-mixing,133% and (iii) in situ po-
lymerization of monomers with presence of CNTs.37:38
With the solution-casting method, high-energy sonica-
tion of the CNTs suspensions over prolonged periods of
time3334 or the use of ultrasonic head®® is usually
necessary to produce uniformly dispersed CNTs suspen-
sions before they are subsequently mixed with polymer
solutions. Gong et al.®® and Wei et al.*° have demon-
strated that the presence of nonionic surfactants during
processing of epoxy composites (containing 1 wt % of
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MWNTSs) improves the dispersion and strengthens the
interactions between the nanotubes and the matrix,
thus increasing the elastic modulus by more than 30%.
Recently, Xu et al. also showed that 0.1 wt % of MWNTSs
in epoxy resins increases the elastic modulus by 20%.4!
Dickey and his colleagues reported that addition of 1-5
wt % MWNTSs into polystyrene by a simple solution-
evaporation method results in 36—42% and 25% in-
creases in elastic modulus and break stress, respec-
tively.3® Windle et al. prepared the CNTs/poly(vinyl
alcohol) composite films with a wide range of CNTs
loadings (10—60 wt %) by mixing aqueous poly(vinyl
alcohol) solution with CNTs dispersions followed by
subsequent casting and controlling evaporation, and the
thermomechanical and electrical transport tests were
also performed.® Bower et al. fabricated CNTs/polyhy-
droxyaminoether by solution casting and embedded
aligned MWNTs in polymer matrices in order to dem-
onstrate the good adherence of the tube surface to the
polymer. They studied the deformation of CNTs in the
composites and reported that the onset buckling strain
and fracture strain were estimated to be 5% and >18%,
respectively.” Although some MWNTSs fracture, most
eventually debond at the MWNTs/polymer interface and
subsequently are pulled out from the polymer matrix,
indicating a weak interfacial interaction between the
nanotubes and the matrix.#? Therefore, the improve-
ment in mechanical properties of the reported polymer
nanocomposites with small amounts of CNTs as fillers
is usually limited, mainly due to formation of severe
CNTs agglomeration and/or poor interfacial interaction
with the matrix.

Specified to nylon-6 (PA6), a very important engineer-
ing plastic, to avoid the impediment of growing polymer
chains due to the presence of CNTSs, Jia et al. reported
an improved in situ process to enhance the interfacial
adhesion between the CNTs and PA6 matrix; however,
the improvement in mechanical properties is still very
limited, only by about 20%.4344 Recently, Xia et al.
prepared MWNTSs/PA6 composites by microemulsion
approach.*> And most recently, we reported to success-
fully prepare MWNTSs/PA6 nanocomposites by simple
melt-compounding method.*® The aim of the present
report is to investigate the morphologies, mechanical
properties, and crystallization/melting behavior of
MWNTs/PA6 composites in detail.

Experimental Section

Materials and Sample Preparation. Nylon-6 (PA6) pel-
lets (Grade SF1080A) used in this study are the product of
Ube Industries under license from Toyota. The MWNTSs were
prepared by catalytic chemical vapor deposition (CVD) of
methane on Co—Mo/MgO catalysts.#”*8 The as-prepared
MWNTs were purified by dissolving the catalyst in hydrochlo-
ride acid followed by refluxing in 2.6 M nitric acid for
increasing more carboxylic and hydroxyl groups, which has
been described in detail elsewhere.*® PA6 composites contain-
ing different MWNTs contents (from 0 to 2 wt %) were
prepared via a melt-compounding method using a Brabender
twin-screw mixer at 250 °C for 10 min with a screw speed of
100 rpm. Film samples (with thickness of about 0.5 mm) were
prepared by compression molding in a press at a temperature
of 250 °C with a pressure of 150 bar, followed by quickly
guenching in an ice/water bath.

Microscopy Characterization. A field emission scanning
electron microscope (SEM) (JEOL JSM 6700F) was used to
observe the purified MWNTs and the morphology of the failure
surfaces (after tensile tests) of the CNTs/PA6 composites.
Transmission electron microscopy (TEM) observation of MWNTSs
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was performed with a Philips CM300 FEG TEM instrument
operated under an acceleration voltage of 300 kV. Thin sections
(with thickness of about 70 nm) for TEM observations were
cut from the as-prepared composites under cryogenic condi-
tions using a Leica ultramicrotome with a diamond knife.

X-ray Diffraction. The X-ray diffraction (XRD) patterns
were recorded using a Bruker GADDS diffractometer with 2D
area detector operating under a voltage of 40 kV and a current
of 40 mA using Cu Ka radiation (4 = 0.154 18 nm).

Thermal Analysis. Differential scanning calorimetry (DSC)
experiments were performed in a DSC-2920 from TA Instru-
ments coupled with a TA-2000 control system. The samples
were heated at a scanning rate of 10 °C/min under a nitrogen
atmosphere in order to diminish oxidation. Dynamic mechan-
ical analysis (DMA) was performed on the samples of 30 x 10
x 0.5 mm? in size using a dynamic mechanical analyzer from
TA Instruments under tension film mode in a temperature
range of ambient to 200 °C at a frequency of 1 Hz and heating
rate of 3°/min.

Tensile Testing. The quenched films were finally punched
into dog-bone specimens with a dimension of 63.5 x 9.53 x
3.18 mm?® (Die ASTM D-638 type V) using a CEAST hollow
die punch (model 6051). The tensile tests were carried out
using an Instron universal material testing system (model
5567) at room temperature with gauge length of 25 mm and
crosshead speed of 5 mm/min. Property values reported here
represent an average of the results for tests run on at least
Six specimens.

Nanoindentation Tests. The nanoindentation tests were
performed on MTS Nano Indenter XP (MTS Corp., Nano
Instruments Innovation Center, TN) with a continuous stiff-
ness measurement technique.®® In this technique, a small
sinusoidal load with known frequency and amplitude was
superimposed onto the quasi-static load. It results in a
modulation of the indenter displacement that is phase shifted
with respect to the excitation force. The materials stiffness
(S) and damping (wC) along indentation loading can be
calculated using eqgs 1 and 2, respectively. The hardness and
elastic modulus are calculated using stiffness data from eqs 3
and 4, respectively. Therefore, the hardness and modulus are
determined as a function of indentation depth with a single
loading/unloading cycle.5*

S= - Kt @
__max — 2
h(o) cos @ — (K, — mow°)
_ Po .
wC = m sin @ )
E _vm 1
1— 1}2 - 2 \/KC S (3)
_ Pmax

where Pmax and h(w) are driving force and the displacement
response of the indenter, respectively; ® is the phase angle
between Pmax and h(w); m is mass of the indenter column; Ks
is spring constant at the vertical direction; K¢ is frame stiffness;
m, K, and Ks are all constant values for specified indentation
system; w is angle speed which equals to 2xf; f is the driven
frequency of the ac signal, which is 45 Hz for present study; v
is Possion’s ratio and set to be 0.35 for current analysis; and
A is contact area at the moment material in contact with
indenter with load Pmax.

A three-side pyramid (Berkovich) diamond indenter was
employed for the indentation experiments. The area function,
which is used to calculate contact area A. from contact depth
h¢, was carefully calibrated using standard sample, fused silica,
before the experiments. The nanoindentation tests were car-
ried out in the following sequence: First, the indenter was
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Figure 1. (A) Typical SEM image showing the morphology
of MWNTSs. (B) Typical TEM image illustrating the graphitic
layer structure of a MWNT with curvature and defects on one
side of the CNTs at higher magnification.

brought into contact with the surface at a constant strain rate,
i.e., 0.05 1/s, until 5000 nm of penetration was achieved. The
load was then held at the maximum value for 60 s in order to
determine the creep behavior. The indenter was then with-
drawn from the surface at the same rate until 10% of the
maximum load was reached. A constant strain rate was chosen
to load the samples in order to avoid the strain-hardening
effect on the measurements. A minimum of 10 indents was
performed on each sample, and the distance between indenta-
tions was 50 um to avoid interactions.

Results and Discussion

Morphology and Dispersion of CNTs. The SEM
image of the purified and acid-treated MWNTSs is shown
in Figure 1A. It can be seen that the tubes are randomly
and loosely entangled together without any particle-like
impurities. The MWNTs were observed to be several
nanometers to 20 nm in thickness and several tens
microns in length by dispersing the extremely diluted
solution. Figure 1B shows the TEM image of a typical
MWNT with thickness of about 7 nm, and its sidewall
contains eight graphitic layers. One can clearly see the
curvature and defect (indicated by arrows) on one side
of the wall. These kinds of observable defects, together
with many other defects, such as vacancies, dangling
bonds, interstitials, pentagon and heptagon pairs in the
carbon framework, etc., usually exist on the MWNTs
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Figure 2. TEM images showing nanotube dispersion from
the ultrathin section of PA6 nanocomposite containing 1 wt
% MWNTSs: (A) low magnification; (B) high magnification.

prepared by the CVD method. The defects on the
MWNTSs are the most active locations for chemical or
physical functionalization of the CNTs.5?

TEM observation (Figure 2) shows fine and homoge-
neous dispersion of MWNTSs throughout PA6 matrix, as
an example, for the ultrathin section of the nanocom-
posite containing 1 wt % CNTs. The variations in
contrast and diameter of the CNTs are mainly due to
difference in electron scattering from different depth
regions of the section. From Figure 2A, individual CNTs
are randomly dispersed (without preferred alignment
or orientation after melt-compounding) within the ma-
trix, and no CNTs aggregation is observed. At higher
magnification (Figure 2B), the intriguing feature is that
most CNTs remain curved or even interwoven in the
composite, indicating extreme flexibility of nanotubes.
The embedded CNTs seldom appear as straight inclu-
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Figure 3. (A) Typical stress—strain curves. (B) Tensile stress
(at yield) and tensile modulus for PA6 and its nanocomposites
as a function of MWNTSs concentration.

sions but are rather often characterized by a certain
degree of waviness or entanglements along their axial
dimension. Such curvature or knotting significantly
reduces the structural reinforcement that the CNTs
provide the host polymer matrix, in comparison to the
theoretical reinforcement provided by straight inclusion,
as pointed out by Fisher et al.53 And, since some
nanotubes seem to point out of the section surface, one
can even observe the ends (i.e., cross sections) of
individual CNTs embedded in the matrix due to cutting
by the ultramicrotome. In addition, because of the
pronounced curved morphology of CNTs, some parts of
the tubes are cut during TEM sample preparation and
thus appear as several individual tubes. Clearly, mi-
crotoming does not affect the intimate adhesion of CNTs
with the matrix, indicating good wettability between
them, as observed in the epoxy/nanotube composites.’®

Tensile Property and Reinforcement Mecha-
nisms. Typical stress—strain curves for neat PA6 and
MWNTs/PA6 composites with different CNTs loadings
are shown in Figure 3A. A pronounced yield and
postyield drop are observed for neat PAG, while there
is almost no noticeable yield for MWNTSs-reinforced PA6
composites. It can be seen that the tensile properties of
the composites significantly increase with increasing the
loading level of the nanotubes, as presented in Figure
3B. Upon incorporation of only 2 wt % MWNTSs, the
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elastic modulus of PAG6 is greatly improved by about
214% from 396 to 1242 MPa, and the yield strength is
improved by about 162% from 18 to 47 MPa. The
elongation at break (about 110%) slightly decreases,
indicating that the composite becomes somewhat brittle
compared with neat PA6 (which breaks at above 150%
of elongation).In addition, Figure 3 shows a remarkable
enhancement in the toughness of neat PA6 by incorpo-
rating CNTs. The possible toughening mechanism(s)
will be discussed later by SEM observations. Moreover,
it is worth comparing the mechanical properties of PA6/
MWNTs composites prepared here with those of PA6/
clay nanocomposites reported in the literature. Upon
incorporating 4.7 wt % montmorillonite into PA6 matrix,
the tensile modulus and strength are only improved by
about 68% and 42%, respectively.>* Thus, the advan-
tages and uniqueness of using the CNTs as reinforcing
nanofillers to make polymer nanocomposites are obvi-
ous.

To reveal the possible reinforcing mechanism(s), the
failure surfaces of PA6/MWNTSs composites after tensile
testing were investigated in detail by SEM. Figure 4A
shows a typical overview on the fracture surfaces of the
composite containing 0.5 wt % MWNTSs. The uniformly
dispersed bright dots and lines are the ends of the
broken MWNTs. SEM image clearly shows that an even
dispersion of MWNTs is achieved throughout the PA6
matrix. Clearly, most MWNTSs are separated into indi-
vidual tubes by shear force from simple melt-blending
and thus evenly dispersed in the matrix, which is of
great importance for making CNTs reinforced polymer
composites with excellent mechanical properties. More-
over, close inspection indicates that upon failure most
of the MWNTSs were broken apart, while a few were
pulled out of the matrix, as shown in Figure 4B. A
nanotube, as indicated by arrow 1 in Figure 4B, was
observed to be broken, with the other two ends still
strongly embedded in the matrix. This interesting and
typical breakage phenomenon of the CNTs upon tensile
stretching indicates a strong interfacial adhesion be-
tween MWNTs and PA6 matrix and a sufficient load
transfer from the polymer to nanotubes. It is thus
believed that the strong interfacial adhesion observed
above is responsible for the significant improvement of
mechanical property shown in Figure 3. In addition,
another beltlike nanotube was observed which intercon-
nects two polymer lumps, as indicated by arrow 2.
Obviously, this interconnection is realized by an indi-
vidual tube or bundle of MWNTSs wrapped by the matrix
since its diameter is much bigger than other broken
tubes (i.e., bright dots) observed on the fracture surface.
Moreover, the middle part of the tube is smaller than
the two ends adhered to the two lumps of polymeric
matrix. This also indicates that the interconnection of
MWNTs with PA6 matrix is very strong.

Furthermore, to illustrate fracture behavior and
possible toughening mechanisms, close and detailed
investigations were performed on some representative
fractured regions of the nanocomposites after tensile
tests. Figure 4C shows a typical fracture surface of the
nanocomposite. It can be seen that the nanotubes are
not simply or entirely pulled out but fully stretched
during the deformation and failure processes of the
composites. Most stretched nanotubes or bundles are
well aligned, clearly indicating that stretching can align
CNTs or their bundles easily, as observed by other
researchers.#%15 And, the well-aligned nanotubes and
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Figure 4. (A) SEM image showing an overall morphology of failure surface for PA6 nanocomposite containing 0.5 wt % MWNTSs.
(B) Enlarged morphology of selected region in (A). (C) SEM image showing microcracks linked by stretched nanotubes and their
bundles in PA6 nanocomposites. (D) Enlarged SEM image of the microcrack connected by MWNTSs sheathed with polymer in PA6
nanocomposites. Some MWNTSs are sheathed by several small polymer beads.

Table 1. Summary of Mechanical Properties of Neat PA6 and Its Nanocomposites as a Function of CNTs Concentration

PAG6/CNTs PA6/CNTs PAG6/CNTs PA6/CNTs
neat PA6 (99.8/0.2) (99.5/0.5) (99/1) (98/2)
yield strength (MPa) 18.0+ 2.2 33.7+13 35.4 +£0.3 40.3+3.1 472 +1.2
tensile modulus (GPa) 396.0 + 36.6 682.5 + 65.0 765.5 + 45.9 852.4 +77.0 1241.8 + 22.8
modulus (GPa)? 2.08 2.55 2.57 3.14 2.97
modulus (GPa)P 1.18 4+ 0.02 1.334+0.03 1.60 +0.12 2.02 +0.02
hardness (GPa) 0.06 + 0.001 0.08 + 0.005 0.10 £ 0.005 0.11 + 0.003

a Modulus at 0 °C obtained by DMA. ® Modulus obtained from nanoindentation tests.

their bundles bridge across the cracks (Figure 4C),
which allows the release of stress and absorbs the
fracture energy, thus contributing to toughness im-
provement. However, it is also observed that some of
them become loosened or curved, probably due to (i)
relaxation after fracture or (ii) uneven crack separation.
The latter is due to the fact that typically during
fracture the crack opens, stretches the reinforcing
nanotubes, and subsequently closes (relax) somewhat,
removing the load on the nanotubes.®

Very interestingly, a bead- or ball-like morphology
along the stretched nanotubes or the bundles (as bridges
across the microcrack) is observed under close inspection
at higher magnification, as indicated by white arrows
(Figure 4D). It is reasonably believed that these beads

are the absorbed matrix protruding or layers around
MWNTSs, showing the intimate contact and good adher-
ence of the polymer to the nanotubes.”13 The locations
of the beads must be closely related to the sites of the
(active) defects or imperfections along the nanotubes or
their bundles. Similar ball-like morphology along CNTs
(covered with a layer of polymer) was also observed by
Zhou and co-workers.”

Thermomechanical Property by DMA. Figure 5
shows the DMA curves as a function of CNTs concen-
tration, and the elastic modulus data are summarized
in Table 1. It can be seen that with increasing CNTs
loading level the storage moduli of the nanocomposites
increase gradually. The storage modulus (2.97 GPa) for
the nanocomposite containing 2 wt % CNTs exhibits
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Figure 5. Storage modulus vs temperature (DMA) curves for
PAG6 and its nanocomposites as a function of MWNTSs concen-
tration.

43% increment compared with neat PA6 (2.08 GPa)
within the glassy plateau (at 0 °C) and increases by
about 57% within the rubbery plateau (at 120 °C) from
350 MPa (for neat PA6) to 550 MPa (for the nanocom-
posite with 2 wt % CNTSs). The significant improvement
in storage modulus of PA6/CNTs nanocomposites is
ascribed to the combined effect of high performance and
fine dispersion of high aspect ratio CNTs filler. The glass
transition temperature (Tg) remains almost unchanged
at about 65 °C upon incorporating MWNTSs into PA6
matrix, probably indicating that less constraints from
one-dimensional (1D) CNTs nanofiller are imposed on
the polymer chains. This is different from the case
usually reported in 2D layered silicates (e.g., clay)
reinforced polymer nanocomposites,>* where the mobil-
ity of polymer chains is greatly constricted by confine-
ment effect from 2D nanoclay platelets, thus usually
increasing the Ty of the nanocomposites.55:56

Nanoindentation Behavior. Figure 6A shows typi-
cal loading—hold—unloading curves of neat PA6 and its
nanocomposites as a function of CNTs content. It is
immediately clear that the mechanical responses of neat
PAG6 and the composites differ considerably. On loading,
the forces are incremented at constant velocities. The
curves steadily shift upward with increasing the CNTs
concentration, indicating that the nanocomposite’s re-
sistance to indentation gradually increases with nano-
tube concentration. The depths represent the contribu-
tions from both the elastic and the plastic displacements.
The loading curves are followed by a period of holding
time (here, 60 s) at which the peak loads are kept
constant. During unloading, the load is reduced at the
same rate as in the loading cycle. In this case, the elastic
displacements are recovered. It can be seen that sig-
nificant creep was clearly found in the maximum hold
segments for both neat PA6 and the nanocomposites.
However, the (creep) depths or displacements at maxi-
mum holding segments show no distinct difference with
increasing CNTSs content, suggesting that incorporation
of nanotube has little effect on the viscoelastic property
of the PA6 matrix and does not affect the creep
resistance of the material.

MWNTs/Nylon-6 Nanocomposites 7219

60 [
A
50
Z 40} ——NeatPas
£ ---- PAG/CNT (99.8/0.2)
S anl v PAB/CNT (99.5/0.5)
@ 30 - pa6/CNT (99/1)
S
20
10
0 i I I I 1 I
0 1000 2000 3000 4000 5000 6000
Displacement (nm)
40
v
B
35 -%
3

Neat PA6

PAGICNT (99.8/0.2)

L]
o
=30 A PAGICNT (99.5/0.5)
o v PAGICNT (99/1)
e 25
o 91 voyvvvVV
3 WZZZZZAXXA‘A“‘
B 20 g
= @
15l R R T AO000000060000 0 0 0 0 0 0 0 O © O
' EEEEESEEESEEEgEE E W
1 0 1 1 1 1 L L
0 1000 2000 3000 4000 5000
Displacement (nm)
0175 z
4 (]
0.150 | m NeatPAS
= Y O PAGICNT (99.8/0.2)
X g A PAGICNT (99.5/0.5)
PABICNT (99/
Qo125 v e
3
8 VI IOV OO ORI
g 0.100
T
0.075 | PE000000000066000 006 0 6 0 0
"ESssEEEEEEEEEE R W
0.050 -

0 1000 2000 3000 4000 5000
Displacement (nm)

Figure 6. (A) Typical loading-unloading curves. (B, C)

Modulus and hardness profiles with respect to displacement

into sample surfaces for neat PA6 and its nanocomposites as

a function of MWNTSs content.

Parts B and C of Figure 6 show the modulus (E) and
hardness (H) profiles with respect to the indentation
depth, respectively, for neat PA6 and its composites as
a function of MWNTSs concentration. It can be seen that
both the elastic modulus and the hardness are signifi-
cantly improved by about 84% upon loading only 1 wt
% CNTs, compared with neat PA6 matrix, as sum-
marized in Table 1. The results of H and E in Table 1
are averaged values in the depth between 4000 and
5000 nm. The dramatic drops of the hardness and the
modulus before 200 nm are probably due to the inden-
tation size effect (ISE).5” Several possible origins for the
ISE are discussed elsewhere.?® After indentation depth
approaches 200 nm and onward, the profiles show stable
trends for all the samples, indicating that MWNTSs are
homogeneously dispersed along the indentation direc-
tion.

Additionally, it can be seen from Table 1 that the
modulus data by three techniques (i.e., tensile testing,
DMA, and nanoindentation) have the same changing
tendency but with different absolute values. The pos-
sible origins for the discrepancy may be due to the
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different loading directions and the frequency used for
the three measurements. For a tensile test, the loading
direction on the samples is perpendicular to the com-
pression molding direction, while the loading direction
for the indentation measurement is along with the
compression molding direction. When most polymer
chains align or orient along the molding direction, the
modulus measured in that direction is expected to be
higher than other directions. It is also known that for
polymers the frequency used during testing will affect
the viscoelastic properties of the materials. Usually, the
higher frequency used, the lower modulus obtained. In
DMA measurement, low frequency (e.g., 1 Hz in this
study) was usually used. However, for the present
indentation test, the frequency of 45 Hz was used. Thus,
it is expected that the measured mechanical properties
of PA6 and its composite systems have some differences
from the three methods used here.

In summary, the mechanical properties of the pre-
pared MWNTs/PA6 composites increase significantly
with addition of only small amount (<2 wt %) of
MWNTs into the PA6 matrix. The high performance of
the composites is attributed to homogeneous dispersion
of MWNTSs in the matrix as well as the strong interfacial
interaction between MWNTSs and polymeric matrix. As
indicated in the Experimental Section, the MWNTs
have been refluxed in diluted (2.6 N) nitric acid for
creating carboxylic and hydroxyl groups.*® It is worthy
to point out that the treated MWNTSs are still in a loose
form (Figure 1A). They are quite different from those
oxidized in concentrated acids, which are highly packed
and cannot be dispersed again in the solvent after
drying (probably due to the presence of too much
carboxylic and hydroxyl groups and thus strong inter-
actions with the CNTSs).5® Loose accumulation will be
advantageous for the dispersion of MWNTSs in the
polymeric matrix, while functionalization of the MWNTSs
with —COOH groups will increase the anchoring (or
interacting) sites along the nanotubes with polymeric
matrix, thus being favorable to stress transfer from
polymer to CNTs. The hydrophilic functional groups on
the MWNTSs are helpful for improving the interaction
with PAB6, which possesses polar —CONH— groups along
the polymer chains.3? Therefore, the compatibility and
strong interaction between the MWNTSs fillers and the
matrix greatly enhance the dispersion as well as the
interfacial adhesion, thus strengthening the overall
mechanical performance of the composites.

Melting and Crystallization Behavior by DSC
and XRD. To investigate the effect of CNTs addition
on the crystallization and melting behavior of PA6, DSC
and XRD studies are performed comparatively. Figure
7A illustrates the effect of crystallization or annealing
temperature (T¢) on the thermal behavior of neat PA6
melt-crystallized at indicated temperatures (Tg = 65 °C
< T¢ < T (melting point) = 225 °C for PA6). It can be
observed that, in the main melting region (i.e., in the
temperature range 200—230 °C) of PAG, there are two
melting peaks, Tm1 (at about 214 °C) and T 2 (at about
223 °C), corresponding to the melting events of y-form
and a-form crystals, respectively.t9-63 The positions of
the T 1 and Tp, 2 are relatively constant with increasing
T It has been well-documented that for PA6 the a
crystalline phase is thermodynamically stable and
consists of sheets of hydrogen-bonded chains formed
between antiparallel chains; the y crystalline phase is
metastable and consists of random hydrogen bonding
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Figure 7. (A) DSC heating curves for neat PA6 samples
annealed at indicated temperatures for 2 h. (B) XRD patterns

for neat PA6 samples having the same thermal history as in
(A) prior to DSC runs.

between parallel chains.455 It indicates that the forma-
tion of y-crystals is preferred at low temperature (e.g.,
at 80 and 120 °C), whereas the o-form population is
dominant at higher temperatures. At lower T, (e.g.,
below 160 °C), an exothermic peak at about 200 °C can
be observed, probably indicating that some uncrystal-
lizable materials may undergo a reorganization or
recrystallization during the heating process in DSC.
Such a recrystallization process during heating is
significantly prohibited at higher T, (e.g., for T, = 200
°C) due to improved perfection in the crystals formed.
At an even higher annealing temperature (e.g., T, = 200
°C), the double melting peaks (Tm 1 and T 2) merge into
one at about 220 °C. Another endothermic peak (indi-
cated by arrows), the so-called “annealing peak” (T),
can be induced by isothermal crystallization or anneal-
ing process for neat PAG6. The position of the T, shifts
toward higher temperatures (always about 10 °C above
the T;) accompanied by an increasing magnitude as the
T, increases. It should be noted that this annealing-
induced endotherm is a universal phenomenon in most
semicrystalline thermoplastic polymers, such as poly-
(aryl ether ether ketone), poly(phenylene sulfide), poly-
(ethylene terephthalate),’¢ isotactic polystyrene.67-70
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Figure 8. (A) DSC heating curves and (B) XRD patterns for

PA6 nanocomposite containing 1 wt % MWNTs having the
same thermal history as in Figure 7.

The possible physical origins of this behavior are still
under debate in the literature and beyond the research
scope of the present study.

The corresponding XRD patterns (Figure 7B) are well
consistent with the DSC results presented in Figure 7A.
At lower T, the coexistence of o-form (i.e., (200) and
(002, 220) reflections at 26 = 20° and 23.7°, respectively)
and y-form crystals (i.e., (001, 200) reflection at 20 =
21.4°) are clearly observed, as reported previously in the
literature for neat PAG6.61.6265 The a-phase crystals
gradually become a dominant population with increas-
ing the T, at the expense of the y-phase crystals.
However, the melting and crystallization behaviors of
the CNTs reinforced PA6 nanocomposites; as an ex-
ample, the one containing 1 wt % MWNTs (Figure 8) is
different from those of neat PA6 (Figure 7). From DSC
results shown in Figure 8A, in addition to the so-called
annealing peak (T,) as indicated by arrows, only the
high-temperature melting peak (Tnm2) is observed at
about 220 °C for all the annealed composite samples,
probably indicating that only the a-form crystals (re-
lated to the Ty, 2) are formed upon addition of nanotubes
into PA6 matrix. This speculation has been further
confirmed by XRD results, as illustrated in Figure 8B.

Very interestingly, the above features observed by
DSC and XRD are totally different from those always
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observed in PA6/clay nanocomposites, where the addi-
tion of nanoclay filler inevitably induces the formation
of the y-phase crystals, as evidenced by a number of
detailed studies.62636571.72 It js proposed that the pres-
ence of 2D layered clay sheets disrupts the a-crystallite
formation and results in the less-ordered y-phase crys-
tals.6” Thus, the confined environment and specific
interfacial interactions provided by the 2D disklike
nanoclay platelets are probably responsible for the
formation of less stable y-phase crystals. However, for
the case of MWNTs-filled PA6 composites, the nanoscale
confinement effect from the 1D geometry nanotubes on
the crystallization of PA6 matrix seems much less
compared with that of nanoclay platelets. That is, the
constraints from the CNTs imposed on the polymer
chains are much less than those from the nanoclay
sheets. The nanotubes may only provide the nucleation
sites for end-tethering of PA6 chains to form the a-phase
crystals. And, it is reported that the a-phase crystals
of PA6 exihibits a higher modulus than the y-phase,5®
which may also be one of the roots of the property
enhancements observed here in MWNTSs/PA6 compos-
ites. Clearly, detailed studies need to be conducted to
fully understand the effect of CNTs addition on the
crystalline morphology and crystallization mechanism-
(s) of PAG.

Conclusions

MWNTs-reinforced PA6 nanocomposites with excel-
lent mechanical properties have been successfully pre-
pared by simple melt-compounding method. Systematic
studies using different mechanical tests (such as tensile
and nanoindentation methods) show that incorporation
of a small amount of MWNTSs into PA6 matrix can
significantly improve the modulus, the strength, and the
hardness by about 214%, 162%, and 83%, respectively,
with less than 2 wt % CNTSs. Microscopy observations
indicate that a uniform and fine dispersion of MWNTs
throughout PA6 matrix and a strong interfacial adhe-
sion between nanotubes and the matrix have been
successfully achieved, which are responsible for the
remarkable enhancements in overall mechanical prop-
erties of the nanocomposites prepared. DSC and XRD
results show that the effect of MWNTSs addition on the
crystallization and melting behavior of PA6 matrix is
greatly different from the case of addition of clay,
probably due to the difference in geometry or morphol-
ogy of nanofillers used. Detailed studies on the crystal-
lization mechanism(s) of PA6 upon incorporation of
CNTs are currently under investigation.
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