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The effects of surface modification of carbon nanotube on the properties of polyamide 66/multiwalled carbon nanotube composites
have been investigated. Polyamide 66 (PA66) and multiwalled carbon nanotube (MWCNT) composites were prepared by melt
mixing. The surfaces of MWCNTs were modified with acid- and amine-groups. Field emission scanning electron microscopy
analyses revealed that amine-MWCNTs (D-MWCNTs) dispersed better in the PA66 matrix than pristine- and acid-MWCNTs.
However, an introduction of D-MWCNTs into PA66 matrix induced heterogeneous nucleation and affected the crystal growth
process during the crystallization of PA66/MWCNT composites. Both nanoindentation and friction analyses were carried out in a
study of the effect of the introduction of modified MWCNTSs on both mechanical and friction properties of the composites. With
the introduction of D-MWCNTs, both nanohardness and elastic modulus of the composites were significantly improved, but it
was observed that the maximum depth, nanohardness, and elastic modulus of the composites showed no distinct change before
and after a friction test. It is evident that PA66/D-MWCNT composites have the least friction coeflicient of the PA66/MWCNT

composites of all the approaches of carbon nanotube surface modification.

1. Introduction

For the past two decades, carbon nanotubes (CNTs) have
attracted a great deal of attention in both academic and indus-
trial aspects because of their remarkable self-lubricating,
mechanical, electrical, and thermal properties, which allow
them to be applied as high performance structure materials
for aerospace and many other industrial fields [1-6]. Thus,
CNTs are taken as good candidates for reinforcing a variety of
polymers, ceramics, and metals. Among these promising
materials, polymer/CNTs composites have been considered
as one of the most attractive applications of CNTs with excel-
lent performance and multifunction [7-11]. Moreover, the
addition of CNTs can improve the mechanical and friction
behavior of the polymer matrix. Recent investigations on

the mechanics and tribology of CNTs filled polymer by Chiu
and Kao [9] and Meng et al. [11] show a high hardness and
elastic modulus and low friction. However, the challenges
for improving performance of polymer/CNTs composites
include improving dispersity of CNTs in polymer matrix
and enhancing the interfacial interactions between polymeric
matrix and CNTs to promote the load transfer from polymer
matrix to CNTs. As a result of the small diameter and the
chemically smooth surface of CNTs, they usually exhibit a
highly aggregated state in common solvents and polymer
matrix. Also, CNTs usually form stabilized bundles because
of the van der Waals and electrostatic interactions between
CNTs and matrix. Therefore, a homogeneous dispersion of
CNTs in polymeric matrix is the key to obtain excellent
performance of polymer/CNT composites. It is necessary to



modify surface inertness of CNTs by functional groups or
polymers that are either identical or structurally similar to
matrix materials.

PA66 is a typical semicrystalline polymer and has been
widely used in various engineering fields. PA66 is also
the most important commercialized engineering plastic and
possesses excellent chemical and abrasion resistance, plus
low coeflicient of friction, dimensional stability, toughness,
and high hardness and strength. However, its lack of high
temperature aging resistance and absorption of moisture in
air lead to the inferior dimensional stability, which limits the
applications of PA66. Both physical and mechanical prop-
erties of crystalline polymers are greatly dependent on the
morphology, crystalline structure, and degree of crystallinity.
Therefore modification and reinforcement of PA66 have
drawn much attention to improve its physical properties and
to introduce new properties. For example, Rodriguez-Pastor
et al. [12] reported the preparation of helical-ribbon carbon
nanofiber-based nylon-6,6 composites by three processing
methods and the effect of CNTs modification methods on
the properties of composites. Krause et al. [13] investigated
the influence of CNTs production method and aspect ratio
on percolation threshold of melt-mixed PA66.

This paper presents the new study outcomes in prepara-
tion of PA66/multiwalled carbon nanotube (MWCNT) com-
posites by melt compounding using the twin-screw extruder;
in microstructure characterization of different surface-
modified MWCNTs within the polymer matrix by field emis-
sion scanning electron microscopy (FESEM) and Fourier
transform infrared spectrometry (FTIR); and in a systemati-
cal investigation of the effects of surface modification of car-
bon nanotube on both mechanical and friction properties of
the obtained composites using different experimental tools.

2. Experimental

2.1. Preparation of PA66/MWCNT Composite. Pristine
MWCNTs (out diameter: 30-50 nm; length: 10-20 ym; purity
> 95%, P-MWCNTs) were treated with a mixture of H,SO,/
HNO; (3:1, v/v) in an ultrasonic bath for 2 hours at 50°C.
MWCNTs were filtered and washed with deionized water
until pH became 7 and dried in vacuum to give acid-treated
MWCNTs (A-MWCNTs). A-MWCNTs were reacted with
excessive SOCl, under stirring at 70°C for 24 hours. The
residual SOCl, was then removed by filtration and washed
with tetrahydrofuran. Subsequently, the solid product was
dried under vacuum at 80°C for 12 hours to give acylchloride-
MWCNTs (MWCNTs-COCI). Ethylenediamine (360 mL)
was added to a three-neck flask that contained MWCNTs-
COCI (L5g), and the mixture was stirred at 120°C for 48
hours. After the reaction, the product was vacuum-filtered
and washed for several times with anhydrous ethanol and
dichloromethane; thus the amine-modified MWCNTs (D-
MWCNTSs) were obtained.

PA66/MWCNT composites were prepared by melt-
blending PA66 (101L) with MWCNTs. The melt compound-
ing was performed in a melt-blending process using a SHJ-
36 twin-screw extruder. The temperature of the extruder was
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maintained at 250, 260, 260, and 255°C from hopper to die,
respectively. The rotation speed of the twin screw was 45 rpm.
The composite containing 1.0 wt% MWCNTs was employed
in this study. The pure PA66 was also extruded under the
same conditions.

2.2. Surface Characterization and Property Tests. Fourier tra-
nsformation infrared (FTIR) spectrometric measurements
were performed by an FTIR spectrometer (TENSOR 27).
The surface morphology of the cryofractured PA66/MWCNT
composites was characterized by field emission scanning
electron microscopy (FESEM).

The crystallization behaviors of the composites were car-
ried out using a Q-100 (TA Instruments) differential scanning
calorimeter (DSC) under nitrogen atmosphere to avoid any
oxidation. The sample was heated from 40°C to 300°C at
10°C/min, held there for 5 min to erase any previous heating
history, and then cooled from 300°C to room temperature
(RT) at a cooling rate of 10°C/min.

The dry rolling-sliding friction tests were conducted
using a twin disc wear testing machine. Full details of wear
testing are similar to the previous work [14-16]. All discs were
tested at the rotational speed of 1000 rpm, the applied load of
200N, and the slip ratio of 14.29% in a rolling-sliding contact.

Mechanical properties of the worn surfaces were deter-
mined using a nano-indentation/scratching tester (Micro
Material Ltd). A Berkovich indenter with a tip diameter of
50nm was employed throughout the experiment. For all
indentation tests, the initial load was set to be 0.05 mN and
a constant maximum indentation load of 10 mN was applied
with the loading/unloading duration of 15 seconds. Distance
between each indent was not less than 15 ym in order to avoid
any possible interference between neighboring indents. A test
for each material was repeated for five times. Nano-hardness,
reduced modulus, and elastic modulus were the average
values of the results, and the presented loading-unloading
curves were corresponding to the measured reduced modulus
which was nearest to average value. The maximum relative
standard deviation of the values for PA66, P-MWCNTs, A-
MWCNTs, and D-MWCNTs were 9.887%, 2.145%, 1.901%,
and 1.849%, respectively.

3. Results and Discussion

3.1. Dispersibility of MWCNTs in PA66 Matrix. FESEM obs-
ervation was used to qualitatively and directly visualize the
state of dispersion of MWCNTs in the PA66 matrix. The
representative FESEM images of the cross-sectional cryofrac-
tured surface of the PA66/MWCNT composites with 1.0 wt%
differently modified MWCNTs are shown in Figure 1. The
bright spots and lines in the FESEM images were attributed to
MWCNTs as a result of their high electrical conductivity. The
dispersion of P-MWCNTs was found to be poor in the PA66
matrix, as shown in Figure 1(a); furthermore, the exposed P-
MWCNTs were observed in the PA66 matrix. Therefore, it
can be suggested that P-MWCNTSs were mechanically mixed
in the PA66 matrix so that the reinforcement effects of
the MWCNTs have been weakened. It is unambiguous in
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FIGURE 1: Fractured surfaces of PA66/MWCNT composites with 1.0 wt% MWCNTs: (a) PA66/P-MWCNTs, (b) PA66/A-MWCNTs, and (c)

PA66/D-MWCNTs.

Figure 1(b) that the A-MWCNTs were dispersed in the PA66
matrix without any exposed MWCNTs while some agglom-
erations of MWCNTSs were observed in the PA66 matrix. The
good dispersion could be attributed to the increased polarity
of the A-MWCNTs by the carboxylic groups, resulting in the
increased compatibility between MWCNTs and PA66 matrix.
As shown in Figure 1(c), amine-modified MWCNTs were
uniformly dispersed in PA66 matrix, and when cryofrac-
tured, some nanotubes were pulled out from PA66 matrix.
The good interfacial compatibility should be attributed to
the formation of the -NHCO- groups on the surface of
MWCNTs which served as a link to improve the inter-
face bonds between D-MWCNTs and PA66 matrix. With
homogeneous dispersion of D-MWCNTs it is suggested that
they were embedded, debundled, and distributed throughout
the matrix as a result of effective functionalization. The
dispersion state of MWCNTs in the PA66 matrix was the
key parameter for drastic improvements of the crystal and
mechanical properties.

To confirm the reaction between PA66 and D-MWCNTs
during melt mixing, FTIR spectra of PA66, D-MWCNTs, and
PA66/D-MWCNT composites were measured and are shown
in Figure 2. The strong band of pure PA66 at 3296 cm™" was
attributed to hydrogen bonded N-H stretching vibration.
The absorption bands at 2933, 2855cm ™', and 1195cm™
resulted from the symmetric and asymmetric C-H stretch
vibrations and C-H twisting. The amide I band at 1629 cm ™"
was mainly associated with the C=0O stretching vibration.
Amide ITat1533 cm™ resulted from the N-H bending and C-
N stretching vibration. The absorption band at 1273 cm ™" was
due to C-N-H coupling vibration of the amide III band. In
PA66/D-MWCNT composite, the band at 3440 cm™' (O-H
stretching vibration of alcoholic) and 1736 cm™ (C=0 sym-
metric stretching of carboxyl) in D-MWCNTs disappeared.
It is suggested that D-MWCNTSs were probably grafted on
PA66 matrix by a condensation reaction during a melt-
compounding process because this kind of reaction occurs
easily between amine groups of D-MWCNTS’ surface and car-
boxyl group of PA66. The same conclusion was also reached
by other researchers [17, 18]. Also, because of the similarity
of the surface functional groups of D-MWCNTs and PA66
chains, good compatibility can be expected even though
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FIGURE 2: FTIR spectra of D-MWCNTs, pure PA66, and PA66/D-
MWCNT composites.

no condensation reaction occurs between D-MWCNTs and
PA66. Therefore, we think the disappeared peaks are an
indication of, at least in part, the condensation reaction.

From FESEM and FTIR results, it can be seen that D-
MWCNTs were uniformly dispersed in PA66 matrix and
that molecular chain structure of PA66 showed no distinct
difference owing to the chemical bonds between PA66 and
D-MWCNTs.

3.2. Effects on PA66 Crystallinit. Usually, the crystallinity of
polymer matrix significantly affects the friction property of
the composites. Therefore, their crystallization behavior of
PA66 matrix was investigated by DSC. Figure 3 shows the
cooling thermograms of PA66 and PA66/MWCNT compos-
ites with 1.0 wt% MWCNTSs obtained at a 10°C/min rate. It can
be seen that the pure PA66 had only a crystallization peak
temperature at 232°C. The crystallization temperature shifted
to a higher temperature, and the crystallization temperature
range became broader with an introduction of MWCNTs, as
had been reported in various polymer/CNTs composites [19,
20]. In general, inorganic fillers have two inconsistent influ-
ences on the crystallization of the semi-crystalline polymers.
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TABLE 1: Melting and crystallisation parameters of PA66 and PA66/MWCNT composites with 1.0 wt% differently modified MWCNTs.

T,, (CC) AH,, (J/g) X, (%) T.(°C) AH, (J/g)

Pure PA66 266.89 55.01 28.35 23211 4970
PAG66/P-MWCNTSs 263.48 64.64 33.31 24411 45.04
PA66/A-MWCNTSs 262.04 63.71 32.83 243.37 46.42
PA66/D-MWCNTs 266.07 66.91 34.48 240.76 34.19

PAG6/D-MWCNTs

W/’l
PAG66/P-MWCNTS Pure PA66

Pure PA66

Heat flow (W-g~ 1

Endo——>

75 100 125 150 175 200 225 250 275
Temperature (°C)

FIGURE 3: DSC thermograms on cooling of pure PA66 and PA66/
MWCNT composites with 1.0 wt% MWCNTs.

On one hand, they act as heterogeneous nucleating sites to
facilitate the crystallization of polymers. On the other hand,
they hinder the motion of polymer chain segments to retard
the crystallization of polymers [I8]. In the present work,
the MWCNTs mainly acted as heterogeneous nucleating
sites between the PA66 and MWCNTs and thus resulted
in a higher crystallinity of the PA66 composites. However,
the crystallization peak temperature of PA66/D-MWCNT
composites was lower than that of the other composites.
The low crystallization temperature of PA66/D-MWCNT
composites could arise from polarity attraction or chemical
interaction between amino end groups of D-MWCNTs and
carboxylic groups of PA66.

Figure 4 shows the heating thermograms of PA66 and
PA66/MWCNT composites with 1.0 wt% MWCNTs obtained
at a 10°C/min rate. With heating pure PA66, only one
endothermic peak, which was associated with the lamellar
thickness of PA66 [21], was observed at 266.7°C. The intro-
duction of MWCNTs into the PA66 matrix provided a large
amount of nucleation sites for PA66 chains to restrained
recrystallization or reorganization during the heating process
in DSC testing [22], which resulted in only one melting peak
of PA66. The changes in the characteristic parameters of the
crystallization process are given in Table 1. The crystallinity
degree of pure PA66 was 28.35%, while with 1.0wt% D-
MWCNTs incorporated in, the crystallinity degree increased
to 34.48%. As the crystallinity degree of the sample materials
increased and their ductility reduced, these resulted in low-
ering the ability of the surface to accommodate the impacts
and high strain rates in the dry sliding friction test. This is

PA66/P-MWCNTs

PA66/A-MWCNTs

Heat flow (W- g_l)

PA66/D-MWCNTs

75 100 125 150 175 200 225 250 275
Temperature (°C)

FIGURE 4: DSC thermograms on heating of pure PA66 and PA66/
MWCNT composites with 1.0 wt% MWCNTs.

similar to that an increase in crystallinity reduced the wear
rate of the polymer-matrix composite [23]. However, it was
also reported that a decrease of crystallinity reduced the wear
rate of the composite [24, 25]. This implies that the influence
of the crystallization behavior, caused by an addition of the
MWCNTs, is not the dominant factor for the enhancement
of wear resistance.

3.3. Effects on Mechanical Properties. The mechanical prop-
erties of the composites, such as hardness, modulus, or the
product of these factors, usually have significant influences on
the wear behavior of the composites. According to previous
research [26], materials with high hardness and high modulus
would achieve lower friction coefficient. Thus, it is necessary
to discuss the relationship between the mechanical properties
and the tribo performance of polymer matrix composite.

A typical loading-unloading curve and the parameters
used in an analysis of the nanoindentation test are shown
in Figure 5. Among the mechanical properties which can be
determined by a nanoindentation test, the elastic modulus
(E) and the nano-hardness (H) are very common. They
can be measured by analyzing the unloading part of the
load-displacement curve. The nano-hardness (H) can be
computed as

H- R}’Tax )

where P, . is the maximum normal load and A is the contact
area at the maximum load.



Journal of Nanomaterials 5
TABLE 2: Mechanical properties deduced from the nanoindentation test.
Specimen Reduced modulus (GPa) Elastic modulus (GPa) Hardness (GPa)
Before test After test Before test After test Before test After test
PA66 2.9927 3.8911 1.7699 2.3029 0.2191 0.2779
PA66/P-MWCNTs 3.0865 3.1707 1.8255 1.8755 0.2215 0.2335
PA66/A-MWCNTs 3.2916 3.1028 1.9472 1.8352 0.2218 0.2293
PA66/D-MWCNTs 3.0887 3.0938 1.8268 1.8299 0.2317 0.2271
be deduced from the unloading curves. With the introduction
L Uloading of differently modified MWCNTs the slope of unloading
nloadin

Loading

Load

Displacement

FIGURE 5: The loading and unloading curves in a nanoindentation
test.

By considering the nonrigid indenters response, the
elastic modulus (E) can be directly calculated through the fol-
lowing equation:

1 1-9 1-%
E, Ev+ E @

1

r

where E, is the reduced modulus of indentation contact;
Poisson’s ratio (v) of PA66 is 0.41 [27]. For the diamond
indenter, the elastic modulus (E;) is 1140 GPa, and Poisson’s
ratio (v;) is 0.07.

The reduced modulus of elasticity (E,) can be calculated
from the unloading curve with Oliver-Pharr method [28]
using the following equation:

E _Vmdp 1 (3)

" 2 dhvVA

where dp/dh is the slope of the unloading curves.

Figure 6 gives loading-unloading curves, before and after
a friction test, of pure PA66 and PA66/MWCNT composites
with 1.0wt% differently modified MWCNTs. These curves
were obtained from the nanoindentation tests with a normal
force of 10mN. In Figure 6(a), before the friction test, the
loading-unloading curves of specimens were shifted to the
left, and maximum depth reduced with the addition of the
modified MWCNTS5, indicating that the composite’s resis-
tance to indentation gradually was increased with the addi-
tion of different modified MWCNTTs. The indentation depths
represent the contributions from the elasticity. This fact can

curve was increased. According to (3), there is a linear
relationship between modulus and the slope of unloading
(i.e., stiffness), and a growth in stifftness will result in a higher
modulus.

As shown in Figure 7(a) pure PA66 was increased dras-
tically after a frictional test. It is suggested that because of
the low weathering property, PA66 became aging after the
friction test, which led to the enhancement of the hardness
and modulus. Figure 7(a) also shows a clear increasing trend
of elastic modulus as the introduction of differently modified
MWCNTs. Moreover, the hardness was also increased by
adding modified MWCNTs into the polymer matrix, as
illustrated in Figure 7(b). The effect of differently modified
MWCNTs on the hardness and elastic modulus of composites
from the nanoindentation tests is summarized in Table 2.
The results of H and E in Table 2 are the averaged values
in the depth. After friction testing, loading-unloading curves
of specimen were shifted to the right, and maximum depth
was increased with the addition of the modified MWCNTs,
as shown in Figure 6(b). Figure 7 also shows that the com-
posites with 1.0 wt% D-MWCNTs are not affected in the
maximum depth, nano-hardness, and elastic modulus before
and after the friction test. By contrast, the nano-hardness
and elastic modulus of the pure PA66 are increased when
D-MWCNTs have been added into polymer matrix because
of the intrinsic high strength and low friction coefficient
of D-MWCNTs and the strong interfacial adhesive force
between D-MWCNTs and PA66 matrix. It is suggested that
the addition of D-MWCNTs had a significant effect on
enhancement of mechanical properties and is also expected
to affect the tribological behavior of the composites.

3.4. Effect on Frictional Properties. In a similar manner, the
tribological behavior of material has a close relation with its
crystallization and mechanical properties. Figure 8 presents
the friction coefficient of the PA66 and PA66 composites
with differently modified MWCNTs during the tests at a
speed of 1000 rpm, load of 200N, and slip ratio of 14.29%.
Figure 8 shows that the friction coefficient of PA66 was low
at the early stage of the tribological test. This is because,
at the initial stage, the contact surfaces between two discs
were dominated by a bedding-in process where the contact
between two surfaces occurred mainly in the microasperity
level. Such a contact resulted in a lower friction force. When
such micropeaks were worn out, friction coefficient increased
gradually. As shown in Figure 8, the friction coefficient of the
composites was the lowest when D-MWCNTs were added
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to PA66 matrix. There is a significant reduction of 17% in
frictional coefficient between pure PA66 and D-MWCNTs
composites. This observation is very similar to that of Yoo and
Norman [23]. High crystallinity matrices produced a transfer
film on interfacial layer with low friction coefficients. During
a sliding friction test in dry condition, the formation of the
transfer film was always thought to be an important factor
to enhance the wear resistance of the polymer composite.
During the friction process, this layer film was continuously
replenished as the composite worn, until the surface became
saturated with MWCNTs fragments.

As shown in Figures 7 and 8, it is evident that, with
an addition of D-MWCNTs, the nano-hardness of compos-
ite increases, but the friction coefficient of the composite
decreases. It is suggested that the introduction of MWCNTs
into polymer matrix improved abrasive resistance of compos-
ites owing to their load supporting role during a friction pro-
cess. The load supporting role displayed on enhancement of
the mechanical properties of the polymer. The same tendency
of mechanical properties and friction behavior may be both
ascribed to the different morphology and polymer/MWCNTs
interactions with differently modified MWCNTs.
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FIGURE 8: Friction coefficient curves for the pure PA66 and PA66/
MWCNT composites with 1.0 wt% differently modified MWCNTs
(at 200 N, 1000 rpm, and 14.29% slip ratio).

4. Conclusions

In this work, the effects of modification methods on the
dispersion of MWCNTs and the resulting mechanical and
friction properties of the composites have been investigated
and the following conclusions can be drawn.

Amine functionalization of MWCNTs improved the dis-
persion of MWCNTs in PA66 matrix. Because of the chemical
bonds between PA66 and D-MWCNTs, molecular chain
structure of PA66 showed no distinct difference. The degree
of crystallization and melting enthalpy of PA66/MWCNTs
were enhanced via the introduction of D-MWCNTs.

Before a friction test, surface chemical modification of
MWCNTs resulted in an obvious increase in the nano-
hardness and elastic modulus of the composites. More inter-
estingly, after the friction test, the nano-hardness and elastic
modulus of the composites gradually reduced with the
introduction of modified MWCNTs. The nano-hardness and
elastic modulus of the PA66/D-MWCNT composites were
almost unchanged, indicating the addition of D-MWCNTs
effectively improved mechanical properties of the composites
during the actual application process. The friction coefficient
of the PA66/D-MWCNT composites was lowest of the all
samples when D-MWCNTs were added to PA66 matrix.
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