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ABSTRACT

A series of polyamide 66 (PA66) and multi-walled carbon nanotube (MWNT)
composites were condensed using amino-functionalized MWNTs (AMWNTs),
hexanediamine adipate salts, and adipic acid as raw materials. The covalent
grafting of maleic acid diamine onto the surfaces of the MWNTs by a Diels—
Alder reaction prevented the AMWNTs from suffering entanglement, and
facilitated excellent dispersion of AMWNTs in the PA66 matrix. Analyses
revealed not only that the AMWNTs are uniformly dispersed in the PA66
matrix, but also that a strong interfacial interaction exists between the AMWNTs
and the matrix. An AMWNT loading of only 0.5 wt% ensured a maximum
dispersibility of AMWNTs in the PA66 matrix, which was far better than that of
MWNTs. Additionally, the crystallization and melting behavior of PA66/
AMWNT (PACNT) composite fibers were characterized. Finally, mechanical
testing results demonstrated that the Young’s modulus and tensile strength of
the composite fiber with 0.5 wt% AMWNT loading were increased by about
384% and 140%, respectively, compared with those of the pure PA66 fiber.
Therefore, the proposed PACNT composite fibers are promising for high-per-
formance applications.
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chemical characteristics. Among the most commonly
employed nanofillers, multi-walled carbon nanotubes

Introduction

With the development of nanoscience and nan-
otechnology, composites of polymers and nanofillers
and other hybrid materials have attracted increasing
attention in the fields of academia and industry [1].
The addition of nanofillers has been demonstrated to
improve the structural and mechanical properties of
polymer matrices without affecting their primary
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(MWNTs) have been shown to improve polymer
composite performance significantly owing to their
excellent mechanical properties and their large aspect
ratio [2, 3]. However, the compatibility of MWNTSs
with common solvents and polymers is generally
poor, and MWNTs suffer from severe entanglement
due to van der Waals forces. Therefore, ensuring that
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MWNTs are homogeneously dispersed in polymer
matrices and that they have strong interfacial inter-
actions with the matrix represents the greatest chal-
lenge for the fabrication of high-performance
polymer/MWNT composites [4].

Diverse chemical surface modification methods
have been developed to resolve these problems [5-7].
Unfortunately, most of the various methods presently
available for the covalent functionalization of
MWNTs require relatively demanding reaction con-
ditions and several synthetic steps, which tend to
damage the structure of MWNTs and suffer from
relatively high complexity. In contrast, the Diels—
Alder (DA) reaction employs mild, catalyst-free
reaction conditions in a benign solvent-like water and
generally provides a high reaction rate [8-11]. In
addition, several methods have been developed for
fabricating composites of polymers with functional-
ized MWNTs, such as melt-mixing [12-14], solution-
mixing [15], and in situ polymerization [16-18]. Of
these methods, in situ polymerization tends to pro-
vide better MWNT dispersion than melt-mixing by
first dispersing the functionalized MWNTs in the
monomers of the matrix material and then conduct-
ing polymerization with the modified monomers.
Accordingly, covalent bonding can be formed
between the functionalized MWNTSs and the polymer
matrix, resulting in composites with strong interfacial
bonds that provide improved mechanical properties.

Of the many polymer materials that can be
employed in the fabrication of polymer/MWNT
composites, polyamide 66 (PA66) is a particularly
important thermoplastic engineering material that is
used in products ranging from passenger car tire
cords, sporting goods, daily necessities, and rope
fibers due to its excellent physical-mechanical prop-
erties [19-21]. However, the mechanical properties of
PA66 limit its application in some areas, such as in
aerospace, cargo truck tire cordage, and special types
of high-strength engineering applications. Therefore,
attempts have been made to improve the mechanical
properties of PA66 through the addition of MWNTs
as a reinforcing nanofiller [22-25]. For example, sin-
gle-walled nanotubes (SWNTs) have been function-
alized with sulfuric and nitric acids to form
carboxylic SWNTs, and further reacted with thionyl
chloride (SOCl,) to transform —-COOH groups into —
COCl groups, and then reacted with dodecylamine to
form amino-functionalized SWNTs, which were then
finally polymerized with dichloric acid adipoyl
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chloride and 1,6-hexamethylene diamine in situ to
fabricate PA66/SWNT composites [26]. However,
this is a complex and time-consuming process
requiring greater than 108 h. Similarly, MWNTSs were
subjected to chlorination with chlorine at 400 °C and
then further reacted with a sodium hydroxide solu-
tion and ammonia to form hydroxylated MWNTs
and aminated MWNTs, respectively, and the product
was reacted with PA12 [27]. High temperature is
required in this multi-step and complex functional-
ization process. Functionalized SWNTs have also
been fabricated using sulfuric and nitric acid treat-
ment, and subsequent fluorination was conducted
with a fluorine, hydrogen, and helium gas-flow ratio
of 2:1:30, and mixed with epoxy resin [28]. This is also
a multi-step and complex process. However, while
the dispersibility of the carbon nanotubes in the
polymer matrix increased with the modification
conducted by these multi-step processing methods,
the formation of covalent bonds destroyed the sp*-
hybridized carbon, which negatively affected the
mechanical properties of the nanotubes. Addition-
ally, these multi-step procedures required long reac-
tion times and were expensive and not
environmentally friendly.

The present work addresses these challenges by
developing a unique, simple, and efficient synthesis
route for the formation of high strength PA66/
MWNT composite fibers. The DA reaction served as
the inspiration for applying maleic acid diamine
(MAD) to provide amino-functionalized MWNTs
(AMWNTs), and the developed AMWNTs facilitated
the interfacial adhesion of the MWNTs with the PA66
matrix and enhanced their compatibility. To the best
of our knowledge, the proposed functionalization of
MWNTs, as well as the proposed fabrication of
PA66/AMWNT (PACNT) composites by in situ
polymerization, have been not yet been reported. The
prepared PACNT composites are subjected to inten-
sive investigation, which includes their physical and
chemical properties as a function of AMWNT load-
ing. In addition, the crystallization and melting
behavior of PACNT composite fibers are character-
ized, and their mechanical properties are evaluated in
detail.
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Experimental
Materials

Hexanediamine adipate salt was obtained from Bei-
jing Jinjingle Co. Adipic acid was purchased from
Tianjin Fuchen Co., Ltd. We purchased MWNTSs from
Beijing Deke Daojin Co., Ltd. with a diameter < 8 nm,
lengths from 0.5 to 2 pm, and a purity of greater than
95 wt%. We purchased MAD from TCI Huacheng
Industrial Development Co., Ltd. Sulfuric acid
(HySOy4, 98%), tetrahydrofuran (C4HgO, THF), formic
acid (HCOOH), N,N-dimethylformamide (C;H;NO,
DMF), N,N-dimethylacetamide (CH3;C(O)N(CHj;),,
DMAc), dimethyl sulfoxide ((CH3),SO, DMSO),
methanol (CH;0OH), and dichloromethane (CH,Cl,,
DCM) were purchased from Tianjin Fengchuan
Reagents Co., Ltd.

Amidation of MWNTs

We added MAD (10 g) and MWNTs (1 g) into a
three-neck round-bottom flask, and the mixture was
transferred to an oil bath at 190 °C with stirring for
12 h. The product was diluted with 200 mL of DMF,
filtered, and the mixture was boiled for 3 h at 60 °C.
This process was repeated 3 times. Subsequently, the
process was repeated 6 times with water rather than
DMF to ensure that the excess MAD was completely
removed. The products were dried at 100 °C over-
night in a vacuum oven.

Fabrication of PACNT composites

The typical procedure for fabricating PACNT com-
posites with 0.1 wt% AMWNT loading is depicted as
follows. Hexanediamine adipate salts (40 g) and
AMWNTs (0.04 g) were ground together in an agate
mortar. The mixture was added into a three-neck
round-bottom flask, purged with nitrogen to remove
air, and the mixture was heated to 180-185 °C in an
oil bath under a nitrogen atmosphere. After 1 h, the
temperature of the oil bath was increased to
210-220 °C. After approximately 2 h, the temperature
of the oil bath was increased to 270-280 °C, and, after
approximately 4 h, the flask was cooled to room
temperature. A hard block of PACNT composite
material was obtained and was crushed into small
pieces and washed three times in boiling water for
3 h to remove monomer and low molecular weight
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oligomers completely. The PACNT composites were
soaked in formic acid to remove free PA66 (FRPA66)
that had not grafted to the AMWNTs to obtain
purified PA66-grafted AMWNTs (PPAA). This pro-
cedure was employed to obtain PACNT composites
with different AMWNT loadings of 0.1, 0.3, 0.5, and
1.0 wt%, and pure PA66 was synthesized using the
same engineering parameters. The corresponding
nanocomposite samples are denoted herein as
PACNTs-0.1, PACNTs-0.3, PACNTs-0.5, PACNTs-
1.0, and PA66, respectively. In addition, the FRPA66
was collected by precipitation in water. The obtained
nanocomposite samples are denoted herein as
FRPA66-0.1, FRPA66-0.3, FRPA66-0.5, and FRPA66-
1.0, respectively.

Melt-spun PACNT composite fibers

Fibers of the PACNT nanocomposites were fabricated
by a melt-spinning process with a custom-made
piston spinning machine. All powders were main-
tained at 280 °C for 5 min and then melt-spun with a
0.3-mm-diameter spinneret. The as-spun PACNT
composite fibers were stretched by a factor of 3.5 in
hot water at 95 °C, and heat set with a hot roller at
130 °C for 2 min.

Characterization

Fourier transform infrared (FTIR) spectroscopy was
conducted using a spectrometer (Bruker TERSOR 37,
Germany) in the range of 4000-500 cm™". The reso-
lution was 4 cm ™.

Micro-Raman mapping spectra were recorded on a
Renishaw InVia Raman microscope (XploRA PLUS,
Japan) equipped with a 532 nm laser and a Horiba
Jobin—-Yvon XploRA confocal Raman microscope
equipped with a 532 nm laser.

X-ray photoelectron spectroscopy (XPS) measure-
ments were taken using a spectrometer (Genesis 60,
Edax, USA) equipped with an Al K« radiation source
(hv = 1486.4 eV).

Thermal gravimetric analysis (TGA) was con-
ducted on a thermo-gravimetric analyzer (NETZSCH
STA409PC, Germany) in the range of 40-800 °C at a
heating rate of 10°C/min under a nitrogen
atmosphere.

Thermal property measurement was conducted
using differential scanning calorimetry (DSC,
NETZSCH DSC 200 F3, Germany). The determination
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temperature varied from 0 to 350 °C at a heating or
cooling rate of £ 10 °C/min under a nitrogen atmo-
sphere (0.2 MPa) in the first cycle to remove thermal
history, and the data were collected using a heating
rate of 10 °C/min in a nitrogen atmosphere in the
second cycle.

The molecular weight of FRPA66 and FRPA66 with
various AMWNTs was expressed through the rela-
tive viscosity #, using

M, = 13870 x (i, — 1.4549), [29] (1)

where 7, was measured at a sample concentration of
001g mL~! in H,S0, with an Ubbelohde viscometer
at 20 °C.

X-ray diffraction (XRD, Rigaku D/MAX-2500
X-gA, Japan) was performed with filtered CuKa
radiation (4 = 0.15406 nm). Diffractograms were
obtained in the 20 range of 3° to 40° with a scan rate
of 8°/min at room temperature.

Dynamic mechanical analysis (DMA, NETZSCH
DMA 242, Germany) of the samples was conducted
in a nitrogen atmosphere at a heating rate of 3 °C/
min and a frequency of 1 Hz.

Scanning electron microscopy (SEM) was per-
formed on a field emission SEM system (Hitachi
5-4800, Japan) with an accelerating voltage of 10 kV.

Tensile testing of the fibers was conducted using an
electronic tensile strength tester (LLY-06, Laizhou,
China). The testing employed a fiber length of 10 mm
at a tensile rate of 10 mm/min. The final results cited
are the average and standard deviation values
obtained from 10 samples.

Results and discussion

Formation mechanism of PACNT
composites

The proposed formation mechanism of the PACNT
composites can be summarized as follows. During
the pre-polymerization process, the elevated tem-
perature initiated a partial melting of the hexanedi-
amine adipate salts, and polymeric chains of PA66
subsequently step-propagated with the consumption
of monomers. Condensation reactions occurred
between the carboxylic acid groups of the adipate
acid and the amino groups of the AMWNTs, and
PA66 was grafted onto the surfaces of the AMWNTSs
simultaneously. In addition, the viscosity of the
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composites increased gradually with the continuous
propagation of polymer chains at high temperature,
which is indicative of the high molecular weight of
PA66. During the condensation polymerization pro-
cess, the amino groups on the AMWNTs disrupted
the stoichiometric balance between the carboxylic
acids and amino groups in the reaction system.
Therefore, the molecular weight of the grafted poly-
mer chains decreased as the concentration of
AMWNTs relative to the concentration of monomers
increased, which increased the amino group loading
of the AMWNTs. Adipic acid is a dicarboxylic acid
that contains two carboxyl groups at each end of the
molecular chain and played a role in regulating the
molecular weight of PA66 in the system. To solve this
problem, additional adipic acid was added. The
scheme of forming covalent bonds on between PA66
and AMWNTs surface is shown in Fig. 1.

The FTIR spectra of MWNTs and AMWNTs are
shown in Fig. 2. The broad band at 3340 cm™" in the
AMWNTs spectrum is assigned to N-H stretching
vibrations. The bands at 2917 and 2852 cm™' are
assigned to the dissymmetry stretching vibrations of
the CH, groups in the AMWNTs. The emerging
broad bands at 1631 and 1575 cm ™' for the AMWNTSs
correspond to the respective stretching vibrations of
C=0 and the N-H of the amide functionality. The
band at 1259 cm™' is assigned to the stretching
vibrations of C-IN. The FTIR results indicate the
existence of MAD grafted onto the MWNTs.

Figure 3 presents the Raman spectroscopy results
for the MWNTs and AMWNTs. The D-band is asso-
ciated with defects in the hexagonal framework of the
MWNT walls, while the G-band is related to the sp*-
hybridized carbon framework [30]. The intensity ratio
of the D and G bands of the MWNTs (Ip/lg) is an
indication of the degree of covalent functionalization
[8, 31]. Here, the value of Ip/I for the MWNTs was
about 0.69, while that for the AMWNTs was about
0.91. Clearly, the value of Ip/I; increased after func-
tionalization, and the carbon nanotube sidewalls
included more sp® hybridized carbon atoms. How-
ever, the functionalization resulted in only a very
small increase in Ip/lg. The Raman results indicate
that MAD has been covalently attached to the
MWNTs successfully.

Generally, XPS can provide information regarding
the chemical state of materials at the surface and is
widely employed for chemical analysis [32]. Full-
scale XPS spectra of the MWNTs and AMWNTs are
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Figure 1 The scheme of
forming covalent bonds on
between PA66 and AMWNTs
surface.

J Mater Sci (2019) 54:11056-11068
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Figure 2 FTIR spectra of MWNTs and AMWNTs.
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Figure 3 Raman spectra of MWNTs and AMWNTs.

shown in Fig. 4. In the MWNTs spectrum, two
obvious peaks are observed at 285.1 eV (C 1s) and
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Figure 4 Full-scale XPS spectra of MWNTs and AMWNTs.

533.0 (O 1s) [33], and no peak indicative of nitrogen
was detected. For the AMWNTs spectrum, an N
1s signal was detected at 400.1 eV in addition to C
1s and O 1s signals, which indicates that MAD was
grafted onto the MWNTSs successfully. As shown in
Fig. 4, the C 1s spectra of the MWNTs and AMWNTs
were convoluted because parts of the unwashed
composites were coated with carbon nanotubes.
Therefore, the C 1s spectrum was deconvolved to
obtain a number of peaks that can be assigned to
various bonds. The C 1s spectra of the MWNTs and
the AMWNTs are shown in Fig. 5. The C 1s peak of
the MWNTs can be deconvoluted into three peaks
with binding energies of 284.6, 285.5, and 290.5 eV,
which are assigned to C = C, C-C, and O-C=0 states,
respectively [34]. In addition to these deconvoluted
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Figure 5 C 1s spectra of (a) (b)
a MWNTs and b AMWNTSs.
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peaks, the C 1s peak of the AMWNTs could be
deconvoluted into C-N and C=O components at
binding energies of 285.0 and 288.6 eV, respectively,
which further confirms that MAD was successfully
grafted onto the surface of the MWNTs. These results
are therefore consistent with the results obtained via
the above analysis of the FTIR and Raman spectra.

The dispersion of the AMWNTs and MWNTs in
the PA66 matrix was investigated based on the
Hildebrand solubility parameter (5). The value of ¢ is
derived directly from the cohesive energy density
(CED) as follows:

6= (E/V)'2. (2)

here E is the molar cohesive energy and V is the
molar volume of the solvent. According to Hansen’s
theory [35], the CED of any material is the sum of
Hansen dispersion (d), polarity (p), and hydrogen
bonding (h) components. As such, the CED consists
of three components:

CED = E/V = E;/V +E,/V + E,/V. (3)

This leads to three solubility parameters, where
each is equal to the square root of the associated CED.
Thus, the sum of the squares of these Hansen solu-
bility parameters equals the square of the Hildebrand
solubility parameter:

& =85+ 6,, 6. (4)

The three Hansen solubility parameters are then
given as follows:

0; = Z Céiﬁsol/ Z C (i:dvpvh)v (5)

solvent solvent

where C is the dispersability in a given solvent and
0isol is the ith Hansen solubility parameter in a given
solvent.

According to the Lambert-Beer law (A = a-.C-L,
where A is the absorbance, « is the absorption coef-
ficient, C is the concentration of the dispersant, and L
is the thickness of the liquid layer) and previous
research [36], the three Hansen parameters in Eq. (2)
can be simplified as follows.

Si= > Abia/ Y A (6)

solvent solvent

The solubility parameters of various solvents are
listed in Table 1. The values of d,, J,, and J;, obtained
with Eq. (6) using a series of good solvents for
AMWNTs can therefore be given as 17.0, 12.2, and
10.6 MPa'’?, respectively. Accordingly, the value of
for AMWNTs can be calculated from Eq. (4) as
23.5 MPa'/? Employing the same method for calcu-
lating the values of d4, J,, and ), for MWNTs yielded
17.2, 10.5, and 10.0 MPa'’/?, respectively, and the
value of J calculated by Eq. (4) was 22.5 MPa'/2. The
Hansen parameters for PA66 in an equivalent solvent
(04 =174 MPa'?,  §,=9.80 MPa'’?, and §).
= 14.6 MPa'’?) were obtained from the literature
[35], and the calculated value of § was 24.7 MPa'/?.
These results indicate that the value of ¢ for the
AMWNTs is closer to that of PA66. As such, the
dispersibility of the AMWNTs in the PA66 matrix is
expected to be better than that of MWNTSs according
to the principle of like dissolves like. Therefore, we
can expect that the strength and Young’s modulus of
the resulting PACNT composites will be enhanced.
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Table 1 Hansen parameters

of various solvents Solvents Molecular formula 84 (MPa'’?) Op (MPa'?) 3, (MPa'?) 5 (MPa'?)
DMF HCON(CH3), 17.4 13.7 11.3 26.6
DMSO (CH;),SO 18.4 16.4 10.2 26.7
DMAc CH;C(O)N(CH;),  16.8 11.5 10.2 22.8
THF C4HgO 16.8 5.7 8.0 19.4
Methanol CH;0H 15.1 12.3 223 29.6
Formic acid HCOOH 14.3 11.9 16.6 249
DCM CH,Cl, 18.2 6.3 6.1 20.2

Thermal properties of PACNT composites

The TGA and DTG curves of PA66 and the PACNT
composites with various AMWNT loadings are
shown in Fig. 6a, b, respectively. Pure PA66 shows a
Tsq, of 378 °C, and the major mass loss of PA66 is
observed in the temperature range 381-500 °C, which
is due to the decomposition of macromolecular
chains. A similar result was reported for nano-hy-
droxyapatite-PA66 [37]. Tmax are denoted to the
maximum mass temperature. Figure 5b shows that
Tmax Of all PACNT composites is high than PA66.

Melting and crystallization behavior
of PACNT composites

Crystallization has an extreme effect on the proper-
ties of composites involving crystalline polymers. The
crystalline structures of PA66 can be divided into two
primary phases, including the triclinic a-crystalline
phase and the pseudo-hexagonal y-crystalline phase.
The o phase is composed of stacked planar sheets of
hydrogen bonded chains with the sheets displaced
along the chain direction by a fixed amount. The y
phase has pleated sheets of methylene units with
hydrogen bonding between the sheets rather than
within the sheets [38]. The « phase of PA66 is much

more stable than the y phase at room temperature. As
reported by Bell et al. [39], PA66 exhibits two melting
peaks that may appear individually or together,
depending on annealing and stretching conditions.
Here, the DSC heating curves given in Fig. 7a indi-
cate that all samples in the present system have only
a single melting peak. Moreover, the pure PA66
exhibited a melting temperature (Ty,) of 269.2 °C,
which corresponds to the a-crystalline phase. We also
note from Fig. 7a that the values of T, for the
PACNT composites shifted to lower temperatures
than that of the pure PA66 with increasing AMWNT
loading. We propose that the reason for this decrease
is that the molecular weight of the polymer decreases
with increasing AMWNT loading. To confirm this
proposal, we investigated the TGA curves of PPAA
with various AMWNT loadings shown in Fig. 8 and
evaluated the molecular weights of PA66 and
FRPA66 with various AMWNT loadings, which are
listed in Table 2. The TGA mass data decreased with
increasing AMWNT loading, as shown in Fig. 8. As
such, the amount of PA66 grafted onto the AMWNTSs
decreased with increasing AMWNT loading, and
Table 2 shows that the molecular weights of the free
PA66 samples decreased with increasing AMWNT
loading from 26500 for pure PA66 to 10300 g mol
for PACNTs-1.0. We note that these results support

Figure 6 a TGA and b DTG (a) (b)
curves of PA66 and the 100 0
PACNT composites with —PA? 0
. . L —— PACNTs-0.1
various AMWNT loadings. 80 P PACNT: 0.3
105 e St — PAG6
PN | —PACNTs-0.5| — PACNTSs-0.1
2 100 R _ Q -0.
S PACNTSs-1.0 L — PACNTs-0.3
2 40l % 2 -101 —— PACNTSs-0.5
§ % § —— PACNTS-1.0
20 8 15}
118 80
280 320 360 400 440
A ; : ! h 20
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Figure 7 DSC a heating and (a)

b cooling curves of PACNT
composites with various
AMWNT loadings.
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Figure 8 TGA curves of PPAA with various AMWNT loadings.

Table 2 Molecular weights of PA66 and FRPA66 with various
AMWNT loadings

Samples Relative viscosity M, (g mol™")
PA66 3.36 2.65 x 10*
FRPA66-0.1 3.01 2.17 x 10*
FRPA66-0.3 2.57 2.12 x 10*
FRPA66-0.5 2.47 1.41 x 10*
FRPA66-1.0 2.20 1.03 x 10*

the above proposal well. The same phenomenon was
also reported by Zhou et al. [36]. The crystallization
temperature (T.) of pure PA66 appears at 220.6 °C, as
indicated by the DSC cooling curves in Fig. 7b, and
the values of T, for the PACNT composites shifted
toward higher temperature and the widths of the
crystalline peaks became increasingly narrow with
increasing AMWNT loading. These results indicate
that the AMWNTs increase the crystallization rate of
the composites and have a strong hetero-nucleation
effect on the PA66 matrix. It is also known that the

250 300 350 0 50 100 150 200 250 300 350
Temperature (°C)

value of T, for composites increases with the intro-
duction of clay and carbon nanotubes [38, 40, 41].
We also investigated the effect of AMWCNT
loading on the crystallinity of the PA66 matrix by
evaluating the degree of crystallization (X.) of the
PACNT composites using the following relationship:

X.(%) = AH, x 100/AH?, (7)

where AH. is the heat of crystallization for the
PACNT composites and AH? is the heat of crystal-
lization for 100% crystalline PA66, which is 188 J/g
[42]. For comparison, the values of AH. and X. for
PA66 and the PACNT composites are also listed in
Table 3. These results demonstrate that the addition
of AMWNTs leads to increase in X, where X,
reaches a maximum for an AMWNT loading of
0.5 wt%, but decreases with the further addition of
AMWNTs. The main reason for this crystallization
behavior is that the AMWNTs have two contradic-
tory influences on the crystallization of semicrys-
talline polymers. On the one hand, they act as
heterogeneous nucleating agents to facilitate the
crystallization of polymers, while, on the other hand,
AMWNTs hinder the motion of polymer chain seg-
ments, thereby retarding the crystallization of poly-
mers [43]. This confinement effect eventually

Table 3 Crystallization parameters of PA66 and PACNT

composites

Samples Tm (°C) T. (°C) AH. (J g_l) X (%)
PA66 269.2 220.6 59.70 31.76
PACNTs-0.1 258.7 230.2 60.31 32.08
PACNTs-0.3 255.4 231.3 75.89 40.37
PACNTs-0.5 257.6 230.9 86.04 45.77
PACNTs-1.0 258.9 232.7 66.03 35.12
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Figure 9 XRD patterns of PA66 and the PACNT composites.

outweighs the nucleation effect and decreases the
overall crystallization kinetics.

The XRD patterns of PA66 and the PACNT com-
posites are presented in Fig. 9. The two strong
diffraction peaks at 20.29° and 23.41° correspond to
the (100) and (010) crystal planes, respectively, which
are, respectively, defined as oy and o, [38]. The (100)
crystal planes corresponding with the o peak rep-
resent the stacked planar sheets of the hydrogen-
bonded chains associated with the o phase of PA66,
and the (010) crystal planes corresponding with the o,
peak arise from the hydrogen-bonded pleated sheets
associated with the o phase of PA66 [44]. The sharp
decrease in the intensity of the a; peak for the
PACNT composites indicates that the addition of
AMWNTs disturbs the perfect arrangement of the
hydrogen-bonded chains of the o phase. Therefore, it
is reasonable to ascribe this phenomenon to an
interaction between the AMWNTs and the polymer
chains. Moreover, the intensity of the oy peak of the
composites decreases proportionally with increasing
AMWNT loading, and the corresponding increasing
intensity of the o, peak is not proportional to the
AMWNT loading. This indicates that the AMWNTSs
have a strong hetero-nucleation effect on the PA66
matrix. The crystallite sizes (D) of PA66 and the
PACNT composites can be determined from the XRD
data according to the Scherrer expression:

D = KJ/fBcos 0, (8)

where K is the Scherrer factor (K = 0.9), 4 is the X-ray
wavelength (1 = 0.15406 nm), f is the measured full-
width at half maximum of the respective peak, and 0
is its Bragg angle. The values of D calculated using
Eq. (8) are listed in Table 4. We note that D(100)

@ Springer

| J Mater Sci (2019) 54:11056-11068

Table 4 Crystallite sizes of PA66 and the PACNT composites
obtained from Fig. 8 and Eq. (8)

Samples 26 D (100) D (010)
% % (nm) (nm)
PA66 20.29 23.41 9.9 8.4
PACNTs-0.1 20.20 23.40 10.1 8.0
PACNTs-0.3 20.19 22.90 9.7 7.8
PACNTs-0.5 20.19 23.40 9.6 8.5
PACNTs-1.0 20.20 23.39 9.3 8.5

decreased with an increasing AMWNT loading
because of the suppressed crystal growth caused by
interactions between the AMWNTs and the PA66
matrix. In addition, no linear relationship was
obtained between D(010) and the AMWNT loading.

Dynamic mechanical properties of PACNT
composites

Figure 10a, b presents the loss factor (tan o) and
storage modulus (E’) curves of the PACNT compos-
ites, respectively. In addition, the temperatures cor-
responding to the tan 6 peaks can be taken as the
glass transition temperature (Tg). Accordingly, the
DMA parameters are listed in Table 4. The greater
value of E' obtained for PACNTs-0.5 than that of
PAG66 is representative of an increased stiffness and
load-bearing capacity of the composite. This signifi-
cant improvement can be attributed to the fine dis-
persion of AMWNTs in the PA66 matrix and the
formed covalent linkages between the AMWNTs and
the matrix [17]. Another important feature is that the
tan 6 peaks for the PACNT composites shifted
toward higher temperature relative to that of PA66,
as shown in Fig. 10a. It is well known that the T,
value of the polymer matrix in composites depends
on the free volume of the polymer, which is related to
the affinity between the filler and the polymer matrix
[24, 45, 46]. From Table 5, we note that the Ty values
for the PACNT composites are all greater than that of
PA66, which indicates that the AMWNTSs have good
dispersion and a strong affinity with the PA66 matrix.
As a result, the free volume of the corresponding
composites decreases and Ty increases [23]. More-
over, the tan ¢ values decreased markedly with the
addition of AMWNTs, indicating that the movement
of the PA66 molecular chains was constrained sub-
stantially by the AMWNTs.
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Figure 10 Values of a tan 0 (a) (b)
and b storage modulus (E’) as 0.08 3500
a function of temperature for 0.06 3000 - —— PA66
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PACNT composite fibers

Figure 11 presents SEM micrographs of the fracture
surfaces of PACNT composite fibers. Here, the white
dots or rods in the micrographs represent the broken
ends of AMWNTs. It is readily observed from

Table 5 DMA parameters of PA66 and the PACNT composites

Samples E’ (MPa) T, (°C) tan o
PA66 2778.61 55.5 0.075
PACNTSs-0.1 1255.75 73.3 0.055
PACNTs-0.3 1490.89 79.4 0.053
PACNTs-0.5 3224.23 62.9 0.057
PACNTs-1.0 2561.39 72.8 0.053

Figure 11 SEM micrographs
of the fracture surfaces of
PACNT composite fibers:

a PACNTs-0.1, b PACNTs-
0.3, ¢ PACNTs-0.5,

d PACNTs-1.0.

80 100 120 140 160 180
Temperature (°C)

80 100 120 140 160 180

Temperature (°C)

Fig. 11d that the AMWNTs in PACNTs-1.0 undergo
significant agglomeration. However, Fig. 11a—c
shows that the AMWNTs in PACNTs-0.1, PACNTs-
0.3, and PACNTs-0.5 are uniformly dispersed in the
PA66 matrix and that the PA66 forms a surrounding
cladding layer that firmly entraps the AMWNTs.
Moreover, an AMWNT loading of 0.5 wt% demon-
strates a greater dispersibility and stronger interfacial
interaction with the PA66 matrix than the other
AMWNT loadings. This indicates that strong chemi-
cal bonds are formed between the AMWNTs and
PAG66 in this case. The stress on the PA66 matrix is
thereby transferred to the AMWNTs effectively, and
this restricts the movement of the PA66 molecular
chains.

The physical-mechanical properties of the PACNT
composite fibers with various AMWNT loadings are

ljim 200 nm

200 nm
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Figure 12 Tensile strength and Young’s modulus of PACNT
composite fibers with various AMWNT loadings.

presented in Fig. 12. It can be seen that, with
increasing AMWNT loading, the tensile strength of
the composite fibers first increases, reaches a maxi-
mum at an AMWNT loading of 0.5 wt%, and then
decreases, but the Young’s modulus of the compos-
ites increases continuously with increasing AMWNT
loading. Compared with pure PA66, the addition of
only 0.5 wt% AMWNTs increased the tensile strength
by roughly 140% from 255 to 611 MPa, while the
Young’'s modulus increased by 384%, which clearly
demonstrates the significant reinforcing effect of
AMWNTs on the PA66 matrix. The tensile strength
and Young’s modulus results obtained here are the
greatest among all previously published reports of
PA66 composites [47-51].

Based on these results, we propose the following
two factors for explaining the superior mechanical
properties of the PACNT composites. The surface
modification of the MWNTs by the grafting of MAD
leads to an increased interlayer distance between the
MWNTs that prevents their restacking and also
ensures the preservation of an intact MWNT struc-
ture during processing. The AMWNT surfaces pro-
vide amino groups for grafting to PA66 directly via
in situ polymerization, and this leads to the formation
of strong interfacial interactions between the
AMWNTs and the PA66 matrix.

Conclusions

The present work demonstrated the effective grafting
of MAD on the surfaces of MWNTs through a DA
reaction, which is a relatively mild and rapid process.
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The chemical bonds formed between the MAD
molecular chains prevented the AMWNTs from suf-
fering entanglement. As a result, the dispersion of
AMWNTs in the PA66 matrix was better than that of
MWNTs. The Young’'s modulus and tensile strength
of PACNT composite fibers were greatly increased
relative to those of a pure PA66 fiber even with a very
low AMWNT loading, and maximum values were
obtained for an AMWNT loading of 0.5 wt%, which
represented an increase in the Young’s modulus and
tensile strength of about 384% and 140%, respec-
tively, compared with the pure PA66 fiber. Therefore,
the proposed PACNT composite fibers are promising
for applications in high-performance tire cordage,
transport belts, and rope.
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