
Vol.:(0123456789)1 3

https://doi.org/10.1007/s00396-022-04961-7

ORIGINAL CONTRIBUTION

Facile fabrication of high‑performance PA66/MWNT nanocomposite 
fibers

Xue‑Feng Gao1,2,3 · Wen‑Guang Yu1,2,3 · Na Han1,2,3 · Xing‑Xiang Zhang1,2,3 

Received: 30 December 2021 / Revised: 21 February 2022 / Accepted: 22 February 2022 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract
Carbon nanotubes (CNTs) are promising polymer-strengthening materials; however, it is difficult to achieve the even dis-
tribution of CNTs in polymer matrixes and strong interfacial interactions between CNTs and polymeric chains. In the 
present work, multi-walled carbon nanotubes (MWNTs), carboxylic multi-walled carbon nanotubes (MWNTs-COOH), 
amino multi-walled carbon nanotubes (MWNTs-NH2), and hydroxylated multi-walled carbon nanotubes (MWNTs-OH) 
were added as reinforcements to the polyamide 66 (PA66) matrix. CNTs were dispersed in the PA66 matrix by a twin-rotor 
high-speed mixing extruder at 800 rpm. Chips were melted spun and two-step stretched to fabricate nanocomposite fibers. 
The microstructure and properties of nanocomposite fibers were investigated. It was found that MWNTs-COOH were well 
dispersed in the PA66 matrix. PA66/MWNTs-COOH nanocomposite fibers exhibited the best mechanical properties. The 
tensile strength and Young’s modulus of PA66/0.3 wt% MWNTs-COOH nanocomposite fibers were ~ 907 MPa and ~ 5.92 
GPa, respectively, which were 22.2% and 4.8% higher than those of pure PA66 fibers, respectively.
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Introduction

Poly (hexamethylene adipamide) (PA66) has high mechani-
cal strength, good fatigue resistance, and excellent friction 
resistance. PA66 is widely used in electrical and electronic 
insulating parts, clothing, automobile tire cords, and packag-
ing products due to its excellent comprehensive performance 
and good machinability [1, 2]; however, it has a strong water 
absorption capacity, low modulus, and low impact strength. 
Therefore, carbon-based nanomaterials are used to enhance 
the mechanical properties of PA66 fibers [3–8].

Carbon nanotubes (CNTs), which have excellent mechan-
ical, thermal, and electrical properties, are used as superior 

strength additives [7–10] to enhance the mechanical prop-
erties of polymer fibers [11, 12]. It has been reported that 
the modification of PA66 by CNTs is an effective method to 
improve the mechanical properties of PA66 fibers [13, 14]. 
Melt blending [2, 15–18], solution blending [19], and in situ 
polymerization [13, 14, 20] are generally used to fabricate 
CNTs-reinforced polymer nanocomposites. Mai et al. [15] 
fabricated PA66/MWNT nanocomposite fibers by melt spin-
ning. In comparison to pure PA66 fibers, the tensile fracture 
strength and Young’s modulus of PA66/1 wt% MWNT com-
posite fibers increased by 40% and 66%, respectively. Chen 
et al. [16] fabricated PA66/MWNT composite fibers by ball 
milling and melt spinning and investigated the effects of 
unmodified (U-MWNTs), acid-modified (MWNTs-COOH), 
and sodium dodecylbenzene sulfonate-modified (MWNTs-
SDBS) MWNTs on the mechanical and thermal properties 
of PA66. The tensile strengths of PA66/0.1 wt% MWNTs-
SDBS and PA66/0.1 wt% MWNTs-COOH composite fib-
ers were 27% and 24% higher than those of PA66 fibers, 
respectively. Zhang et al. [13] aminated MWNTs by the 
Diels–Alder (D-A) reaction and fabricated MWNTs-NH2/
PA66 composite fibers by in situ polymerization. The as-
prepared MWNTs-NH2 fibers were evenly dispersed in the 
PA66 matrix and had a strong interfacial interaction with 
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polymer chains. The tensile strength of PA66/0.5 wt% 
MWNTs-NH2 composite fibers (~ 611 MPa) was 140% 
higher than that of pure PA66 fibers. Zhang et al. [14] fabri-
cated PA66/3-aminopropyl terminated polydimethylsiloxane 
(PA66/APDMS)-carboxylic multi-walled carbon nanotube 
(CMWNT) nanocomposites by in situ polymerization and 
obtained PA66/APDMS-CMWNT composite fibers by melt 
spinning. The tensile fracture strength and Young’s modulus 
of the fabricated composite fibers were 559 MPa and 9.5 
GPa, respectively, which were 167% and 631% higher than 
those of pure PA66 fibers, respectively.

However, due to the incompatibility between CNTs and 
polymer chains [6–8], the presence of powerful van der Waals 
forces between CNTs, and the large specific surface area and 
aspect ratio of CNTs, CNTs easily agglomerate in polymer 
matrixes. Among different methods, in situ polymerization 
can effectively improve the dispersion of CNTs in polymer 
matrixes and improve the mechanical properties of nanocom-
posites. It has been demonstrated that with the increase of the 
loading of MWNTs, the molecular weight of attached polymer 
chains decreases [21]. This happens because the surface of 
MWNTs contains some active functional groups, which react 
with polymer monomers and prevent polymerization. In addi-
tion, MWNT nanoparticles reduce the probability of collision 
between polymer monomers and decrease the final molecular 
weight [22]. The dispersion effect of CNTs in common melt-
blending is poor, resulting in poor nanocomposite properties [7, 
15, 17, 18]. Therefore, it is necessary to employ a simple and 
effective method to achieve the uniform dispersion of CNTs 
in polymer matrixes and maintain the inherent properties of 
CNTs. Twin-rotor high-speed mixing extruders are high polym-
erization mixing equipment [23]. In comparison to traditional 
mixing equipment, twin-rotor high-speed mixing extruders 
have a two-part intersection zone in the rotor element, facilitat-
ing the complete blending between reinforcements and polymer 
matrixes. The screw speed can reach 1000 rpm.

In the present work, a twin-rotor high-speed mixing extruder 
(ET30) was used to effectively disperse MWNTs in the PA66 
matrix. The effects of the twin-rotor speed and the type and 
loading of MWNTs on the mechanical properties of PA66/
MWNT nanocomposite fibers were investigated. PA66/MWNT 
nanocomposite fibers with excellent mechanical properties 

were successfully fabricated. This work provides a new method 
for the industrial fabrication of high-performance nanocom-
posite fibers.

Experimental section

Materials

PA66 (EPR27; melt index = 10.8 g/10 min, relative viscos-
ity = 2.67) was supplied by Pingdingshan Shenma Co. Ltd., 
China. MWNTs, MWNTs-COOH (3.86 wt% carboxylation 
of carbon atoms), MWNTs-NH2 (0.45 wt% carbon atom 
amination), and MWNTs-OH (5.58 wt% hydroxylated car-
bon atoms) with > 95% purity were procured from Beijing 
Deke Daojin Science and Technology Co. Ltd., China.

Fabrication of PA66/CNT nanocomposite chips

Vacuum-dried PA66 chips were mixed with CNTs (MWNTs, 
MWNTs-COOH, MWNTs-NH2, and MWNTs-OH) by a 
twin-rotor high-speed mixing extruder (Fig. 1), and PA66/
CNT nanocomposite chips were fabricated at 200 rpm and 
800 rpm. The temperature parameters of the twin-rotor high-
speed mixing extruder are presented in Table 1. The loadings 
of CNTs were 0.1 wt%, 0.2 wt%, 0.3 wt%, 0.4 wt%, and 0.5 
wt%. The as-prepared PA66/CNT nanocomposite chips were 
dried in a vacuum oven at 130 °C for 24 h to decrease the 
moisture content to less than 50 ppm for spinning.

Fabrication of PA66/CNT nanocomposite fibers

The spinning temperature was set at 290 °C, the diameter of 
the spinneret (24 holes) was 0.3 mm, and the winding rate 
was 350 m/min. In order to further improve the orientation 
and crystallinity of nanocomposite fibers, a two-step drawing 
process was adopted. In the high-speed drawing stage, the as-
spun fibers were drawn five times by four guidewire rollers 
(parameters: GR1: 85 °C, 70 m/min; GR2: 170 °C, 280 m/min; 
GR3: 210 °C, 350 m/min; GR4: 80 °C, 350 m/min). In the 
low-speed drawing stage, the as-obtained fibers were stretched 
to 1.2 times their original length by three sets of guidewire 

Fig. 1  Screw structure of the 
twin-rotor extruder

Table 1  Granulation 
temperatures of the twin-rotor 
high-speed mixing extruder

Sub-region Region 1 Region 2 Region 3 Region 4 Region 5 Region 6

Temperature (°C) 270 270 280 280 280 290
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rollers (GR5: 70 °C, 20 m/min; GR6: 150 °C, 23 m/min; GR7: 
200 °C, 24 m/min). The total drawing ratio of the first guide 
roller (GR1) and the last guide roller (GR7) was 1:6.

Characterization

X-ray diffraction (XRD) was carried out by a Rigaku D/MAX-
GA diffractometer (Japan) under filtered Cu-Kα radiation 
(λ = 0.15406 nm). Raman spectra were registered by a Raman 
microscope equipped with a laser source of 532-nm wave-
length (Horiba, XploRA PLUS, Japan). Fourier-transformed 
infrared (FTIR) spectra were detected at 400–4000  cm−1 by 
a Bruker TERSOR37 spectrometer (Germany). The thermal 
properties of nanocomposite fibers were characterized by a 
differential scanning calorimeter (DSC; Netzsch 204 F1, Ger-
many). Field-emission scanning electron microscopy (SEM; 
ZEISS Gemini SEM500, Germany) and transmission electron 
microscopy (TEM; Hitachi H-7650, Japan) were employed 
to reveal the microstructures of nanocomposite fibers at an 
acceleration voltage of 100 kV. The mechanical properties 
of nanocomposite fibers were tested by an electronic tensile 
strength testing machine (Laizhou, LLY-088, China). The 
fiber length was 10 mm, the stretching rate was 10 mm/min, 
and the average number of tests was 10.

Results and discussion

Morphology of different carbon nanotubes

Figure 2 displays the TEM images of MWNTs, MWNTs-
COOH, MWNTs-NH2, and MWNTs-OH. The external 
diameters and lengths of different CNTs ranged between 
20–40 nm and 1–5 μm, respectively, and their aspect ratio 
was less than 250. The entanglement and stacking of CNTs 
were significantly reduced by the twin-rotor extruder, con-
ducing the dispersion of CNTs in the PA66 matrix.

Figure 3 presents the FTIR spectra of MWNTs, MWNTs-
COOH, MWNTs-NH2, and MWNTs-OH. The peaks at 
1551  cm−1 and 1202  cm−1 appeared from the stretching vibration 

of -C = C- on the carbon skeleton. The C = O and C-O stretch-
ing vibration peaks of MWNTs-COOH (characteristic peaks of 

Fig. 2  TEM images of (a) MWNTs, (b) MWNTs-COOH, (c) MWNTs-NH2, and (d) MWNTs-OH

Fig. 3  FTIR spectra of MWNTs, MWNTs-COOH, MWNTs-NH2, 
and MWNTs-OH

Fig. 4  Raman spectra of MWNTs, MWNTs-COOH, MWNTs-NH2, 
and MWNTs-OH
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-COOH) appeared at 1727  cm−1 and 1130  cm−1, respectively. In 
MWNTs-OH, the characteristic peak of -OH, the bending vibra-
tion peak of -OH, and the stretching vibration peak of C-O were 
detected at 3440  cm−1, 1170  cm−1, and 1400  cm−1, respectively. 
In MWNTs-NH2, the stretching vibration peaks of C-N and -CH2 
appeared at 1157  cm−1 and 2923  cm−1, respectively [24, 25].

The Raman spectra of MWNTs, MWNTs-COOH, MWNTs-
NH2, and MWNTs-OH are shown in Fig. 4. The G and D peaks 
were detected at 1580  cm−1 and 1350  cm−1, respectively. The 
G peak is related to the in-plane stretching vibration of sp2-
hybridized carbon atoms, and the D peak is related to lattice 
defects in carbon atoms [26]. Generally, the ID/IG ratio is used 

Fig. 5  Mechanical properties of 
pure PA66 and nanocomposite 
fibers: (a) PA66/MWNTs, (b) 
PA66/MWNTs-COOH, (c) 
PA66/MWNTs-OH, and (d) 
PA66/MWNTs-NH2
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to describe defects in carbon materials [27, 28]. The ID/IG value 
of functionalized CNTs was larger than that of pure ones, indi-
cating that more sp3-hybridized carbon atoms existed on the 
surface of functionalized CNTs. When functionalized CNTs 
were added to the PA66 matrix as reinforcement elements, 
the agglomeration and entanglement of CNTs in the polymer 
matrix were greatly reduced.

Mechanical properties of nanocomposite fibers

Figure 5 and Table 2 present the mechanical properties of 
pure PA66 fibers and nanocomposite fibers fabricated by add-
ing different mass fractions of MWNTs, MWNTs-COOH, 
MWNTs-OH, and MWNTs-NH2. The mechanical strength 
of the nanocomposite fibers blended at 800 rpm was supe-
rior to that of the nanocomposite fibers blended at 200 rpm. 
This happened because CNTs were more evenly dispersed in 
the PA66 matrix at 800 rpm. Furthermore, when the loading 
of MWNTs-COOH was 0.3 wt%, the nanocomposite fibers 
showed the best mechanical properties.

It is noticeable from Fig. 5 that when the loading of MWNTs 
was lower than 0.3 wt%, the tensile fracture strength of nano-
composite fibers increased with the increase of MWNT load-
ing. However, as the loading of MWNTs continued to increase, 
the tensile fracture strength decreased. It happened mainly due 
to the winding of MWNTs, making their dispersion in the 

polymer matrix worse and causing stress concentration under 
external stress [29, 30]. When the loading of MWNTs-COOH 
was 0.3 wt%, the tensile fracture strength and Young’s modulus 
of nanocomposite fibers were 907 MPa and 5.92 GPa, respec-
tively, which were 22.2% and 4.8% higher than those of pure 
PA66 fibers, respectively. This happened because under the 
action of high rotational speed, -COOH- bonds of MWNTs-
COOH were chemically bonded with PA66 chains through 
heating and shearing and formed amide bonds; thus, MWNTs-
COOH had a better interfacial interaction with the PA66 matrix, 
enhancing the strength of nanocomposite fiber. The elongation 
at break of the nanocomposite fibers prepared at the 800-rpm 
rotating speed is greater than that at 200-rpm rotating speed. 
This is because at 800 rpm, the CNTs can be more uniformly 
dispersed in the PA66 matrix, and has a good interface with 
the PA66 matrix, so that the load can be effectively transferred 
to the CNTs, and it is not easy to generate stress concentration 
when it is subjected to external force, which makes the elonga-
tion at break larger.

When the loading of CNTs was 0.3 wt%, the tensile fracture 
strength reached a maximum. It has been reported that when 
the loading of CNTs reaches 0.5 wt% during wet spinning and 
melt spinning, nanocomposite fibers yield the maximum ten-
sile fracture strength [12]. Therefore, it could be speculated 
that the twin-rotor high-speed mixer with its ultra-high speed 
(over 600 rpm) evenly dispersed CNTs in the PA66 matrix, 

Table 2  Mechanical 
properties of pure PA66 and 
nanocomposite fibers

Specimen Tensile strength 
(MPa)

Young’s modulus (GPa) Elongation (%)

200 rpm 800 rpm 200 rpm 800 rpm 200 rpm 800 rpm

PA66 742 ± 20 5.65 ± 0.06 13 ± 1
PA66/0.1 wt% MWNTs 771 ± 22 783 ± 25 5.47 ± 0.17 5.38 ± 0.20 12 ± 2 14 ± 2
PA66/0.2 wt% MWNTs 814 ± 23 836 ± 27 5.44 ± 0.15 5.54 ± 0.17 12 ± 2 11 ± 1
PA66/0.3 wt% MWNTs 849 ± 19 887 ± 25 5.63 ± 0.21 5.77 ± 0.25 14 ± 1 13 ± 2
PA66/0.4 wt% MWNTs 843 ± 14 861 ± 24 5.86 ± 0.22 6.02 ± 0.17 11 ± 2 16 ± 3
PA66/0.5 wt% MWNTs 766 ± 22 806 ± 27 5.89 ± 0.20 6.01 ± 0.25 12 ± 3 15 ± 2
PA66/0.1 wt% MWNTs-COOH 788 ± 13 816 ± 27 5.24 ± 0.24 5.41 ± 0.25 13 ± 3 15 ± 2
PA66/0.2 wt% MWNTs-COOH 832 ± 16 848 ± 30 5.48 ± 0.22 5.49 ± 0.24 15 ± 2 14 ± 1
PA66/0.3 wt% MWNTs-COOH 875 ± 20 907 ± 28 5.70 ± 0.17 5.92 ± 0.19 14 ± 3 17 ± 2
PA66/0.4 wt% MWNTs-COOH 852 ± 22 873 ± 32 5.81 ± 0.21 6.10 ± 0.29 14 ± 2 16 ± 1
PA66/0.5 wt% MWNTs-COOH 774 ± 26 808 ± 28 5.94 ± 0.18 6.25 ± 0.27 13 ± 1 17 ± 2
PA66/0.1 wt% MWNTs-OH 781 ± 21 799 ± 25 5.31 ± 0.23 5.21 ± 0.19 12 ± 1 12 ± 2
PA66/0.2 wt% MWNTs-OH 779 ± 25 790 ± 27 5.47 ± 0.22 5.65 ± 0.29 15 ± 1 19 ± 3
PA66/0.3 wt% MWNTs-OH 804 ± 16 822 ± 23 5.56 ± 0.22 5.73 ± 0.20 14 ± 2 16 ± 2
PA66/0.4 wt% MWNTs-OH 839 ± 22 866 ± 21 5.77 ± 0.23 5.99 ± 0.17 13 ± 1 17 ± 2
PA66/0.5 wt% MWNTs-OH 721 ± 20 777 ± 28 5.86 ± 0.19 6.20 ± 0.25 13 ± 3 15 ± 1
PA66/0.1 wt% MWNTs-NH2 822 ± 17 834 ± 27 5.41 ± 0.23 5.42 ± 0.17 15 ± 2 13 ± 2
PA66/0.2 wt% MWNTs-NH2 848 ± 24 865 ± 23 5.61 ± 0.19 5.50 ± 0.25 12 ± 2 12 ± 2
PA66/0.3 wt% MWNTs-NH2 830 ± 22 874 ± 25 5.65 ± 0.18 5.75 ± 0.17 14 ± 1 15 ± 2
PA66/0.4 wt% MWNTs-NH2 795 ± 19 830 ± 27 5.76 ± 0.22 6.12 ± 0.24 15 ± 2 13 ± 1
PA66/0.5 wt% MWNTs-NH2 766 ± 22 817 ± 25 5.73 ± 0.20 6.26 ± 0.19 13 ± 1 14 ± 2
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reduced the loading amount of CNTs, improved the utiliza-
tion rate, and greatly enhanced the mechanical properties of 
nanocomposite fibers.

Dispersion of MWNTs‑COOH in PA66 nanocomposite 
fibers

The mechanical properties of PA66/CNT nanocomposite fib-
ers were mainly related to the dispersion and compatibility 

of CNTs in the PA66 matrix. The more even the dispersion 
of CNTs in the polymer matrix, the better the compatibility 
and the higher the mechanical properties of nanocompos-
ite fibers. According to the obtained mechanical properties 
(Table  2), PA66/MWNTs-COOH nanocomposite fibers 
with the best mechanical properties were used for further 
analysis. Figure 6 displays the SEM images of pure PA66 
fibers and PA66/MWNTs-COOH nanocomposite fibers 
with MWNTs-COOH loadings of 0.1 wt%, 0.3 wt%, and 

Fig. 6  SEM images of the 
surface and fracture surface 
of nanocomposite fibers: (a, 
a-1) PA66, (b, b-1) 0.1 wt% 
MWNTs-COOH, (c, c-1) 0.3 
wt% MWNTs-COOH, (d, d-1) 
0.5 wt% MWNTs-COOH
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0.5 wt% (white points indicate dispersed MWNTs-COOH 
in the PA66 matrix) [24]. When the loading was 0.3 wt%, 
MWNTs-COOH dispersed evenly in the PA66 matrix with-
out agglomeration. When nanocomposite fibers were sub-
jected to external stress, MWNTs-COOH effectively trans-
ferred the stress, improving the tensile fracture strength of 
fibers. When the loading was 0.5 wt%, MWNTs-COOH 
agglomerated in the PA66 matrix, and stress concentration 
easily occurred under external stress, leading to a decline of 
mechanical properties.

Thermal and crystallization properties 
of nanocomposite fibers

Figure 7 shows the TG and DTG curves of pure PA66 and 
PA66/MWNTs-COOH nanocomposite fibers, and the cor-
responding data are listed in Table 3. The decomposition 
trends of pure PA66 and PA66/MWNTs-COOH nano-
composite fibers were similar. The initial decomposition 
temperature was set when there was 5 wt% (T5 wt%) fiber 
weight loss. When the loading of MWNTs-COOH was 
below 0.3 wt%, the T5 wt% temperature of nanocomposite 
fibers increased with the increase of MWNTs-COOH load-
ing. At 0.3 wt%, the T5 wt% value reached 383.9 °C because 
MWNTs-COOH were most evenly dispersed in the matrix at 
this dosage, MWNTs-COOH had strong adsorption during 
thermal decomposition, and the hydrogen bonding between 
MWNTs-COOH and the PA66 matrix was the strongest. 

When the loading of MWNTs-COOH continued to increase 
to 0.5 wt%, T5 wt% of nanocomposite fibers decreased. 
Because MWNTs-COOH agglomerated, the dispersion 
and compatibility of MWNTs-COOH in the PA66 matrix 
became worse, and the adsorption effect during decomposi-
tion deteriorated. The T5 wt% of nanocomposite fibers first 
increased and then decreased. The temperature of the maxi-
mum weight loss rate (Tmax) of nanocomposite fibers also 
first increased and then decreased, and the value reached 
427.9 °C at 0.3 wt%, which was 24.5 °C higher than that of 
pure PA66 fibers.

Figure 8 presents the DSC heating and cooling curves of 
pure PA66 and PA66/MWNTs-COOH nanocomposite fib-
ers. The tensile fracture strength of the fibers was positively 
correlated with their crystallinity. The crystallinity of the 
fibers was calculated using Eq. (1), and the obtained data are 
listed in Table 4. Little difference was noticed between the 
melting temperatures (Tm) of pure PA66 and PA66/MWNTs-
COOH nanocomposite fibers, implying that the loading of 
MWNTs-COOH had little effect on the lamellar thickness 
and spherulite size of nanocomposite fibers [31]. However, 
PA66/MWNTs-COOH nanocomposite fibers had a higher 
crystallization temperature than pure PA66 fibers. MWNTs-
COOH could be used as a heterogeneous nucleating agent to 
provide more crystallization nucleation sites, accelerate the 
crystallization rate, improve the crystallinity, and enhance 
the mechanical strength of nanocomposite fibers. The two-
step drafting method improves the drawing process, prolongs 
the annealing time of the fiber, increases the α-type crystal 
structure in the composite fiber, improves the crystallinity 
of the composite fiber, at the same time improves the orien-
tation of the crystalline region and the amorphous region, 
and achieves a significant improvement in the mechanical 
properties of composite fibers [32, 33].

where Xc is crystallinity, ΔHm is the melting enthalpy, ΔH0

m
 is 

the theoretical melting enthalpy of the complete crystallization 

(1)X
c
=

ΔHm

ΔH0

m
(1 − �%)

Fig. 7  TGA and DTG curves of 
pure PA66 and PA66/MWNTs-
COOH nanocomposite fibers

Table 3  TG data of pure PA66 and PA66/MWNTs-COOH nanocom-
posite fibers

Specimen T5wt% (°C) Tmax (°C)

PA66 368.6 403.4
PA66/0.1 wt% MWNTs-COOH 374.7 425.1
PA66/0.2 wt% MWNTs-COOH 379.5 423.7
PA66/0.3 wt% MWNTs-COOH 383.9 427.9
PA66/0.4 wt% MWNTs-COOH 380.9 436.9
PA66/0.5 wt% MWNTs-COOH 374.3 420.4
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of PA66 (194.69 J/g), and α is the loading content of MWC-
NTs in nanocomposite fibers.

When the loading of MWNTs-COOH was 0.3 wt%, 
PA66/MWNTs-COOH nanocomposite fibers had the maxi-
mum crystallinity of 40.3% and also the maximum mechan-
ical strength. As the content of MWNTs-COOH further 
increased, the mechanical strength of nanocomposite fibers 
decreased because of the agglomeration of MWNTs-COOH 
in the matrix, hindering the movement of PA66 molecu-
lar chains, decreasing the number of crystallization sites, 
impeding the crystal growth, and reducing the crystallinity 
[20]. The crystallinity of nanocomposite fibers was posi-
tively correlated with their mechanical strength, and the 
maximum crystallinity corresponded to the optimal mechan-
ical properties of nanocomposite fibers.

PA66 is a polycrystalline polymer with two crystal forms—α- 
and β-crystal planes [15]. Figure 9 presents the XRD curves of 
pure PA66 and PA66/MWNTs-COOH nanocomposite fibers. 
The diffraction peaks near 2θ = 20.3° and 23.4° appeared from 
the (100) α-crystal plane (including β-crystals) and the (010)
(110) crystal plane, respectively. The peak height ratio of the 
(100) and (010)(110) planes was used to determine the crystal 
type. With the increase of the loading of MWNTs-COOH, the  

peak height ratio of the (100) and (010)(110) planes of nano-
composite fibers first decreased and then increased. This hap-
pened because a small amount of MWNTs-COOH fibers was 
uniformly dispersed in the PA66 matrix and served as crystal-
lization sites for heterogeneous nucleation; thus, crystals grew 
along the (010)(110) plane. The grain sizes of pure PA66 and 
PA66/MWNTs-COOH nanocomposite fibers were calculated 
using the Scherrer formula, and the corresponding data are pre-
sented in Table 5. In comparison to pure PA66 fibers, the grain 
size of nanocomposite fibers decreased along the (100) plane 
and increased along the (010)(110) plane, indicating that the 
addition of MWNTs-COOH to the PA66 matrix had a heteroge-
neous nucleation effect and promoted the crystal growth along 
the (010)(110) plane; thus, the degree of crystallization became 
more perfect. The oriented lamellar structure of the PA66 matrix 
nucleated on the surface of MWNTs in the form of transcrys-
talline interphases. However, when the amount of MWNTs 
exceeded 0.3 wt%, the number of nucleation sites increased, 
and one-dimensional transcrystalline interphases intersected 
each other, destroying the regular crystal structure, impeding 

Fig. 8  DSC curves of the (a) 
melting and (b) cooling behav-
ior of PA66 and PA66/MWNTs-
COOH nanocomposite fibers

Table 4  DSC data of pure PA66 and PA66/MWNTs-COOH nano-
composite fibers

Specimen Tm (°C) ΔHm (J/g) Tc (°C) Xc (%)

PA66 259.6 64.28 232.0 33.0
PA66/0.1 wt% MWNTs-

COOH
259.2 69.24 240.2 35.6

PA66/0.2 wt% MWNTs-
COOH

259.5 77.68 241.1 39.9

PA66/0.3 wt% MWNTs-
COOH

260.2 78.44 241.7 40.3

PA66/0.4 wt% MWNTs-
COOH

258.8 71.49 239.2 36.7

PA66/0.5 wt% MWNTs-
COOH

259.3 67.95 240.0 34.9
Fig. 9  XRD patterns of pure PA66 and PA66/MWNTs-COOH nano-
composite fibers
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the growth of complete crystals [34], leading to poor crystalliza-
tion, and deteriorating the mechanical properties nanocomposite 
fibers.

Figure 10 exhibits the DMA curves of pure PA66 and PA66/
MWNTs-COOH nanocomposite fibers. The size of the loss 
factor was positively correlated with the volume of the amor-
phous region of the fibers [35]. When the loading of MWNTs-
COOH was in the range of 0.1–0.5 wt%, the value of tanδ of 
nanocomposite fibers first decreased and then increased with 
the increase of the loading content; however, these values were 
smaller than those of pure PA66 fibers, indicating that the addi-
tion of MWNTs-COOH reduced the volume of the amorphous 
zone and increased the volume of the crystalline zone of nano-
composite fibers. The tanδ (0.078) of PA66/0.3 wt% MWNTs-
COOH nanocomposite fibers was the smallest; thus, the free 
volume of PA66/0.3 wt% MWNTs-COOH nanocomposite 
fibers was the smallest and the crystal volume was the largest 
at 0.3 wt%. At 0.5 wt%, the tanδ value reached 0.094, the amor-
phous region became larger, and the crystalline region became 
smaller; these findings are consistent with the DSC results. In 
addition, the peak temperature of the loss factor corresponded 
to the Tg of nanocomposite fibers. The Tg of pure PA66 fibers 

was 56.3 °C. With the addition of MWNTs-COOH, the Tg of 
nanocomposite fibers first increased and then decreased, and the 
value reached a maximum of 65.1 °C at the dosage of 0.3 wt%.

Conclusions

CNT (MWNTs, MWNTs-COOH, MWNTs-NH2, MWNTs-
OH)-reinforced PA66 nanocomposite fibers were fabricated by 
mixing granulation on a twin-rotor high-speed mixing extruder. 
Melt spinning and two-step drawing were carried out at 200 rpm 
and 800 rpm. The dispersion of CNTs in the PA66 matrix was 
significantly improved at 800 rpm, and the mechanical proper-
ties of nanocomposite fibers fabricated at 800 rpm were supe-
rior. The tensile strength and Young’s modulus of PA66/0.3 
wt% MWNTs-COOH nanocomposite fibers were 907 MPa and 
5.92 GPa, respectively, which were 22.2% and 4.8% higher than 
those of pure PA66 fibers, respectively. Moreover, the entangled 
agglomeration of 0.3 wt% MWNTs-COOH nanocomposite fib-
ers was not detected in the PA66 matrix. Among all fibers, the 
dispersion and compatibility of 0.3 wt% MWNTs-COOH fibers 
in the PA66 matrix were the best. The T5 wt% and Tmax of 0.3 
wt% MWNTs-COOH nanocomposite fibers were 383.9 °C and 
427.9 °C, respectively, which were 15.3 °C and 24.5 °C higher 
than those of pure PA66 fibers, respectively. The crystallinity of 
PA66/0.3 wt% MWNTs-COOH nanocomposite fibers (40.3%) 
was 7.3% higher than that of pure PA66 fibers.
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