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Abstract—The hydrogen–bonding-rich semi-crystalline polyamide 66 (PA66) was chosen to investigate the
influence of soft-epitaxial effect on polymer/carbon nanotube (CNT) nanocomposite injection-molding
bars, and the crystallization behavior was explored by differential scanning calorimeter (DSC), scanning elec-
tron microscope (SEM), two-dimensional wide angle X-ray diffraction (2D-WAXD) and two-dimensional
small angle X-ray scattering (2D-SAXS). The results indicated that CNT is an effective nucleation agent for
PA66 crystallization and the coupling of the f low and CNT can induce the soft-epitaxial crystallization of
PA66 upon CNT surface, resulting in the coexistence of soft-epitaxial nanohybrid shish-kebab crystalline
structure and conventional non-epitaxial crystals in PA66/CNT nanocomposites. Although the presence of
CNT did not change the crystal structure of PA66, the generation and presence of soft-epitaxial crystals could
feebly enhance the orientation degree of PA66 crystals and slightly improve the mechanical properties of
PA66/CNT nanocomposites.
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INTRODUCTION

Polymer/inorganic nanocomposites possess new
mechanical properties and novel functions relative to
polymer matrix [1–7]. The interfacial interaction
between inorganic nanofiller and polymer is the most
important factor for polymer/inorganic nanocompos-
ites [5, 8–10]. Four strategies, surface modification of
the nanofiller [11–14], modification of the polymer
[15], preparing polymer composites via in-situ polym-
erization method [16–18] and adding compatibilizer
[19, 20] can improve the interfacial interaction
between inorganic nanofiller and polymer. Thereto,
the physical method can not only effectively enhance
interfacial interaction but also avoid the destruction of
the structure and properties of inorganic nanofiller. It
has been proved that interfacial crystallization can
effectively enhance interfacial interaction [21]. The
soft-epitaxial crystallization, the same as the epitaxial
crystallization, is a kind of interfacial crystallization.
That the disregistry between the polymer crystal and
the 2D epitaxial base is less than 15% is necessary
during the epitaxial crystallization process [3, 6, 7].
During soft-epitaxial crystallization process, the poly-
mer chains prefer to align along the tube axis regard-
less of the disregistry [2, 4, 13]. For example, 1D-car-
bon nanotubes (CNT) could induce the soft-epitaxial
crystallization of semi-crystalline polymer on the sur-
face of CNT. The strict lattice matching is not neces-

sary while a cooperative orientation of the polymer
chains and the CNT axes is needed.

In 1976, CNT were first observed [22]. CNT pos-
sess excellent mechanical and thermal properties, low
mass density, large aspect ratio and the topological
defects which exist in the surface of CNT for forming
half dome [23]. A great number of researches have
indicated that the crystallization of semi-crystalline
polymer could soft-epitaxially grow on surface of
CNT when the chains of semi-crystalline polymer
were parallel to the surface of CNT. Meanwhile,
nanohybrid shish-kebab structure was also observed
using scanning electron microscope and transmission
electron microscopy [24–27]. In nanohybrid shish-
kebab structure, CNT replace the central fibril core of
classic shish-kebab and is wrapped by disc-shaped
polymer lamellar crystals. The nanohybrid shish-
kebab structure of semi-crystalline polymer and CNT
were studied by the controlled polymer solution crys-
tallization method or physical vapor deposition tech-
nique. It has been reported that polyethylene, polyam-
ide 66 (PA66), polyamide 6, poly(L-lysine) and poly-
vinylidene etc. could periodically form kebab crystals
along the CNT axis [24, 25, 28, 29].

PA66 is widely used in engineering plastics because
of its high thermal, mechanical properties, toughness
and processability [30–32]. PA66 is typical hydrogen
bonding rich semi-crystalline polymer. The crystal
structure of PA66 is triclinic (α form), and the chain
906
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adopts a planar zigzag conformation, and the lattice
parameters of PA66 α-form crystal are a = 0.49 nm,
b = 0.54 nm, c = 1.72 nm, α = 48.5°, β = 77°, γ = 63.5°
[33]. Because the disregistry between the c-axis of
PA66 crystal and the crystallographic parameter of
2100 RGO spacing is 0.1%, PA66 can epitaxial grow
on the surface of RGO [34, 35]. Therefore, PA66 was
chosen as the representative of hydrogen–bonding-
rich semi-crystalline polymer to investigate the effect
of soft-epitaxial crystallization in polymer/CNT
nanocomposites.

Herein, we employed the injection molding to pre-
pare test specimens in order to study the influence of
CNT on the soft-epitaxial crystallization in
PA66/CNT nanocomposites bar. We obtained pure
PA66 (PA66) and 0.1 wt % CNT (PA66/CNT0.1),
0.5 wt % CNT (PA66/CNT0.5) and 1.0 wt % CNT
(PA66/CNT1.0) nanocomposites by injection mold-
ing. We studied the structure of PA66/RGO nano-
composites by wide angle X-ray diffraction (WAXD),
small angle X-ray scattering (SAXS), scanning elec-
tron microscope (SEM) and differential scanning cal-
orimetry (DSC) measurements and compared their
mechanical properties. The influence of soft-epitaxial
crystallization on the crystal structure and the orienta-
tion, and the relationship between the soft-epitaxial
crystallization and the mechanical property of
PA66/CNT nanocomposites were discussed.

EXPERIMENTAL
Materials

PA66 (101L NC010) (ρ = 1.14 g/cm3) (MFI: 2.0
(230°C/3.8 kg)) used in this work was purchased from
DuPont Ltd. (USA). Multi-wall carbon nanotubes
(CNT) with the length range of 5~20 μm were sup-
plied by Alfa Aesar.

Analytical Methods
Differential scanning calorimetry (DSC) measure-

ments were performed with Thermal Analyst Q1000
DSC under nitrogen atmosphere. All samples were
heated to 280°C at a heating rate of 10 deg/min and
equilibrated at 280°C for 3 min. Subsequently, the
samples were cooled to 25°C at a cooling rate of
10 deg/min.

Two-dimensional wide angle X-ray diffraction
(2D-WAXD) and two-dimensional small angle X-ray
scattering (2D-SAXS) experiments were carried out
on the BL16B1 beam-line in the Shanghai Synchro-
tron Radiation Facility (SSRF). The monochromatic
X-ray wavelength was 1.239 Å, and the 2D patterns
were recorded in transmission mode at room tempera-
ture. The sample-to-detector of 2D-WAXD experi-
ment was 172.4 mm, and two different sample-to-
detector distances of 5210 and 2320 mm were
employed for 2D-SAXS experiments. The data of the
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WAXD and SAXS experiments were analyzed by the
program FIT2D. By the program Xpolar developed by
Stony Brook University, the crystallinity was acquired
from 2D-WAXD.

For scanning electron microscope (SEM) observa-
tions, the PA66/CNT1.0 nanocomposites test speci-
men was first etched with 15% trichloroacetic acid
then rinsed with ethyl alcohol. SEM experiment was
carried out by using a Hitachi S-4800 field emission
SEM operating at 10 kV.

Tensile test was performed on Instron 5567 at a
tensile rate of 10 mm/min. Five standard bars for each
sample were measured and the average values were
calculated.

RESULTS AND DISCUSSION
DSC curves of pure PA66 and PA66/CNT nano-

composites are shown in Fig. 1. In all test specimens,
the melting temperature Tm (Fig. 1) is fixed at about
263.5°C, while the crystallization temperatures Tc of
pure PA66, PA66/CNT0.1, PA66/CNT0.5 and
PA66/CNT1.0 are 232.8, 242.1, 244.1 and 244.2°C,
respectively. The results suggest that CNT can provide
heterogeneous nucleation sites for PA66 in the nano-
composites, but the Tm of pure PA66 and PA66/CNT
nanocomposites is not increased. Based on the mea-
sured heat of fusion of pure PA66 (36.2 J/g),
PA66/CNT0.1 (33.7 J/g), PA66/CNT0.5 (33.1 J/g)
and PA66/CNT1.0 (39.7 J/g) from Fig. 1a, and
according to the heat of fusion of 100% crystalline
PA66 (188.4 J/g), [36, 37] the crystallinity of test sam-
ples are calculated to be 19.2, 17.8, 17.5, and 21.1%,
respectively. The results show that the crystallinity of
test specimens is not enhanced with the addition of
CNT.

Figure 2 shows 2D-WAXD patterns obtained at the
intermediate zones of all test specimens. The diffrac-
tion circles of the inner and the outward are designated
to the (100) and (010) + (110) crystal planes of PA66
triclinic crystals, respectively [33]. Figure 3 shows 1D-
WAXD curves of all test specimens collected from 2D-
WAXD patterns (Fig. 2). The 2θ corresponding to
(100) and (010) + (110) crystal planes are 16.3° and
19.0° in WAXD curves. Obviously, the crystal form of
PA66/CNT nanocomposites is not affected with the
addition of CNT. As shown in Fig. 4, the crystallinity
of pure PA66, PA66/CNT0.1, PA66/CNT0.5 and
PA66/CNT1.0 are 17.6, 17.1, 17.1, and 17.9%, respec-
tively. The result of the crystalline degree calculated
from WAXD results is consistent with that from DSC
result. Therefore, we can conclude that the crystal
structure of PA66 remains unchanged despite the
presence of CNT in the PA66/CNT nanocomposites
and the crystalline degree of all test specimens is not
increased.

To further study the effect of CNT nanofiller on
the crystal orientation, 3D-WAXD patterns were
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Fig. 1. (Color online) (a) The heating and (b) cooling curves of (1) pure PA66 and (2) PA66/CNT0.1, (3) PA66/CNT0.5, and
(4) PA66/CNT1.0 nanocomposites.
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Fig. 2. (Color online) The 2D-WAXD parents of (a) pure PA66, (b) PA66/CNT0.1, (c) PA66/CNT0.5, and (d) PA66/CNT1.0.
The direction of double-arrow was parallel to the f low direction.
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Fig. 3. (Color online) The 1D-WAXD curves of (1) pure
PA66 and (2) PA66/CNT0.1, (3) PA66/CNT0.5, and
(4) PA66/CNT1.0 nanocomposites.
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obtained from Fig. 2. As can be seen from Fig. 5, with
the increase of CNT contents, the intensity and orien-
tation of the two crystal diffraction rings changed in
3D-WAXD patterns, although the two diffraction
rings have no obvious change in 2D-WAXD patterns
(Fig. 2). In 3D-WAXD pattern, the orientation of
(010) crystal plane are feebly enhanced along the f low
direction, when CNT are added into the matrix.

SAXS was also used to investigate the structure of
PA66/CNT nanocomposites. Figure 6 shows
2D-SAXS patterns of the test specimens. Because the
crystallinity of the test specimens is low, the scattered
signal is weak. In 2D-SAXS patterns, the scattered sig-
nals can be divided into the center signal which is col-
lected near the beam stop and the outer signal which is
collected near the edge of the detector. The Lorenz-
corrected SAXS curves were collected from 2D-SAXS
patterns, as shown in Fig. 7a. The Lorenz-corrected
curves of the test specimens have multiple scattering
peaks with exception of pure PA66. In the Lorenz-cor-
rected curves, q1 and q2 respectively represent the first
and second scattering peak positions. The q1 peak does
not appear in the Lorenz-corrected curves of pure
PA66, but the intension of q1 peak of PA66/CNT
nanocomposites increases with the addition of CNT.
PO
The addition of CNT brings PA66 nanocomposites to
form the new period structure. The value of q2 was col-
lected from the SAXS curves of sample-to-detector
distance of 2320 mm (Fig. 7b). The intension of q2
LYMER SCIENCE, SERIES A  Vol. 61  No. 6  2019



THE INFLUENCE OF SOFT-EPITAXIAL CRYSTALLIZATION 909

Fig. 4. The crystallinity of pure PA66 and PA66/CNT0.1,
PA66/CNT0.5, and PA66/CNT1.0 nanocomposites.
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peak declines gradually with increase of CNT. The
long period of the test specimens was calculated using
the Bragg equation, L = 2π/q, where L is the long
period, and q represents the peak position in the scat-
tering curves. L1 and L2 are calculated to be 62.83 and
7.85 nm, respectively. It has been reported that PA66
can periodically form kebab crystals along the CNT
axes because of soft-epitaxial crystallization, [24, 25,
28, 29] namely form nanohybrid shish-kebab struc-
ture. The long period of soft-epitaxial crystal is not
dependent on the thickness of lamellae and amor-
phous layer as usual non-epitaxial lamellar crystals,
but on the distance between the kebab crystals on
CNT. Therefore, the long period of soft-epitaxial
crystal is generally much larger than the usual non-
epitaxial crystals. In the chosen samples, there is not
other source of long period except for the PA66 crys-
tals. Therefore, L1 and L2 are connected with the
period structures of soft-epitaxial crystal and non-epi-
taxial crystal, respectively. Further, the results were
analyzed using Electron density correlation function.
The crystal thickness (dc) of soft-epitaxial crystal is
calculated to be 20.47 nm. It matches with the results
of the controlled polymer solution crystallization
POLYMER SCIENCE, SERIES A  Vol. 61  No. 6  2019

Fig. 5. (Color online) The 3D-WAXD parents of (a) pure PA66
The direction of double-arrow was parallel to the f low direction
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method or physical vapor deposition technique [24,
29]. Therefore, the addition of CNT can bring
PA66/CNT nanocomposites to generate the new
period structure originating from the existence of soft-
epitaxial crystallization.

The 2D-SAXS was used to study the orientation of
the test specimens. The azimuthally integrated profile
of Fig. 8 was collected from the outer and center sig-
nals of 2D-SAXS patterns, respectively. As can be seen
in Fig. 8a, the signal intensity of outer signal weakens
with the increase of CNT content. As shown in
Fig. 8b, the center signal intensity of 2D-SAXS
enhances with the increase of CNT content. And the
signal distributions of PA66/CNT0.5 and
PA66/CNT1.0 composites have two weak peaks at 90°
and 180°, the same as the signal distributions of
Fig. 8b. Therefore, the addition of CNT can induce
the slight orientation of PA66/CNT nanocomposites.
It is consistent with the results of WAXD.

In high-crystalline poly(vinyl alcohol)/CNT and
polyethylene/CNT nanocomposites, the coexistence
of numerous soft-epitaxial crystals and non-epitaxial
crystals can improve the mechanical properties [38,
39]. In Fig. 9, the tensile strength of pure PA66,
PA66/CNT0.1, PA66/CNT0.5 and PA66/CNT1.0
nanocomposites are 74.3 ± 2.8, 74.6 ± 2.2, 75.2 ± 2.2,
and 76.7 ± 2.4 MPa, respectively. It indicates that the
soft-epitaxial crystals can lightly influence the
mechanical properties of nanocomposites. It is known
that a lot of hydrogen bonds exist in the crystalline and
amorphous region of PA66. In stretching process, the
crystals and the hydrogen bonding amorphous phase
together resist the strain. The existence of CNT
destroys the consecutiveness of hydrogen bonds in the
amorphous phase of PA66 matrix. Giti Pishehvarz
et al. obtained similar conclusion by molecular
dynamics simulation [40]. However, the amount of
CNT, soft-epitaxial crystals and non-epitaxial crystals
are fewer comparing to hydrogen bonding in PA66
matrix, therefore the tensile strength of PA66/CNT
nanocomposites are weakly enhanced.

As the test specimens in our study are injection-
molding samples, the crystallization process of speci-
mens is non-isothermal crystallization with the influ-
ence of intensive f low field. It is well known that shish-
, (b) PA66/CNT0.1, (c) PA66/CNT0.5, and (d) PA66/CNT1.0.
.
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Fig. 6. (Color online) The 2D-SAXS patterns of (a) pure PA66, (b) PA66/CNT0.1, (c) PA66/CNT0.5, and (d) PA66/CNT1.0.
The sample-to-detector distance was 5210 mm. The direction of double-arrow was parallel to the f low direction.
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Fig. 7. (Color online) The Lorentz-corrected SAXS curves of (1) pure PA66 and (2) PA66/CNT0.1, (3) PA66/CNT0.5, and
(4) PA66/CNT1.0 nanocomposites. (a) The sample-to-detector distance was 5210 mm. (b) The sample-to-detector distance was
2320 mm.
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Fig. 8. (Color online) The origin (angle = 0) of the azimuthal angle is the positive direction of equator line in 2D SAXS pattern.
Respectively, the q range of integration of outer scattering signal and center scattering signal is 0.4–1.5 and 0–0.3 nm–1. Azimuth-
ally integrated profiles of (a) outer scattering signal and (b) center scattering signal of (1) pure PA66 and (2) PA66/CNT0.1,
(3) PA66/CNT0.5, and (4) PA66/CNT1.0 nanocomposites.
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Fig. 9. (Color online) Stress-strain curves of (1) pure PA66
and (2) PA66/CNT0, (3) PA66/CNT0.5, and
(4) PA66/CNT1.0 nanocomposites.
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Fig. 10. (Color online) SEM images of etched
PA66/CNT1.0 nanocomposites. The kebab crystals of
PA66 were pointed out by red arrow. The CNT were
pointed out by yellow arrow.
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kebab structure can form in certain polymer melt
under strong shear or stretch field. In the preparation
of PA66/CNT nanocomposites, CNT provide a 1D
nucleation structure and the oriented nanohybrid
shish-kebab structure can form [41]. Because of the
existence of intensive f low field in the injection mold-
ing process, PA66 chains and CNT are apt to parallel
to the f low direction, and CNT can adsorb PA66
chains. In non-isothermal crystallization process,
PA66 chains periodically form kebab crystals along the
CNT axes. In the process, CNT are a substitute for the
stretched chains in classic polymer shish-kebab crys-
tals and provide the base for the soft-epitaxial crystal
of PA66 matrix. The formation of shish-kebab struc-
ture with soft-epitaxial growth in other semi-crystal-
line polymer on the surface of CNT has been observed
by the controlled polymer solution crystallization
method or physical vapor deposition technique [24,
26, 27, 29, 41, 42]. Therefore, the degree of orientation
of PA66/CNT nanocomposites is enhanced along the
flow direction with the increase of the amount of
CNT, as shown in Fig. 5. As the amount of CNT is
increased, the soft-epitaxial crystals gradually become
the main portion of PA66 crystal for the crystallinity of
whole PA66 sample is low. It is easily understood that
CNT nanofiller, according to the WAXD results, does
not enhance the crystalline degree of PA66 matrix and
does not change the crystal structure since even RGO
with strict epitaxial crystallization with PA66 has not
achieve [34]. It is concluded that the nanohybrid
shish-kebab crystalline structure exists in test speci-
mens and the soft-epitaxial crystals are much greater
than the non-epitaxial crystals because CNT and
intensive f low field exist in PA66/CNT nanocompos-
ites preparation process. The SAXS results are also
POLYMER SCIENCE, SERIES A  Vol. 61  No. 6  2019
consistent with the conclusion above. q1 and q2 in
Fig. 7a respectively represent the different period
structure in pure PA66 and its nanocomposites.
Because the SAXS curve of pure PA66 has only one
peak and L2 is about 7.85 nm, L2 should represent the
period structure of the non-epitaxial crystal. As CNT
are added, the other long period (L1 = 62.83 nm)
arises. To further confirm the existence of shish-kebab
structure in PA66/CNT nanocomposites, the
PA66/CNT1.0 composite injection bar was etched by
trichloroacetic acid. In Fig. 10, the lamellae of PA66
matrix are observed on the surface of CNT. Appar-
ently, L1 is the period structure of adjacent soft-epi-
taxial crystals and the crystal size of soft-epitaxial
crystal is measured to be about 20 nm. Recollected the
SAXS result that the dc is 20.47 nm in PA66/CNT
nanocomposites, which indicates that soft-epitaxial
effect can enhance the crystal thickness of PA66
matrix. Therefore, the crystals of PA66/CNT nano-
composites include the soft-epitaxial and non-epitax-
ial crystals and the amount of soft-epitaxial crystals is
greater than that of non-epitaxial crystals. These
results indicate that the crystal structure and the crys-
tallinity of PA66 matrix are unchanged but the kebab
lamellae replace a part of the non-epitaxial crystals
under the influence of soft-epitaxial effect with the
addition of CNT.

CONCLUSIONS
The preparation process of test specimens is the

injection molding in the study. In non-isothermal
crystallization process, the nanohybrid shish-kebab
structure is observed under the influence of the soft-
epitaxial crystallization. The soft-epitaxial crystals
and the non-epitaxial crystals coexist in the
PA66/CNT nanocomposites. 1D CNT nanofiller
does not influence the crystal structure of PA66



912 ENYI CHI et al.
matrix. CNT are a nucleation agents to assist the crys-
tallization of PA66 resulting in generation of soft-epi-
taxial crystals and can enhance the orientation degree
of PA66 chains in PA66/CNT nanocomposites. The
size of soft-epitaxial crystals is greater than that of
non-epitaxial crystals. The soft-epitaxial crystals can
slightly influence the mechanical properties of nano-
composites.
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