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Abstract: Polyamide 66 (PA66) was chosen as the representative of hydrophilic polymers,
to investigate the influence of epitaxial crystals in semi-crystalline polymers/reduced graphene
oxide nanocomposite injection-molding bars. A differential scanning calorimeter was used, and the
two-dimensional wide-angle X-ray diffraction technique, as well as the two-dimensional small
angle X-ray scattering technique, were used to research the crystallization behavior in PA66/RGO
nanocomposites. The results indicated that RGO was an effective nucleation agent for PA66.
The presence of RGO could enhance the orientation degree of the PA66 crystals and did not influence
the crystal structure of the PA66. The non-epitaxial crystals and the epitaxial crystals existed in
PA66/RGO nanocomposites. The size of epitaxial crystals was much greater than that of the
non-epitaxial crystals. Tensile test results showed that the presence of fewer epitaxial crystals
can improve the mechanical properties of a polymer.
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1. Introduction

Polymer nanocomposites, especially polymer–inorganic nanocomposites, have attracted
considerable attention on account of their excellent mechanical properties and functions in recent
years [1–4]. The ability of interfacial interactions between inorganic nanomaterials and polymers is the
most important factor for the high-performance polymer–inorganic nanocomposite [5–7]. The studies
on the interfacial interactions of polymers and filler focus on the following four strategies: (1) surface
modification of the nanomaterial [8–11]; (2) modification of the polymer [12]; (3) preparing polymer
composites via an in-situ polymerization method [13–15]; and (4) adding a compatibilizer [16,17].
The physical method can enhance interfacial interactions and avoid the destruction of the structure
and properties of inorganic nanomaterial. Fu et al. have proved that interfacial crystallization could
effectively enhance interfacial interactions [18]. The epitaxial crystallization is a kind of interfacial
crystallization. Therefore, the epitaxial crystallization of semi-crystalline polymer on the surface of a
layered inorganic nanomaterial can effectively enhance interfacial interactions. Epitaxy is defined as
the growth of one phase on the surface of another phase in one or more strictly defined crystallographic
orientations. This orientation is explained by a two- or one-dimensional structural analogy in the plane
of contact between the two crystal types [19]. Pashley indicates that 10–15% disregistries of lattice
matching are the upper limit of epitaxy [20].
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The two-dimensional graphene is an atomically thin chip composed of sp2 carbon atoms
arranged in a honeycomb structure [21,22]. Graphene is one of the strongest materials found to
date [23] and has great potential for improving the mechanical properties of polymers [24–29].
Reduced graphene oxides (RGO) are typical graphene materials with slight topological defects
in their periodic structures [22]. Compared to graphene, RGO possesses better dispersibility
in polymers since it has only a few oxygen atoms. Hence, research on epitaxial crystallization
in polymer/RGO nanocomposites has attracted considerable attention. In our previous papers,
the influence of the epitaxial crystallization was studied in high crystallization polycaprolactone
(PCL)/RGO nanocomposites [30,31]. The disregistry between the c-axis of PCL and the crystallographic
parameter of <2100> RGO spacing is 0.2% [31,32]. The crystallization of the PCL matrix epitaxially
grows on the interface of laminated RGO. The orientation of crystals in PCL/RGO nanocomposites
obviously enhances, and its mechanical property significantly improves. Analogously, another high
crystallization polyethylene (PE) can epitaxially grow on the interface of laminated RGO and the
mechanical properties of PE/RGO nanocomposite were improved [33,34]. However, the influence of
epitaxial crystallization in a semi-crystalline polymer with H-bond and RGO nanocomposites is rarely
mentioned in industrial production modeling.

Polyamide 66 (PA66) is widely used in engineering plastics due to its excellent properties.
PA66 and its nanocomposites are continuously studied [35–37]. Semi-crystalline polymer PA66
possesses a lot of hydrophilic groups. The key factor for the crystal structures formed is the
ability of the NH group to form H-Bonds with the CO group in PA66. In the injection molding
process, the α structure is the main physical structure of the PA66 crystal. In the α structure,
the PA66 chains are in the fully extended planar zigzag conformation. The crystal structure of
PA66 is triclinic. The lattice constants of PA66 crystal are a = 0.49 nm, b = 0.54 nm, c = 1.72
nm [38]. The crystallographic parameter of the <2100> RGO spacing is 0.246 nm [39]. Hence,
the disregistry between the c-axis of the PA66 crystal and the crystallographic parameter of <2100>
RGO spacing is 0.1%, which is lower than PCL/RGO nanocomposites. The crystal of PA66 can, in
theory, epitaxially grow on the surface of laminated RGO. Because of the existence of H-bonds, RGO
more easily absorbs the chains of hydrophilic PA66. Therefore, PA66 was chosen as the representative of
semi-crystalline polymers with H-bonds to investigate the effect of epitaxial crystals in semi-crystalline
polymer/RGO nanocomposites.

In this study, neat PA66 and 0.1 wt% RGO (PA66/RGO0.1), 0.5 wt% RGO (PA66/RGO0.5) and
1.0 wt% RGO (PA66/RGO1.0) nanocomposites were obtained by injection molding. The mechanical
properties of PA66/RGO nanocomposites were compared to different samples and the wide-angle
X-ray diffraction, as well as the small-angle X-ray scattering, and differential scanning calorimetry
measurements were used to study the structure of PA66/RGO nanocomposites. The impact of epitaxial
crystallization on the crystal structure and orientation, as well as the relation between the epitaxial
crystallization and the mechanical properties of PA66/RGO nanocomposites were discussed.

2. Results and Discussion

DSC curves of neat PA66 and PA66/RGO nanocomposites are shown in Figure 1. The melting
temperature (Tm) (Figure 1a) is about 263.5 ◦C in all four samples, but the peaks of the samples widen
with the addition of RGO, suggesting that different crystals exist in PA66/RGO nanocomposites.
The crystallization temperature (Tc) of neat PA66, PA66/RGO0.1, PA66/RGO0.5 and PA66/RGO1.0
(Figure 1b) are 232.8 ◦C, 238.5 ◦C, 243.6 ◦C and 244.5 ◦C, respectively. With the increase of RGO, Tc

of the samples gradually increases. Based on the measured heat of fusion of neat PA66 (34.5 J/g),
PA66/RGO0.1 (33.1 J/g), PA66/RGO0.5 (31.2 J/g) and PA66/RGO1.0 (30.7 J/g) from Figure 1a and
188.4 J/g heat of fusion of 100% crystalline PA66, the crystallinity of test samples are 18.3%, 17.5%, 16.5%
and 16.2%, respectively [40,41]. Even if RGO is added, the crystallinity of PA66 and its nanocomposites
is not enhanced. The results suggest that RGO provides heterogeneous nucleation sites for PA66 in the
nanocomposites and that different crystals exist in PA66/RGO nanocomposites [29].
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Figure 1. (a) The heating curves and (b) the cooling curves of neat PA66 and PA66/RGO0.1,
PA66/RGO0.5 and PA66/RGO1.0 nanocomposites.

Figure 2 shows the 2D-WAXD patterns obtained at the intermediate zones of injection-molded
bars of the test samples. From the innermost to the outermost, the diffraction circles are designated to
the (100) and (010) + (110) crystal planes of PA66 triclinic crystals, respectively [38]. WAXD curves of
neat PA66 and PA66/RGO nanocomposites collected from 2D-WAXD patterns (Figure 2) are shown
in Figure 3. The 2θ corresponding to (100) and (010) + (110) crystal planes are 16.3◦ and 19.0◦ in
WAXD curves. Because the 2θ of the test samples are same, RGO does not affect the crystal form
of PA66. When recollected, the DSC result showed that the peaks widen with the addition of RGO,
which indicates that crystals with the same crystal form but different thicknesses exist in PA66/RGO
nanocomposites. The crystalline degree calculated from WAXD patterns (Figure 2) is shown in Figure 4
for neat PA66 and its nanocomposites. The crystalline degree of neat PA66 and PA66/RGO0.1 is 17.6%,
but the value reduces to 17.3% and 17.0% as the RGO contents change to 0.5, and 1.0 wt%. Therefore,
on the basis of the DSC and WAXD results, the crystalline degree of PA66 slightly reduces with the
increase of RGO in the PA66/RGO nanocomposites. The result of the crystalline degree is consistent
with the result of the PE/RGO nanocomposites [42]. It may be due to the fact that RGO hinders the
motion of polymer chains.

Figure 2. The 2D-WAXD patterns of (a) PA66, (b) PA66/RGO0.1, (c) PA66/RGO0.5 and
(d) PA66/RGO1.0; The direction of the double-arrow was parallel to the flow direction.

Figure 3. The 2D-WAXD curves of neat PA66 and PA66/RGO0.1, PA66/RGO0.5, and PA66/
RGO1.0 nanocomposites.
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Figure 4. The crystalline degree of neat PA66 and PA66/RGO0.1, PA66/RGO0.5, and PA66/
RGO1.0 nanocomposites.

Furthermore, the WAXD was used to study the effect of RGO nanofillers. In the non-isothermal
crystallization process, fewer PA66 crystals exist in the test samples. The change of the orientation
of the neat PA66 and PA66/RGO nanocomposites is hardly observed in 2D-WAXD patterns.
The 3D-WAXD patterns were obtained from Figure 2, as shown in Figure 5. With the increase of
RGO, the two diffraction rings have no obvious change in the 2D-WAXD patterns (Figure 2) but the
intensity and orientation of the two diffraction rings of the crystal planes changed in the 3D-WAXD
patterns (Figure 5). In the 3D-WAXD pattern, the orientation of the (100) crystal plane is perpendicular
to the flow direction, intensity and orientation of the (010) enhanced crystal plane when RGO is added
into the PA66. In Figure 5a, the weak crystal orientation of the neat PA66 bar is parallel to the injection
flow direction. When the 0.1 wt% RGO is added, because only a small number of epitaxial crystals
exist, the orientation of PA66/RGO0.1 nanocomposite is akin to that of the neat PA66 (Figure 5b).
However, the degree of orientations of PA66/RGO0.5 and PA66/RGO1.0 nanocomposites increases
(Figure 5c,d). In the injection process, the chains of the PA66 and RGO are subjected to an intensive
shear flow and are parallel to the flow direction. The relaxation of PA66 chains occurs in non-isothermal
crystallization, but RGO can restrict the mobility of the PA66 matrix chains by H-bond interaction and
epitaxial crystallization. Therefore, the orientation of PA66/RGO nanocomposites is enhanced.

Figure 5. The 3D-WAXD patterns of (a) PA66, (b) PA66/RGO0.1, (c) PA66/RGO0.5 and (d) PA66/
RGO1.0. The direction of the double-arrow was parallel to the flow direction.

The SAXS measurement was used to investigate the structure of PA66/RGO nanocomposites.
Figure 6 shows 2D-SAXS patterns of neat PA66 and its nanocomposites. In 2D-SAXS patterns,
the scattered signals consist of the center signal and the outer signal. The outer signal of 2D-SAXS
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patterns is waning. Because of the low crystallinity of the PA66 matrix, the scattered signal of test
samples is weak. By the program FIT2D, 1D-SAXS curves are obtained from 2D-SAXS patterns.
The Lorenz-corrected SAXS curves (Figure 7) were collected from the 2D-SAXS patterns in Figure 6.
As shown in Figure 7, the Lorenz-corrected curves of the test samples have multiple scattering peaks,
except for the neat PA66. Moreover, q1 and q2 represent the first scattering peak position and the
second scattering peak position in the scattering curves, respectively. The 1D-SAXS pattern of neat
PA66 does not have a q1 peak, but the intension of a q1 peak of the PA66/RGO nanocomposites
gradually increase with the addition of RGO. The addition of RGO brings the PA66 nanocomposites to
the new period structure. The sample-to-detector distance of 2320 mm was used to capture the second
peak position (Figure 8). With an increase of RGO, the strength of the second peak declines gradually.
The long period of the PA66 matrix was calculated using the Bragg equation, L = 2π/q, where L is the
long period, and q represents the peak position in the scattering curves. L1 and L2 were calculated
to be 62.83 nm and 7.85 nm, respectively. The Lorenz-corrected SAXS curves of the neat PA66 are
different from that of the other nanocomposites. The addition of RGO is the cause of the emergence of
q1. With the addition of RGO, epitaxial growth of PA66 chains occurs on the surface of RGO. Therefore,
L1 and L2 are connected with epitaxial crystals and non-epitaxial crystals, respectively. Therefore,
the addition of RGO can bring the PA66 nanocomposites to the new period structure, enabling the
existence of epitaxial crystals.

Figure 6. The 2D-SAXS patterns of (a) PA66, (b) PA66/RGO0.1, (c) PA66/RGO0.5 and (d) PA66/RGO1.0.
The sample-to-detector distance was 5210 mm. The direction of the double-arrow was parallel to the
flow direction.

Figure 7. The Lorentz-corrected SAXS curves of neat PA66 and PA66/RGO0.1, PA66/RGO0.5 and
PA66/RGO1.0 nanocomposites. The sample-to-detector distance was 5210 mm.



Crystals 2017, 7, 384 6 of 12

Figure 8. The Lorentz-corrected SAXS curves of neat PA66 and PA66/RGO0.1, PA66/RGO0.5 and
PA66/RGO1.0 nanocomposites. The sample-to-detector distance was 2320 mm.

The platy RGO nano-filler can effectively enhance the orientation of nanocomposites [43].
Further study of crystal orientation was carried out using the 2D-SAXS experiment. The azimuthally
integrated profiles of Figures 9 and 10 were collected from the outer and center signals of 2D-SAXS
patterns, respectively. In the azimuthally integrated profiles of outward scattering signals (Figure 9),
the signal intensity weakens. As shown in Figure 10, the 2D-SAXS signal of PA66/RGO nanocomposites
was distributed in the meridian direction. It is observed that the orientation degree of the PA66 chain
is enhanced in the parallel direction of the flow with the increase of platy RGO. It is consistent with the
results of WAXD.

Figure 9. Azimuthally integrated profiles of the outer scattering signal of neat PA66 and PA66/RGO0.1,
PA66/RGO0.5 and PA66/RGO1.0 nanocomposites.
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Figure 10. Azimuthally integrated profiles of the center scattering signal of neat PA66 and
PA66/RGO0.1, PA66/RGO0.5 and PA66/RGO1.0 nanocomposites.

On account of the existence of epitaxial crystals, the mechanical properties of nanocomposites
could be affected. The stress–strain curves of the neat PA66 and its nanocomposites are shown in
Figure 11. The change of strain is outstanding. The tensile strength of the neat PA66 and 0.1 wt%
PA66/RGO nanocomposite is 74.3 ± 2.8 and 74.7 ± 1.7 MPa, respectively. The tensile strength of
0.1 wt% PA66/RGO nanocomposites is not obviously improved. However, compared to the neat PA66,
the tensile strength of samples increased from 74.3 ± 2.8 to 76.3 ± 1.7 and 77.3 ± 2.4 MPa for 0.5 wt%
and 1.0 wt% PA66/RGO for nanocomposites. Petermann et al. reported that strong adherence of
epitaxial interfaces in semi-crystalline polymers was responsible for the improvement in mechanical
properties [5–7]. The effective interface interactions between the polymer and nanofiller could enhance
the tensile strength of the polymer matrix [44]. For example, the tensile strength of PCL/RGO
nanocomposites and PE/RGO nanocomposites can increase by 12% and 10%, respectively [30,34].
As mentioned above, PA66 crystals in PA66/RGO nanocomposites can epitaxially grow on the face
of platy RGO. Epitaxy effectively enhances the interfacial interactions of the PA66 matrix and RGO
nanofiller. In spite of the existence of a small quantity of interfacial crystallization, the tensile strength
of PA66/RGO nanocomposites can be enhanced. In this study, this improvement in mechanical
properties can be attributed to three reasons: (i) RGO has excellent mechanical strength; (ii) RGO could
enhance the orientation of PA66/RGO nanocomposites; (iii) Epitaxial crystallization could effectively
enhance interfacial interaction.

Figure 11. Stress–strain curves of neat PA66 and PA66/RGO0.1 (0.1 wt% RGO), PA66/RGO0.5
(0.5 wt% RGO) and PA66/RGO1.0 (1.0 wt% RGO) nanocomposites.
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Because all the test bars are injection-molded samples, the neat PA66 and its nanocomposites
undergo the non-isothermal crystallization process. Furthermore, the disregistry between the c-axis of
the PA66 crystal and the crystallographic parameter of <2100> RGO spacing is 0.1%. PA66 crystals
can epitaxially grow on the face of platy RGO. However, the crystalline degree of the neat PA66
and PA66/RGO nanocomposites is less than 17.6%, and the crystalline structure has not changed.
Consequently, there are only a few crystals in the test bars. In the injection-molding process,
the lamellae of PA66 crystals cannot pile up to form a lamellar layer structure [45]. A large amount
of matter in the amorphous exists between the crystals. The crystals are scattered in the amorphous
phase of the PA66, and the distance between adjacent crystals is very dissimilar. Therefore, L1 and L2

represent the period structure in the neat PA66 and its nanocomposites. The ability to form H-bonds
between the NH group and the CO group is the determining factor for the crystal structures in PA66 [46].
Bunn and Garner reported that the chains in the α structure of PA66 were in the fully extended planar
zig-zag conformation and parallel to the c-axle direction [38]. For the presence of a maximum amount
of H-bonds, the size of the epitaxial crystal is far greater than that of the non-epitaxial crystal. L2 is
about 7.85 nm for PA66 and PA66/RGO nanocomposites and the SAXS curve of neat PA66 has only
one peak; L2 represents the structure of the non-epitaxial crystal. As RGO is added, the other long
period (L1 = 62.83 nm) arises. Evidently, L1 is the period structure of epitaxial crystals. Therefore,
the crystals of PA66/RGO nanocomposites include the non-epitaxial and epitaxial crystals, and the
size of the epitaxial crystal is much greater than the non-epitaxial crystals. These results indicate that,
with the addition of platy RGO, the crystal structure and the crystalline degree of the PA66 matrix are
unchanged, but a part of the non-epitaxial crystals is replaced with the epitaxial crystals.

In the injection-molding samples, the chains of PA66 and platy RGO are subjected to intensive
shear flow in the injection molding process. As the amount of RGO is increased, the epitaxial crystals
gradually become the main portion of PA66 crystal. In the non-isothermal crystallization process, not
only is the crystal of the PA66 matrix epitaxial on the surface of platy RGO, but also the (100) crystal
plane is parallel to the platy RGO [32]. The orientation of platy RGO is parallel to the injection flow
direction in the injection-molding process. Under the influence of the shear field, the chains of the
PA66 matrix are parallel to the injection flow direction and the platy RGO. Furthermore, because of
the presence of RGO, the mobility of PA66 matrix chains is restricted. During the cooling process,
the orientation of the PA66 chains in the epitaxial crystals is kept. Therefore, the degree of their
orientations increases. These results indicate that the degree of orientation depends on the proportion
of epitaxial crystals in the polymer nanocomposite. The crystal orientation of the PA66 matrix is
enhanced with the increase of RGO. In PA66/RGO nanocomposites, a 2D layered RGO could absorb
the PA66 chain and provide the base for the epitaxial crystal of the PA66 matrix. In high-crystallinity
PCL/RGO and PE/RGO nanocomposites, the existence of numerous epitaxial crystals can greatly
improve its mechanical properties. In the hydrophilic PA66 matrix, there are fewer epitaxial crystals.
The tensile strength of hydrophilic PA66/RGO nanocomposites is increased by 4%. This indicates that
the quantity of the epitaxial crystals influences the improvement of mechanical properties.

3. Materials and Methods

3.1. Materials

The 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. (Wilmington, DE, USA). Natural flake graphite was supplied by Qingdao Jiuyi
Graphite Co., Ltd. (Shandong, China) with a mean particle size of 50 µm.

3.2. Sample Preparation

The GO was exfoliated by ultra-sonication from graphite oxide which was produced by modified
Hummers’ method [47]. The RGO was prepared by thermal exfoliation and the reduction of GO [31].
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The PA66 granules used were dried in a vacuum oven at 110 ◦C for at least 12 h prior to blending
with the RGO. The temperature of the twin-screw extruder (HAAKE MiniLab II, Thermo Scientific,
Waltham, MA, USA) (L/D: 22) was maintained at 275 ◦C. The screw speed was maintained 60 rpm.
The obtained nanocomposites were injection-molded to obtain test bars (50 mm × 4 mm × 2 mm)
in the Thermal scientific HAAKE MiniLab II. The injection-molding mold temperature and injection
pressure were 150 ◦C for 10 min and 700 bar.

3.3. Analytical Methods

The differential scanning calorimetry (DSC) measurements were performed with Thermal Analyst
Q1000 DSC (TA Instruments, New Castle, DE, USA) under a nitrogen atmosphere. All samples were
heated to 280 ◦C at a heating rate of 10 ◦C/min, and equilibrated at 280 ◦C for 3 min to remove all
thermal history. Subsequently, the samples were cooled to 25 ◦C at a cooling rate of 10 ◦C/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
Synchrotron Radiation Facility (SSRF). The monochromatic X-ray wavelength was 1.239 Å, and the
2D patterns were recorded in transmission mode at room temperature. The sample-to-detector of the
2D-WAXD experiment was 172.4 mm. The sample-to-detector distances of the 2D-SAXS experiments
were 5210 mm and 2320 mm. The data of the WAXD and the SAXS experiments were analyzed by
the program FIT2D (A. Ham-mersley, European synchrotron Radiation Facility, Grenoble, France).
Using the program Xpolar, the crystallinity was acquired from a 2D-WAXD test.

A tensile test was performed on Instron 5567 (Instron Co., Norwood, MA, USA) at a tensile
rate of 10 mm/min. Five standard bars for each sample were measured and the average values
were calculated.

4. Conclusions

The epitaxial crystallization of hydrophilic semi-crystallinity polymer/RGO nanocomposites was
investigated in detail. The following conclusions can be drawn from the current study.

1. Platy RGO is a nucleation agent to assist the crystallization of PA66 but does not influence the
crystal structure, and can enhance the orientation degree of PA66 chains in the flow direction.

2. The crystal of PA66/RGO nanocomposites includes the non-epitaxial crystal and the epitaxial
crystal; the size of the epitaxial crystal is much greater than that of the non-epitaxial crystal.

3. The orientation degree of PA66/RGO nanocomposites is determined by the proportion of epitaxial
crystals present when platy RGO is added; the non-epitaxial crystal orientation of the PA66 matrix
is unchanged.

4. The presence of fewer epitaxial crystals can improve the mechanical properties of a polymer.
The tensile strength of hydrophilic PA66/RGO nanocomposites is increased by 4%.
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