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ABSTRACT: Epitaxial crystallization between Polyamide 66 (PA66) and reduced
graphene oxide (RGO) can enhance the interfacial interaction and the mechanical
properties of PA66/RGO nanocomposites. In situ two-dimensional synchrotron
radiation wide angle X-ray diffraction and small angle X-ray scattering were used to
track the structural evolution of the PA66/RGO nanocomposites with an epitaxial
crystal during uniaxial deformation. In the PA66/RGO nanocomposites, the structural
evolution of non-epitaxial and epitaxial crystals could be clearly analyzed. The non-
epitaxial crystal, whose crystal plane can slip, shows the rearrangement and the Brill
transition during uniaxial deformation. While the PA66 chains of an epitaxial crystal are
held by RGO, the crystal plane could therefore not slip. The epitaxial crystal also
constrains the deformation of the amorphous phase and the crystal form transition of
non-epitaxial crystals around them. With the content increase of epitaxial crystals, the
constraint effect becomes more obvious. Therefore, the rigid epitaxial crystals in the
PA66/RGO nanocomposites promote mechanical properties. The present findings can
deepen the understanding of structural evolution during the tensile deformation of PA66/RGO nanocomposites and the influence of
the epitaxial crystals on the mechanical property in semicrystalline polymers with a H-bond.

1. INTRODUCTION

Polymer nanocomposites, especially polymer−inorganic nano-
composites, have attracted considerable attention on account
of their excellent mechanical properties and function in recent
years.1−4 The interfacial interactions between inorganic
nanomaterials and polymers are the most important factor
for the high-performance polymer−inorganic nanocompo-
site.5−7 In past decades, surface modification of the nanoma-
terial,8−11 modification of the polymer,12 preparing polymer
composites via an in situ polymerization method,13−15 and
adding a compatibilizer16,17 as effective methods were
developed to enhance the interfacial interactions. The epitaxial
crystallization, which is a kind of surface-induced crystal-
lization,18 can effectively enhance the interfacial interaction
and avoid the destruction of polymer−inorganic nano-
composites.19−24 Epitaxy is generally defined as the growth
of one phase on the surface of another phase in one or more
strictly defined crystallographic orientation, and the orientation
is explained by two-dimensional (2D) or one-dimensional
(1D) structural analogy in the plane of contact of the two
species.25 Pashley indicated that 10−15% disregistries of lattice
matching were the upper limit of epitaxy.26 There is also
another surface-induced crystallization referred to as graph-
oepitaxy that is based on surface topology of the substrate as
indicated by the crystallization of poly(L-lactic acid) on
polyethylene and polypropylene substrates.27−29

The 2D reduced graphene oxide (RGO) is an excellent
nanofiller because of its periodic structure and excellent
properties.26,30−33 Compared to graphene, RGO possesses
better dispersibility in polymers because it has a small amount
of oxygen atoms. Hence, RGO has a great potential for
improving the mechanical properties of polymers and a lot of
polymer/RGO nanocomposites have been studied.21,22,33,34

Polyamide 66 (PA66), the earliest engineering plastic, is widely
used due to its excellent properties.35−38 PA66 and its
nanocomposites are continuously studied.36−38 As one kind
of a typical semicrystalline polymer, PA66 possesses a lot of
hydrophilic groups. The determining factor for the crystal
structures of PA66 is the ability to form H-bonds between the
NH group and the CO group.39 There are a large amount of
H-bonds in the crystalline and amorphous phase of PA66. 20%
H-bonds still exist even in the molten state.39−41 In the
injection molding progress of PA66, the α-form crystal is the
main crystal form in which the PA66 chains are in the full
extended planar zig-zag conformation and are parallel to the c-
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axis direction. The lattice constants of triclinic α-form are a =
0.49 nm, b = 0.54 nm, c = 1.72 nm, α = 48°, β = 77°, and γ =
63°.35 The other stable crystal form of PA66 is the γ-form
crystal (a = 0.49 nm, b = 0.59 nm, c = 1.65 nm, α = 56°, β =
81°, and γ = 60°) which is a pseudohexagonal crystal and the
chain axis of γ-form crystal is shorter than the α-form.42 The
crystallographic parameter of the most important periodic
structure-⟨2100⟩ RGO spacing (s) is 0.246 nm.43 Hence, the
disregistry (δ) between the c-axis of the α-form PA66 crystal
and the crystallographic parameter of ⟨2100⟩ RGO spacing is
only 0.1% (δ = 7s − c/c). The α-form crystal, other than the γ-
form crystal, of PA66 can epitaxially grow on the surface of
laminated RGO in theory. Therefore, PA66 was also a
representative of semicrystallinity polymer with H-bonds to
investigate the effect of an epitaxial crystal in semicrystallinity
polymer/RGO nanocomposites.44

In our previous paper,20 we have studied the structure and
mechanical properties of the PA66/RGO nanocomposite.
Because of the existence of H-bonds, RGO more easily absorbs
the chains of hydrophilic PA66. The PA66 chains can
epitaxially crystallize in its α-form on the surface of laminated

RGO. The different PA66/RGO nanocomposites showed
different mechanical properties owing to different contents of
epitaxial crystals. However, the mechanism of enhancing the
mechanical properties is rather elusive and should be
investigated in depth. Mechanical properties of semicrystalline
polymer materials are associated with their deformation
behavior and the corresponding structural evolution, and
thus the mechanism of deformation behavior plays an
important role on the relevant mechanical performances.45−47

The study of structural development and evolution during the
tensile deformation process of semicrystalline polymers cannot
only elucidate the deformation mechanism but also enable us
to deepen the understanding on the improvement of the
mechanical properties of polymer−inorganic nanocomposites.
Therefore, the change of structure during deformation should
be further studied by the in situ method in the PA66/RGO
nanocomposite stretching process.
Synchrotron radiation small angle X-ray scattering (SAXS)

and wide angle X-ray diffraction (WAXD) are powerful tools
to monitor the real-time structural evolution during the
deformation process of polymers. They have been widely

Figure 1. Engineering stress−strain curve (a) together with SAXS/WAXD patterns (b) of pure PA66. Stretching direction is horizontal.
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used in the in situ examination of structural changes of polymer
materials, and the application of synchrotron radiation has
dramatically promoted the structural research of semicrystal-
line polymers.48−52 In situ SAXS can demonstrate the
continuous change of periodic structures. By an in situ
WAXD experiment, the continuous change of crystal forms
and orientation degrees can be studied. The cold stretching has
been widely accepted for the study on structural evolution and
mechanical property of a semicrystalline polymer.51−54

Although an extensive number and variety of investigations
have been carried out on the deformation behavior of
semicrystalline polymers, there are few literature studies
concerning the tensile deformation behavior of polymer/
nanofillers composites, especially for those with epitaxial
crystals. We recently reported that strain-induced melting−
recrystallization took place in the stretching process of poly(ε-
caprolactone) (PCL)/RGO nanocomposites with a low
velocity at room temperature, and epitaxial crystallization
imposed a restriction effect on the structural transformation of
PCL and confirmed that the epitaxial crystallization of PCL
upon RGO surfaces is the major factor for the improvement of
mechanical properties of PCL/RGO nanocomposites.54 We
also reported that the RGO and HDPE crystals epitaxially
grown on the RGO lead to the delay of the structural evolution
and then the enhancement of mechanical properties of HDPE/
RGO nanocomposites.55

Our previous work showed that the crystal of PA66/RGO
nanocomposites included the non-epitaxial and the epitaxial
crystals, and the content of two kinds of crystal changed, from
all non-epitaxial crystals to almost all epitaxial crystals, with the
RGO content in nanocomposites.20 Compared with other
systems of polymer nanocomposites with epitaxial crystal-
lization, the structural evolution of non-epitaxial and epitaxial
crystals can be easily distinguished in PA66/RGO nano-
composites; therefore, it is an ideal nanocomposite to study the
effect of epitaxial crystallization on mechanical properties. In ex
situ experiments, the size and type of crystals can be analyzed,
but the effect of epitaxial crystals and the structure evolution of
polymer crystals are only conjectured. With in situ SAXS and in
situ WAXS measurements, the structural evolution of PA66/
RGO nanocomposites with different contents of epitaxial
crystals during uniaxial deformation will be systematically
investigated in this paper. It is highly expected that an in situ
study on the structural evolution during tensile deformation of

PA66/RGO nanocomposites with epitaxial crystallization can
also deepen the understanding upon the mechanism of
nanofillers imposing on the mechanical performance of
polymer matrixes.

2. RESULTS AND DISCUSSION
2.1. Structural Evolution of Non-Epitaxial Crystals

during Uniaxial Deformation. In a pure PA66 sample, all
crystallites are non-epitaxial, so the structural evolution of non-
epitaxial crystals and amorphous phase can be observed and
analyzed during the stretching process. The stretching
processes of pure PA66 and PA66/RGO nanocomposites in
the following section can be divided into three stages, namely,
the elastic deformation stage (stage I), the plastic deformation
stage (stage II), and the strain-hardening stage (stage III), and
the patterns of 2D SAXS and 2D WAXD are listed in the
corresponding stage.
The stage I contains the strain of 0−20% in the stretching

process, as shown in Figure 1. From the patterns of 2D
WAXD, the diffraction rings from inner to outward are
designated to the (100) and (010) + (110) crystal planes of
PA66 triclinic crystals, respectively.31 As can be seen in Figure
2a, the positions of diffraction peaks of (100) and (010) +
(110) lattice planes do not change in the 1D WAXD curves,
indicating that the crystal form of PA66 is maintained during
the elastic deformation process. However, the diffraction ring
of the (010) + (110) lattice plane, which is the outer
diffraction ring on the 2D WAXD patterns, changes to the
nonuniform cycle because the diffraction signal of meridian
direction is stronger than the equatorial direction, implying
that the crystal degree of orientation of the pure PA66 sample
increases. In Figure 1, the 2D SAXS signal changing from
circular to elliptic confirms the increase of crystallite
orientation in the stage I. The Lorentz-corrected 1D SAXS
curves of pure PA66 only have one slight peak located at the q2
position (q2 peak) throughout the stage I (Figure 2b), which
accords with our previous work which indicated that the
scattering peak of the pure PA66 sample is at q = 0.80 nm−1.20

Although we only obtain the partial q2 peak, its variation trend
can be distinguished. With the increase of strain, the peak
intensity of the q2 position continually slightly increases and
the q2 peak slightly moves toward a lower q value. The results
imply that the stretching of the amorphous phase brings about
the increase of the period structure in the stage I. Therefore,

Figure 2. 1D-WAXD curves (a) and Lorentz-corrected SAXS curves (b) of pure PA66 during deformation. The strain increases along the black
arrow.
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the change of SAXS and WAXD signals is ascribed to the
deformation of the amorphous phase and the partial
rearrangement of the crystals during the elastic deformation
process.
In stage II with a strain of 20−90%, the diffraction peak of

the (010) + (110) lattice plane changes from the nonuniform
cycle to two semi-arcs (Figure 1), which indicates the increase
of the crystal degree of orientation. As can be seen in Figure
2a, the constant positions of diffraction peaks indicate that the
crystal form of PA66 is maintained during the plastic
deformation process. However, the diffraction peaks of (100)
and (010) + (110) lattice planes continuously widen in stage
II, which accords with the slight distortion of the PA66 crystals
during the stretching. When the strain increases from 20 to
60%, the SAXS signal changes from ellipse to truncated
rhombus. When the strain achieves 90%, the truncated
rhombus SAXS signal turns into a rhombus. The variation of
SAXS signals embodies the rearrangement of crystals. The
stress drives the crystals continuously to rearrange along the
stretching direction. The truncated rhombus signal indicates
that the continuous stretching of the amorphous phase causes
the nonoriented crystals to deflect toward the stretching
direction. When the truncated rhombus signal turns into a
rhombus, the crystals absolutely rearrange along the direction
of stress. In the 1D Lorentz-corrected SAXS curves of stage II
(Figure 2b), the q2 peak gradually disappears and the q1 peak
appears. The abovementioned results indicate that the crystals
rearrange, the degree of orientation increases, and the size of
period structure increases during the plastic deformation
process.
The stage III contains the strain of 90−210% in the

stretching process, as shown in Figure 1. The 2D WAXD
signals of the (010) + (110) lattice plane change from two
semi-arcs to two short arcs, indicating that the crystal degree of
orientation continuously increases with the strain. As can be
seen in Figure 2a, the two peaks of 1D WAXD curves in the
stage III (2θ = 16.3 and 19.0°) merge into one peak (2θ =
17.4°), indicating the change of crystal forms, which is also
known as the Brill transition.53 In the merging process of
WAXD peaks, the (010) crystal plane of triclinic α-form PA66
crystals slips during the stretching, and ultimately, the crystal
form changes from triclinic α-form to pseudo-hexagonal γ-
form. From the 2D SAXS patterns in Figure 1, we can clearly
observe that the signal similar to a shish crystal appears along
the stretching direction. It is well known that crazing and void
widely exist in the strain hardening process. As can be seen in
Figure 2b, the intensity of the q1 peak gets weak when the
strain is 90−120%. When the strain is greater than 120%, the
intensity the of q1 peak immediately increases. It indicates that
the formation and tensioning of voids accompany the
transformation of crystal forms in the stage III. The
increscence of γ-form crystals and the tensioning of voids are
the reason of the enhancement of streak signals.
2.2. Structural Evolution of Epitaxial Crystals during

Uniaxial Deformation. It is a fact that the polymer/RGO
nanocomposites containing only epitaxial crystals are most
impossible. However, we can try to reduce the infection of
non-epitaxial crystals. In our previous work, we have obtained
the PA66/RGO1.0 nanocomposite containing more epitaxial
crystals and few non-epitaxial crystals.20 Therefore, we study
the structural evolution of epitaxial crystals in the PA66/
RGO1.0 nanocomposite during uniaxial deformation in this
section. As shown in Figure 3, the PA66/RGO1.0 nano-

composite breaks when the strain is about 50%. Therefore, the
stretching process only contains the stage I (the elastic
deformation stage) and the stage II (plastic deformation
stage).
We can observe that the change of the PA66/RGO1.0

nanocomposite sample is similar to the pure PA66 sample in
the stage I. Because of the addition of RGO, the unstretched
sample possesses orientation.20 As can be seen in Figure 3, the
nonuniform diffraction ring of the (010) + (110) lattice plane
becomes more focused and the elliptic 2D SAXS signal is
stretched during the stretching process. In Figure 4a, the
positions of WAXD peaks do not change, indicating that the
crystal form of PA66 is maintained during the elastic
deformation process. In Figure 4b, there is only q1 SAXS
peak during the stage I, and the position of the q1 peak does
not change and the intensity of the q1 peak is decreased. In our
previous work, it has been proven that the q1 peak in the
unstretched sample is related to the periodic structure of
epitaxial crystals.20 The lack of the q2 peak indicates that non-
epitaxial crystals are seldom. Because the size of epitaxial
crystals is large compared to non-epitaxial crystals and the
crystal plane of epitaxial crystal is hard to slip, the change of
the q1 peak intensity is ascribed to the voids formed during
stretching process. In the stage I, the change of SAXS and
WAXD signals originates from the stretching of the amorphous
phase.
In the end of the elastic deformation stage, the sample enters

the stage II. We can observe the 2D signal change of the stage
II with the increase of strain in Figure 3. The 2D diffraction
signal changes from a nonuniform cycle to arcs, and the 2D
SAXS signal changes from elliptic to a butterfly-like pattern.
The change of signals indicates that the degree of orientation is
enhanced in the stage II. In Figure 4a, the positions of

Figure 3. Engineering stress−strain curve (a) together with SAXS/
WAXD patterns (b) of PA66/RGO1.0. Stretching direction is along
horizontal direction.
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diffraction peaks (2θ = 16.3 and 19.0°) do not change during
the stretching process. Hence, the crystal form, in PA66/
RGO1.0 nanocomposites, does not change during the
stretching process. The change of 1D SAXS curves of the
stage II is different from pure PA66. In Figure 4b, we can
observe that the q1 peak is distinct and the position of the q1
peak remains unchanged. However, the intensity of the q1 peak
first decreases and then increases. The (100) lattice plane is
parallel to the surface of RGO when the PA66 crystal
epitaxially grows on the surface of RGO. In the α-form crystal
of PA66, the PA66 chains are in the fully extended planar zig-
zag conformation and parallel to the c-axis direction.
Therefore, the epitaxial crystal with α-form is very stable and
it is hard to deform and slip. It is the reason that the diffraction

peaks and the SAXS peak, except for the intensity, remain
unchanged, as shown in Figure 4. Moreover, the mobility of
non-epitaxial crystals and amorphous phase is constrained by
epitaxial crystals.

2.3. Structural Evolution of Coexisted Epitaxial and
Non-Epitaxial Crystals during Uniaxial Deformation. We
have discussed the structural evolution of epitaxial crystal and
non-epitaxial crystal during uniaxial deformation, respectively.
The results of epitaxial crystal and non-epitaxial crystal can
help us to more clearly analyze the structural evolution of
coexisting epitaxial and non-epitaxial crystals during uniaxial
deformation. The PA66/RGO 0.1 and PA66/RGO 0.5
nanocomposites can be the representative of samples with
coexisting epitaxial and non-epitaxial crystals.

Figure 4. 1D-WAXD curves (a) and Lorentz-corrected SAXS curves (b) of PA66/RGO1.0. The strain increases along the black arrow.

Figure 5. Engineering stress−strain curve (a) together with SAXS/WAXD patterns (b) of PA66/RGO 0.1. Stretching direction is along horizontal
direction.
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The signals of WAXD and SAXS and the stress−strain
curves are shown in Figure 5 during the uniaxial deformation
of PA66/RGO 0.1 nanocomposites. The draw ratio of PA66/
RGO 0.1 nanocomposites is between pure PA66 and PA66/
RGO 1.0 nanocomposites. The WAXD signals changing from
the non-uniform cycle to two arcs during uniaxial deformation
indicates that the crystal degree of orientation is enhanced. In
Figure 6a, the two diffraction peaks of the 1D WAXD curve
(2θ = 16.3 and 19.0°) gradually merge into one. This is
consistent with the result of non-epitaxial crystals in a pure
PA66 sample. It indicates that the non-epitaxial crystals in the
PA66/RGO 0.1 nanocomposites are in the Brill transition
process just before the end of the stretching process. The
SAXS signals are the superposition signals of epitaxial crystals

and non-epitaxial crystals in different stages. The butterfly-like
signal appears in the stage II. During the plastic deformation
process, the stress drives the crystals continuously to rearrange
along the stretching direction. The deformed amorphous phase
kept pulling the epitaxial and non-epitaxial crystals. Before the
crystal form changes, the crystals were pulled along the
direction of deformation. The nonoriented crystals deflect
toward the stretching direction, so the degree of orientation
increases during the plastic deformation process. The SAXS
signal of stage III shows the fusiform shape, and the signal
similar to a microcolumnar gap appears in the direction of
meridian. We can observe that there is not a SAXS peak in the
whole process, as shown in Figure 6b, but the change of the
SAXS signal can be distinguished. In the stage II, a new peak

Figure 6. 1D-WAXD curves (a) and Lorentz-corrected SAXS curves (b) of PA66/RGO 0.1 during deformation. The strain increases along the
black arrow.

Figure 7. Engineering stress−strain curve (a) together with SAXS/WAXD patterns (b) of PA66/RGO 0.5. Stretching is along horizontal direction.
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begins to emerge near the q1 position. With the increase of the
strain, the peak gradually moves to 0. It indicates that the new
periodic structure is formed during the stretching process. It is
consistent with the result of WAXD of the slip of crystal plane
and the change of the crystal form. In stage III, continuous
stretch makes the new peak gradually move to low q and it
cannot be detected.
In the stretching process of PA66/RGO 0.5 nano-

composites, the strain is only 90%. However, we can still
observe that the stress−strain curve possesses three stages in
Figure 7. The WAXD signals change from the non-uniform
cycle to two arcs during the stretch process. The result of 1D
WAXD of PA66/RGO 0.5 nanocomposites is different from
that of PA66/RGO 0.1 nanocomposites. In Figure 8a, the
double peaks (2θ = 16.3 and 19.0°) can be observed in the
entire stretching process. It is close to the result of PA66/RGO
1.0 nanocomposites. The crystal form does not change in the
PA66/RGO 0.5 nanocomposites. The change of SAXS signals
is the same as the signals of PA66/RGO 1.0 nanocomposites.
In the stretching process, the SAXS signals of the stage I and
the stage II and III, respectively, show an ellipse signal and a
butterfly-like signal. Figure 8b shows the Lorentz-corrected
SAXS curves. In stages I and II, there is no new peak. Until

stage III, an obvious peak appears and moves toward q = 0.
Because a certain amount of non-epitaxial crystals exist in
PA66/RGO 0.5 nanocomposites, the new peak can be assigned
to the crystal plane slip of non-epitaxial crystals.
It is obvious that the structural evolution of PA66/RGO

nanocomposites should be closely linked to the content of
epitaxial crystals during uniaxial deformation. We review the
results of pure PA66 and PA66/RGO 1.0: (1) the non-epitaxial
crystals rearrange along the tensile direction; (2) non-epitaxial
crystals exhibit a crystal-form transition process but epitaxial
crystals do not. In other words, RGO constrains the crystal-
plane slip of epitaxial crystals. Different contents of RGO lead
to a different concentration of epitaxial crystals existing in the
PA66/RGO nanocomposites. The structural evolution of
PA66/RGO 0.1 is similar to pure PA66, while the structural
evolution of PA66/RGO 0.5 is similar to PA66/RGO 1.0.
From experimental results, we can easily find that not all of
nanocomposites exhibit a crystal-form transition from the α
form to γ form during uniaxial deformation. When a small
amount of epitaxial crystals exist in the PA66/RGO nano-
composites, the crystals rearrange along the stretching
direction and non-epitaxial crystals exhibit the crystal-form
transition. The crystal plane of non-epitaxial crystals barely

Figure 8. 1D-WAXD curves (a) and Lorentz-corrected SAXS curves (b) of pure PA66/RGO 0.5. The strain increases along the black arrow.

Figure 9. Schematic diagram of structural evolution of non-epitaxial and epitaxial crystals during uniaxial deformation.
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slips when the large amount of epitaxial crystals exist in the
PA66/RGO nanocomposites. RGO-adsorbing PA66 chains
constrain molecule chain movement. Hence, greater size
epitaxial crystals, growing on the surface of RGO, lost the
crystal plane slip ability of the original PA66 α-form crystal.
Moreover, non-slip epitaxial crystals greatly reduce the ability
of amorphous phase and non-epitaxial crystals to respond to
stress. The epitaxial crystals can constrain the deformation of
amorphous phase and the crystal form transition of non-
epitaxial crystals around them. The schematic diagram of
structural evolution of non-epitaxial and epitaxial crystals
during uniaxial deformation of PA66/RGO nanocomposites is
exhibited in Figure 9. We simply assume a stretching ropes-ball
process, with slipknots and dead knots, to better comprehend
the structural evolution of nanocomposites during uniaxial
deformation. Epitaxial crystals, non-epitaxial crystals, and
nanocomposites can be assumed to be dead knot, slipknot,
and ropes-ball, respectively. When a ball of ropes with only
slipknots is stretched, a certain amount of slipknots have the
chance to be unfastened. This process means the crystal form
transition of non-epitaxial crystal during uniaxial deformation.
With the increase of the amount of dead knots, fewer and
fewer slipknots can be unfastened. In addition, there are a
relatively large number of H-bonds in the crystals and
amorphous phase of PA66. These H-bonds make the
amorphous phase of PA66 rigid. From experimental results,
the intuitive difference of these is the change of strain. With the
addition of a minor amount of RGO, the strain obviously
decreases. The RGO does not change the crystal form of PA66,
but a certain amount of H-bonds are destroyed in the
amorphous phase of PA66 matrix. It is the other reason for the
decrease of strain.

3. CONCLUSIONS

In summary, we investigated the uniaxial deformation of the
PA66/RGO nanocomposites using the in situ synchrotron
SAXS/WAXD techniques and then analyzed the effect of
interfacial epitaxial crystallization of PA66 crystallized at the
surfaces of RGO. In the PA66/RGO nanocomposites, the
epitaxial crystals do not display the slip of crystal plane during
uniaxial deformation. The amorphous phase and non-epitaxial
crystals, around the epitaxial crystals, are also constrained, so
that the deformation of the amorphous phase, the rearrange-
ment of crystallites, and the crystal-plane slip of non-epitaxial
crystals become more difficult with the increase of the epitaxial
crystals. Through this work, the function of epitaxial crystals is
clear. Hence, this work has a special significance for the
mechanical property study of polymer/inorganic nanocompo-
sites with epitaxial crystals.

4. EXPERIMENTAL SECTION

4.1. Materials. PA66 (101L) used in this work was
purchased from DuPont Ltd., (USA). Natural flake graphite
with a mean particle size of 50 μm was supplied by Qingdao
Jiuyi Graphite Co., Ltd. (Shandong, China)
4.2. Sample Preparation. GO was exfoliated by ultra-

sonication from graphite oxide, which was produced by
modified Hummers’ method.53 RGO was prepared by thermal
exfoliation and reduction of GO.22

The PA66 granules were dried in a vacuum oven at 110 °C
for 12 h and then blended with RGO using a twin-screw
extruder (HAAKE MiniLab II). The temperature of the twin-

screw extruder was maintained at 275 °C. The screw speed was
maintained 60 rpm. The PA66/RGO nanocomposites were
injection-molded to get test bars (12 × 2 × 1 mm), and the
temperature for injection molding was set as 150 °C for 10
min. Three different component ratios of A66 and 0.1 wt %
RGO (named as PA66/RGO 0.1), 0.5 wt % RGO (named as
PA66/RGO 0.5), and 1.0 wt % RGO (named as PA66/RGO
1.0) nanocomposites and a pure PA66 were prepared for
stretching. This preparation method of Pure PA66 and PA66/
RGO nanocomposites was the same as that used in our
previous work,20 and the RGO can be well dispersed in the
PA66 matrix with such a preparation method according to the
results of structural and mechanical properties.

4.3. In Situ SAXS and WAXS Measurement. In situ 2D
WAXD and 2D SAXS experiments, carried out on the BL16B1
beamline in the Shanghai Synchrotron Radiation Facility
(SSRF), were employed to follow the stretching process of
PA66/RGO nanocomposites at room temperature. The
uniaxial stretching of PA66/RGO nanocomposites, along the
horizontal direction, was performed with a tensile testing
device (TST350, Linkam, U.K.) with the tensile rate of 1.2
mm/min. The X-ray wavelength was 1.239 Å. The calibrated
distance from the sample to detector was 128.0 mm. Moreover,
the calibrated distance from the sample to detector of 2D-
SAXS experiments was 5210 mm. The data of the WAXD and
SAXS experiments were reduced by the program FIT2D. The
1D-WAXD curves and SAXS curves were obtained from the
azimuthal integral of 2D X-ray patterns. The SAXS curves were
Lorentz corrected.
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