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Abstract Understanding deformation mechanisms in semi-crystalline polymers during stretching is useful for guiding the processing of high-
performance polymer products. In the current work, molecular dynamics simulations were performed to investigate the crystal changes in
crystallized polyethylene/carbon nanotube nanocomposites during uniaxial stretching. Both crystal fragmentation and melting occur at low
strains. Crystals with small sizes are easier to melt, while those with large sizes would break into smaller crystals. In addition, crystals in interfacial
regions are more likely to melt or break due to the orientation motion of carbon nanotubes. It was also found that the recrystallization process is
closely related to the stretch-induced orientation of chain segments. After orientation of chain segments along stretching direction is saturated,
the recrystallization of highly oriented segments dominates. The current simulation findings are effective complements to the theories of the

mechanism of plastic deformation in semicrystalline polymers.
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INTRODUCTION

With the rapid developments of industry in modern society,
more demands are put forward for the mechanical properties of
composite materials. In addition, the development concept of
low carbon and low energy consumption is gaining popularity.
Polymer nanocomposites can precisely meet the requirements
of high mechanical properties, low carbon and low energy
consumption. The mechanical properties of polymeric materials,
such as modulus and tensile strength, can be greatly improved
by filling a small number of nanoparticles into polymer
matrix." Compared with traditional polymer composites,
polymer nanocomposites have higher mechanical strength and
lower density, which helps to reduce energy consumption.

For semi-crystalline polymers, the addition of nano-
particles can influence their crystallization behaviors, so as to
further affect the mechanical properties. For instance, it was
reported that the crystallization rate of semi-crystalline poly-
mers can be effectively accelerated and the crystalline mor-
phologies can be changed due to the introduction of carbon
nanotubes (CNTs),[6-131 and the corresponding mechanical
properties are thus significantly improved.l'34! Besides, the
presence of nanoparticles can also affect the microstructural
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changes of semi-crystalline polymers during stretching.[2414-171

For polyolefin materials, complex crystal structure changes
occur in the process of stretching, including slip, rotation/ori-
entation, fragmentation, melting and recrystallization of
lamellar crystals.l'8-291 Since nanoparticles can affect the ori-
entations of chain segments and limit the conformations and
movements of chains,[1:246-131516] they will inevitably influ-
ence the motions, fragmentation, melting-recrystallization
and other processes of crystals during stretching, thus affect-
ing the mechanical properties of polymer materials. Though
many research results have been obtained in the study of the
structural evolutions of semi-crystalline polymers during
drawing process,['7-29 there are few studies focusing on the
effects of nanoparticles on the stretch-induced structural
evolutions of polyolefin nanocomposites.['”]

In addition to the advanced experimental methods, such as
in situ synchrotron small-angle X-ray scattering and wide-
angle X-ray diffraction experiments,[17.30-35] several groups
also used molecular simulations to probe polymer crystalliza-
tion,[8:26:27.36-54] ‘including the changes of polymer crystals
during plastic deformation.[55-601 For instance, Yamamoto ap-
plied molecular dynamics (MD) simulations to investigate the
stretch-induced structure changes in the crystallized PE sys-
tems along the fiber axis and along the transverse
direction.58] It was found that the stretching along the fiber
axis causes reorientation of the tilted chains and chain slips in
the crystals, but the transverse stretching leads to the melt-
ing and recrystallization of oriented crystals.58! Rutledge et al.
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focused on the effects of strain rate and temperature.l>” They
observed that the cavitation in non-crystalline domains dom-
inates the structural changes if the crystallized PE system was
stretched at a high temperature with a fast strain rate, while
repeated melting/recrystallization events occur if the system
was stretched at a high temperature with a slow strain rate.l57]
Using dynamic Monte Carlo simulations, Hu and coworkers
also detected that the melting-recrystallization process takes
place in the crystals during stretching.37!

In the current simulations, we use MD simulations to probe
the stretch-induced structural evolutions in the crystallized
PE/CNT nanocomposites, and found that the existence of
CNTs has significant effects on the crystal melting process
during stretching. Those simulation findings can provide
some theoretical supports for the preparation of high-per-
formance polyolefin/CNT nanocomposites.

SIMULATION DETAILS

The initial states of the corresponding polyethylene (PE)/CNT
nanocomposite systems were built using the EMC software
(version 9.4.4).°" Four PE/CNT nanocomposite systems were
constructed to investigate the influences of the length and the
content of CNTs on the stretch-induced melting-recrystallization
process of PE. 200 PE chains and several CNTs were placed into
the cubic simulation box, the side length of which was 212.96 A.
Periodic boundary conditions were adopted in X-, Y- and Z-axis
directions. The united-atom (UA) model was used to simulate PE
chains, and then each PE chain contains 200 UA units.
Compared with the all-atom model, the simulations using the
UA model exhibit much higher simulation efficiency. Besides,
the dynamic behaviors (e.g., the crystallization behaviors) in the
corresponding stretched systems could be effectively reflected
on the basis of the all-atom model.#”! Thus, we used the all-
atom model in the current simulation work. CNTs (armchair (7,
7) with different lengths (36.89 and 73.78 A) and different
contents (3.5 wt% and 6.7 wt%)) were introduced, as listed in
Table 1. Fig. 1 illustrates the initial model of the PE/CNT
nanocomposite system with the CNT length of 73.78 A and the
CNT content of 6.7 wt% (namely, the L73-4 system). After the
modeling process was completed, the subsequent simulations
were performed using the LAMMPS package.’?

The force field of Paul et al. was applied for the inter-
molecular and intramolecular interactions between the UA
units of PE chains,!63! as shown in Table S1 in the electronic
supplementary information (ESI). Besides, the AIREBO poten-
tial function was used to simulate the interactions between
the CNTs,164 and the L-J potential function was used for the
interfacial interactions between the PE chain segments and
the CNTs (the values of the corresponding parameters can
also be seen in Table S1 in ESI).

The specific simulation process is shown in Fig. 2. Firstly,
the relaxation process was performed based on the NPT en-
semble to achieve equilibrium state at T = 600 K, with a dura-
tion of 10 ns and the timestep of 1 fs. The Rouse relaxation
time of PE chains in the current simulations at T = 600 K is
5.78 ns, which is shorter than the simulation time for relaxa-
tion (10 ns). Thus, the equilibrium state of the PE chains could
be obtained. Secondly, the isothermal crystallization process
(the NPT ensemble) was performed at T = 400 K, with a dura-

Table 1 The established PE/CNT nanocomposite systems in
simulations.
Length (&)  Number Mass fraction (wt%) Abbreviation
4 35 L36-4
36.89 8 6.7 L36-8
2 35 L73-2
73.78 4 6.7 L73-4

Fig. 1 Snapshot of the initial model of the L73-4 system.
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Fig. 2 Diagram of simulation process containing three different
parts: relaxation process, isothermal crystallization process and
stretching process.

tion of 30 ns and the timestep of 1 fs. Finally, with the temper-
ature unchanged (the NVT ensemble), the crystallized system
was stretched along the X-axis direction at a strain rate of 1010
s~1 to the strain of 6. The Verlet algorithm was used to integ-
rate the motion equation during simulations.

RESULTS AND DISCUSSION

Quiescent Crystallization of PE/CNT Nanocomposites

Fig. 3(a) shows the variations of the crystallinity of the four
PE/CNT nanocomposite systems (XC1) during the quiescent
crystallization process. The definition of crystallinity is shown in
ESI. The crystallinity of the four PE/CNT nanocomposite systems
increases with the increase of simulation time, indicating that
isothermal crystallization occurs in the four systems. In order to
reveal the effects of the CNTs on PE crystallization, the
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Fig. 3 (a) Variations of polymer crystallinity of the PE/CNT nanocomposite systems and the interfacial regions; (b) The ratio of polymer
crystallinity of the interfacial regions to the total crystallinity of the PE/CNT nanocomposite systems.

crystallinity of the chain segments in the interfacial regions of
the four systems (XC2) was also calculated, as also shown in Fig.
3(a). The interfacial regions were defined as the regions within 3
times the radius of the CNTs from the surfaces (about 1.424 nm).
It can also be seen that the crystallinity of the interfacial regions
also increases with the increase of simulation time, which is
lower than the corresponding crystallinity of the whole systems
(the volume of the interfacial regions is obviously smaller than
that of the whole systems), implying that polymer crystallization
also takes place in the interfacial regions.

In order to observe polymer crystallization in the interfacial
regions more clearly, the ratio of the polymer crystallinity of
the interfacial regions to the crystallinity of the whole sys-
tems was counted, as shown in Fig. 3(b). It can be observed
that the crystallinity ratio at the initial stage of crystallization
is highest, and then gradually decreases as the crystallization
process progresses. These results suggest that the initial posi-
tions of PE crystal nuclei are mainly in the interfacial regions,
and the heterogeneous nucleation of PE chain segments on
the CNT surfaces is dominant. Some PE chain segments would
be adsorbed around the CNTs under the influence of the in-
terfacial interactions between the PE chain segments and the
CNTs. In the process of quiescent crystallization, those ad-
sorbed chain segments have relatively lower free energy bar-
rier for heterogeneous nucleation due to the lower surface
energy of crystal nuclei nucleated on the CNT
surfaces,l!4810651 which makes those adsorbed segments
have stronger heterogeneous nucleation ability than the oth-
er chain segments away from the CNT based on homogen-
eous nucleation mode. As the polymer crystallization contin-
ues, on one hand, the crystals based on heterogeneous nucle-
ation grow up gradually, and then chain segments outside
the interfacial regions can also participate in the growth pro-
cess of those crystals; on the other hand, chain segments
away from the CNTs can also form crystal nuclei through ho-
mogeneous nucleation mode. In short, more crystals grow up
in the non-interfacial regions, resulting in the decrease of the
ratio of the crystallinity of the interfacial regions to that of the
whole systems. In addition, it can also be seen in Fig. 3(b) that
under the same simulation times, the crystallinity ratio in the
PE/CNT nanocomposite systems with the high CNT contents
(the L36-8 and the L73-4 systems) is higher than that in the

systems with the low CNT contents (the L36-4 and the L73-2
systems), indicating that more chain segments in the systems
with the higher CNT contents are involved in the crystalliza-
tion based on the heterogeneous nucleation mode, attrib-
uted to the presence of more interfacial regions.

For the crystallization process of PE, the corresponding
crystal nuclei are formed by the aggregation of local seg-
ments with trans-conformations.[3547.661 Therefore, in order to
display the heterogeneous nucleation process of the chain
segments in the interfacial regions induced by the CNTs, the
spatial distributions of the aggregation regions of local seg-
ments with trans-conformations in the four different systems
at the crystallization time of 0.13 ns were further drawn, as
shown in Fig. 4. The definition of the aggregation regions of
local segments with trans-conformations can be seen in
ESLI6! |t can be seen that the aggregation regions of local
segments with trans-conformations appear in the interfacial
regions at the early stage of crystallization, which then devel-
op into crystallites, demonstrating that the CNTs have the
ability to induce the heterogeneous nucleation of PE chain
segments in the interfacial regions.!':46-81067,68]

L36-4

L73-2

Fig. 4 Snapshots of aggregation regions of local segments with
trans-conformations in the four systems at the crystallization time of
0.13 ns; the red spheres are the segments belonging to the
aggregation regions of local segments with trans-conformations, and
the CNTs are drawn with blue color.
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L36-8

Fig. 5 Snapshots of final crystal morphologies in the four systems
formed at the crystallization time of 30 ns; the red lines denote the
crystalline stems in the interfacial regions, and the green lines denote
the crystalline stems in the non-interfacial regions. The red arrows
represent the X-axis direction, the green arrows represent the Y-axis
direction, and the blue arrows represent the Z-axis direction.

Fig. 5 shows the snapshots of the crystalline morphologies
of the four systems at the later stage of crystallization (the
crystallization time of 30 ns). Only crystalline bonds were
shown in Fig. 5 (the definition of crystalline bonds can be
seen in the Supporting Information). As shown in Fig. 5, there
are more crystals based on homogeneous nucleation mode in

the L36-4 system and the L73-2 system due to the small
amount of the CNTs (the red lines in Fig. 5). However, in the
L36-8 and the L73-4 systems, more crystals based on the het-
erogeneous nucleation of chain segments induced by the
CNTs appear, due to the presence of more CNTs. In addition,
the crystalline stems in the interfacial regions exhibit the
same orientation as the long axis of the corresponding center
CNTs, which is consistent with the previous experimental and
simulation results.[1:346:810-1341]

In order to further elucidate the microscopic mechanism of
the heterogeneous nucleation of PE chain segments induced
by the CNTs, the effects of the CNTs on the orientations of
chain segments were investigated. Fig. 6(a) shows the orient-
ational-order parameters (P) of the long axis of the CNTs
along the X-axis direction. The orientational-order paramet-
ers of PE bonds and CNT axes along the corresponding direc-
tions were calculated on the basis of this following equation:

2
P=<w>= (@ar)-3 M
where E)i is the bond vector in PE chains located at the /" bead
(regarded as the vector from bead i—1 to bead i+1) or the axial
vector of the /" CNT, e_)x is the vector along the stretching
direction or the CNT axes, ¢;is the angle between E’i and E)X, and
() indicates the statistical average of the corresponding
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Fig. 6 (a) Orientational-order parameters of the CNT axes in the four systems along the X-axis during quiescent crystallization;
(b) Orientational-order parameters of PE bonds in interfacial regions in the four systems along the CNT axes during quiescent
crystallization; (c) Orientational-order parameters of PE bonds in interfacial regions in the four systems along the X-axis during quiescent

crystallization.
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calculated values for the PE bonds or the CNT axes. The value of
P can be used to reflect the degree of orientation of the PE
bonds or the CNT axes. It can be seen that the orientational-
order parameters of the long axis of the CNTs along the X-axis
direction are nearly unchanged, suggesting that there is no
obvious orientation process of the CNTs in each system along
the X-axis direction during the quiescent crystallization. It can
also be seen that the orientational-order parameters of the long
axis of the CNTs along the X-axis direction in the L73-4 system
are lowest (in the range of —0.445 to —0.339). Combined with
the results in Fig. 5, it can be demonstrated that the long axes of
the CNTs in the L73-4 system are perpendicular to the X-axis
direction. The orientational-order parameters of the long axes of
the CNTs in the L36-4 and the L73-2 systems are close to O,
indicating that the CNTs in those two systems exhibit random
orientations with respect to the X-axis direction. Figs. 6(b) and
6(c) show the orientational-order parameters of PE bonds in the
interfacial regions along the long axis of the corresponding
center CNTs and along the X-axis direction in the four systems,
respectively. It can be observed that the orientational-order
parameters of the PE bonds along the long axis of the CNTs
gradually increase with the progress of crystallization. This
indicates that the orientation of the PE bonds in the interfacial
regions is closely related to that of the long axes of the CNTs
during crystallization. Our previous simulation work
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demonstrated that the one-dimensional nanofillers can induce
interfacial chain segments to orient along their long axes and
then form oriented crystallites on the basis of heterogenous
nucleation.®=134" However, the orientational-order parameters
of the PE bonds in the interfacial regions along the X-axis
direction decrease, because the corresponding chain segments
are affected by their adjacent CNTs and will orient along the
long axes of the adjacent CNTs.

Structural Changes during Stretching

Subsequently, we studied the microstructure changes of the
crystallized PE/CNT nanocomposite systems during stretching.
Fig. 7(a) shows the changes of the polymer crystallinity of the
whole systems during stretching. It can be seen that the
polymer crystallinity of the whole systems decreases and then
increases after a minimum crystallinity value during stretching,
indicating that the crystals formed in the quiescent
crystallization melt due to stretching, and then amorphous
chain segments recrystallize at high strains. The stretch-induced
melting and recrystallization processes have been observed in
the stretching of crystallized semi-crystalline polymers in many
experiments.l'7192325:28.2932] Simijlar stretch-induced melting and
recrystallization phenomena were also reported in the
simulation work of YamamotoP® and Rutledge et al>=>" In
order to see more clearly the difference in the variations of
polymer crystallinity in the different systems, the differences
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Fig. 7 (a) Changes of polymer crystallinity of the whole systems during stretching; (b) Changes of the differences between the
crystallinity of the whole systems and the corresponding crystallinity at the strain of 0 during stretching; (c) Changes of polymer
crystallinity of the interfacial regions during stretching; (d) Changes of the differences between the crystallinity of the interfacial regions

and the corresponding crystallinity at the strain of 0 during stretching.
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between the crystallinity and the corresponding crystallinity at
the strain of 0 (XC1-XC1(strain = 0)) were further calculated, as
shown in Fig. 7(b). It can be seen that the minimum values of
the crystallinity differences in the L36-8 system and the L73-4
system are lower than that in the L36-4 system and the L73-2
system, respectively, indicating that more crystals melt at low
strains during stretching in the systems filled with more
nanofillers. In addition, it can also be seen in Fig. 7(b) the
minimum values of the crystallinity differences in the L73-2
system and the L73-4 system are lower than that in the L36-4
system and the L36-8 system, respectively, implying that more
crystals melt in the systems containing longer CNTs due to
stretching.

Then, we further calculated the crystallinity variations in
the interfacial regions during stretching, as shown in Fig. 7(c).
It can be seen that the crystallinity of the interfacial regions
also decreases at first and then increases during stretching,
similar to the crystallinity of the whole systems. In other
words, stretching can cause the melting of the crystals and
the recrystallization of amorphous chain segments in the in-
terfacial regions. As shown in Fig. 7(d), it can be observed that
the systems with the higher CNT contents (the L36-8 system
and the L73-4 system) exhibit the lower minimum values of
the crystallinity differences compared with those with the
lower CNT contents (the L36-4 system and the L73-2 system),
respectively, and the systems with the longer CNTs (the L73-2
system and the L73-4 system) exhibit the lower minimum val-
ues of the crystallinity differences compared with those with
the short CNTs (the L36-4 system and the L36-8 system), re-
spectively. This means that the presence of the CNTs can sig-
nificantly affect the stretch-induced crystal melting. In the
systems with the higher CNT contents, there are more crys-
tals in the interfacial regions (as seen in Fig. 3b). Those crys-
tals in the interfacial regions would be affected by the mo-
tions of the CNTs during stretching, resulting in the melting of
more crystals. In order to confirm that the crystals in the inter-
facial regions are easier to melt during stretching, the ratios of
the maximum value of crystallinity decrease in the whole sys-
tems/in the interfacial regions to the corresponding initial
crystallinity values at the state before stretching (strain = 0)
were calculated, respectively, as shown in Fig. 8(a). The ratio
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of the values of crystallinity decrease in the interfacial regions
is apparently higher than that in the whole systems, demon-
strating that the crystals in the interfacial regions are more
susceptible to the stretching. Fig. 8(b) shows the average
crystallization rates at the two stretching stages (the stretch-
induced crystal melting stage and the stretch-induced poly-
mer recrystallization stage) in the whole systems and in the
interfacial regions, respectively. In Fig. 8(b), the data greater
than zero correspond to the crystallization rates in the
stretch-induced polymer recrystallization stage, and the data
less than zero correspond to the crystallization rates in the
stretch-induced crystal melting stage. The crystallization rates
were obtained by the linear fitting of the crystallinity curves in
the two different stages of the corresponding systems. It can
be observed in Fig. 8(b) that there are no obvious differences
in the crystallization rates in the stretch-induced polymer re-
crystallization stage of the four systems, indicating that the
recrystallization process was not significantly affected by the
CNT content or length. However, it can also be seen that the
crystallization rate in the stretch-induced crystal melting
stage of the L36-8 system is slightly lower than that of the
L36-4 system and the L73-2 system, and the crystallization
rate in the stretch-induced crystal melting stage of the L73-4
system is the lowest, indicating that the crystals melt faster
during stretching in the systems with the higher CNT con-
tents and the longer CNT lengths (the crystallization rate in
the stretch-induced polymer melting stage is negative; the
lower the value, the faster the crystal melting process). In ad-
dition, the crystallization rates in the stretch-induced poly-
mer melting stage in the interfacial regions of the systems
filled with more CNTs (the L36-8 system and the L73-4 sys-
tem) are also lower than those of the systems filled with less
CNTs (the L36-4 system and the L73-2 system), further
demonstrating that the crystal melting in the interfacial re-
gions is more significant. In short, those above simulation res-
ults confirm that the presence of the CNTs has a significant ef-
fect on the melting of the crystals around them. The systems
with higher CNT contents have higher volume of the interfa-
cial regions, and then more crystals existing in the interfacial
regions would melt during stretching; the systems with
longer CNTs have stronger ability to induce heterogenous
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Fig.8 (a) The ratios of the maximum value of crystallinity decrease in the whole systems/in the interfacial regions to the corresponding
initial crystallinity values at the state before stretching (strain = 0) in the four systems; (b) The average crystallization rates at two
stretching stages (the stretch-induced crystal melting stage and the stretch-induced polymer recrystallization stage) in the whole

systems and in the interfacial regions, respectively.
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nucleation of chain segments,[1967] and then more crystals
can form in the interfacial regions, which would melt during
stretching. In the experimental work of Wang et al., they also
observed that the crystallinity decreases in the poly(e-capro-
lactone)/carbon nanotube nanocomposites are obviously
greater than that in the unfilled poly(e-caprolactone),
which is consistent with our current findings.

We further explored how the CNTs affect the stretch-in-
duced melting process of polymer crystals in the interfacial
regions. Fig. 9 illustrates the crystalline morphologies in the
L36-4 system at different strains. It can be seen that the de-
gree of orientation of the CNT axes and the crystalline stems
of PE along the stretching direction increases gradually with
the increase of strain. In experiments, it was also found that
crystals rotate and orient along the stretching direction dur-
ing stretching of the crystallized polymers.[18.22.2969 |n addi-
tion, during the stretching process the number of the crystal-
line stems in the interfacial regions decreases first and then
increases, indicating that the crystals at the interfacial re-
gions (the red lines in Fig. 9) are prone to melting during
stretching. The reason why the crystals in the interfacial re-
gions are more likely to undergo stretch-induced melting
may be related to the orientation motions of the CNTs and
the polymer chain segments induced by stretching.

Fig. 10(a) shows the changes of the orientational-order
parameters of the PE bonds along the stretching direction
during stretching in the four systems. It can be seen that the
orientational-order parameters of the PE bonds along the
stretching direction increase with the increase of strain,
demonstrating that stretching can cause the PE bonds in
those systems to orient along the stretching
direction.[2.1516,26,32,34-38,41,48,50,53,5466] |n experiments, it was
demonstrated that the rotation and the orientation of crys-
tals along the stretching direction occur before the fibrillar
texturing (the recrystallization stage) upon tensile
drawing.['92370] |n simulations, Yamamoto found that stretch-
ing can cause the melting and recrystallization of the unori-
ented crystals in crystallized PE,58 implying that the stretch-
induced crystal melting is closely related to the orientation
condition of the corresponding crystals. The values of the crit-
ical strain for recrystallization (namely, the minimum values of
the crystallinity curves in Fig. 7a) and the values of the satura-
tion strain for segment orientation (corresponding to the
turning points of the orientational-order parameter curves in
Fig. 10a) are further listed in Fig. 10(b). The turning points of
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Fig. 9 Snapshots of crystalline morphologies in the L36-4 system at
different strains (g).

the orientational-order parameter curves were defined as the
strains corresponding to the intersections of two linear fitting
lines in the high strain region and the low strain region (the
turning point for the L36-4 system was marked in Fig. 10a). In-
terestingly, it can be seen that the values of the two different
strains are almost the same, except for those in the L73-4 sys-
tem, demonstrating that the crystal melting during stretch-
ing is corelated with the crystal orientation. That is, the
stretching can induce the rotation and orientation of crystals
along the stretching direction, accompanied by the crystal
melting. When chain segments are basically aligned along the
stretching direction, further stretching will cause the highly
oriented amorphous chain segments to recrystallize into ori-
ented crystals along the stretching direction.25! That is, when
the recrystallization is dominant during stretching, most of
the chain segments are highly oriented along the stretching
direction. In this condition, the recrystallization rate of highly
oriented segments will be independent of the CNT length
and content, as shown in Fig. 8(b). The reason for the large
difference between the two strain values of the L73-4 system
can be attributed to the influence of the CNTs with the high
length and content. Fig. 10(c) shows the changes of the ori-
entational-order parameters of the CNT axes along the
stretching direction during stretching. Similarly, the orienta-
tional-order parameters of the CNT axes increase with the in-
crease of strain, indicating that the CNTs also orient during
stretching. To be specific, the orientational-order parameters
of the CNT axes in the L36-4 and the L36-8 systems grow
faster compared with those in the L73-2 and the L73-4 sys-
tems, and the L73-4 system has the slowest growth of the ori-
entational-order parameters, indicating that it is more diffi-
cult for the CNTs with high lengths and high contents to ori-
ent during stretching. The CNTs with shorter length or lower
content can orient easier during stretching, and then the ori-
entation of the corresponding CNTs along the stretching dir-
ection can be saturated at lower strain, which is beneficial for
the recrystallization of the amorphous chain segments in the
interfacial regions at lower strain. In other words, the relat-
ively slow orientation process of the CNTs with long length
and high content can make more crystals in the interfacial re-
gions melt, and is also not conducive to recrystallization of
the amorphous chain segments in the interfacial regions.
Thus, the critical strain for recrystallization in the L73-4 sys-
tem is highest, as shown in Figs. 7(a) and 10(b). This result fur-
ther demonstrates that the crystal melting and recrystalliza-
tion processes are significantly affected by the orientation
process of the CNTs. Fig. 10(d) shows the changes of the ori-
entational-order parameters of the PE bonds in the interfacial
regions along the corresponding CNT axes during stretching.
The orientational-order parameters of the PE bonds in the in-
terfacial regions first decrease and then increase with the in-
crease of strain. In the process of stretching, due to the
stretch-induced crystal melting and the orientation motion of
the CNTs, the polymer crystals in the interfacial regions are
more likely to be damaged, resulting in the decrease of the
degree of orientation of the interfacial chain segments along
the CNT axes at low strains. With the further progress of
stretching, the CNTs and the interfacial chain segments ori-
ent gradually along the stretching direction, and in the mean-
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Fig. 10 (a) Changes of orientational-order parameters of PE bonds in the PE/CNT nanocomposite systems along the stretching direction;
(b) Critical strain values for recrystallization and saturation strain values for segment orientation; (c) Changes of orientational-order parameters of
the CNT axes in the PE/CNT nanocomposite systems along the stretching direction; (d) Changes of orientational-order parameters of PE bonds in
the interfacial regions of the PE/CNT nanocomposite systems along the CNT axes; (e) Changes of orientational-order parameters of PE bonds in
the interfacial regions of the PE/CNT nanocomposite systems along the stretching direction.

time polymer recrystallization occurs in the interfacial re-
gions, leading to the increase of the degree of orientation of
the chain segments in the interfacial regions along the CNT
axes at high strains. It should be noted that the orientational-
order parameters of the chain segments in the interfacial re-
gions of the L73-2 system and the L73-4 system along the
CNT axes decrease more significantly and at faster rates than
those of the L36-4 system and the L36-8 system at low strains.
Moreover, the values of the strain at which the orientational-

order parameters begin to increase (i.e., the minimum values
in the curves of the orientational-order parameters) for the
systems with the higher CNT lengths (the L73-2 system and
the L73-4 system) are higher than those for the systems with
the lower CNT lengths (the L36-4 system and the L36-8 sys-
tem). Combined with the above findings (polymer crystallin-
ity decreases more in the interfacial regions of the systems
with the higher CNT lengths or the higher CNT contents, as
shown in Fig. 7d), it can be proved that the reason why the
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orientational-order parameters decrease more in the systems
with the longer CNT lengths or the higher CNT contents could
be attributed to that the PE crystals in the interfacial regions
are more likely to be destroyed or melted. Fig. 10(e) shows
the changes of the orientational-order parameters of the PE
bonds in the interfacial regions along the stretching direction
in the different systems. With the increase of strain, the ori-
entational-order parameters of the PE bonds in the interfacial
regions along the stretching direction increase gradually. In
addition, the orientational-order parameters of the PE bonds
in the interfacial regions of the systems with the longer CNT
lengths or the higher CNT contents are lower than those of
the systems with the shorter CNT lengths or the lower CNT
contents at same strains, indicating that it is more difficult for
the interfacial chain segments in the systems with the longer
CNT lengths or the higher CNT contents to orient along the
stretching direction. In this condition, the interfacial chain
segments are more susceptible to the CNTs, and then stretch-
induced crystal melting will be more significant in the interfa-
cial regions of the systems with the longer CNT lengths or the
higher CNT contents.

In order to more clearly reveal the influence of the CNTs on
the orientation of interfacial chain segments, we compared
the orientational-order parameters of the PE bonds in the in-
terfacial regions and in the non-interfacial regions along the
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stretching direction in the four PE/CNT nanocomposite sys-
tems. As shown in Fig. 11, compared with the bonds in the
non-interfacial regions, the orientational-order parameters of
the bonds in the interfacial regions along the stretching direc-
tion are closer to those of the CNT axes, suggesting that the
orientation of the PE bonds in the interfacial regions is more
susceptible to the orientation motion of the CNTs. Besides,
the values of the orientational-order parameters of the bonds
in the interfacial regions along the stretching direction and
the CNT axes along the stretching direction in the L73-4 sys-
tem are much lower than those in the other three systems at
same strains, suggesting that the slow orientation process of
the CNTs in the L73-4 system retards the orientation of the
bonds in the interfacial regions. In this condition, the orienta-
tional-order parameters of the bonds in the whole L73-4 sys-
tem would become saturated at higher strains, and then the
saturation strain corresponding to the turning point of the
orientational-order parameter curve of the all bonds will be
higher than the critical strain for recrystallization, as shown in
Fig. 10(b). Herein, the CNTs in the L73-4 system have obvi-
ously larger size compared with the chain segments with the
same length. Then, the CNTs have lower mobility, and are ori-
ented more slowly during stretching.

Some previous experimental work revealed that stretching
can cause crystal fragmentation in the crystallized semi-crys-
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Fig. 11 Changes of the orientational-order parameters of CNT axes along the stretching direction, the orientational-order parameters
of PE bonds in the interfacial regions along the stretching direction and the orientational-order parameters of PE bonds in the non-
interfacial regions along the stretching direction in the PE/CNT nanocomposite systems: (a) L36-4 system, (b) L36-8 system, (c) L73-2

system and (d) L73-4 system.
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talline polymers.[1819.23-251 Thus, we investigated the detailed
evolution process of crystal morphology during stretching.
Fig. 12 illustrates the crystalline morphologies of the four sys-
tems at several strains in the stretch-induced crystal melting
stage. In Fig. 12, each region with the same color represents
one crystal, and the blue sticks represent the CNTs. In the L36-
4 system, it can be seen that the yellow, the purple and the
green crystals move during stretching and gradually merge
into a larger crystal; the red and the blue crystals gradually
disappear. It can be clearly seen that the melting of the crys-
tals around the CNTs is more significant; the surfaces of the
CNTs at strain of 0 are surrounded by polymer crystals, and
then the CNT surfaces are gradually exposed during stretch-
ing due to the crystal melting. In the L36-8 system, the purple
and the yellow crystals around the CNTs disappear first dur-
ing stretching under the influence of the CNT motions; the
largest green crystal is divided into two crystals due to the
stretching and the movement of the CNTs, and then the two
crystals gradually melt during stretching but do not com-
pletely disappear, one of which further merge with other crys-
tals to form a new crystal during stretching; the orange and
the red crystals gradually merge with the broken crystals
around them during stretching; the black crystal existing in
the moving path of the CNTs gradually melts under the influ-
ence of the CNT motion. In addition, the simulation results of
the two systems (the L36-4 system and the L36-8 system) in-
dicate that the small crystals are more likely to melt and dis-
appear, while the large crystals are more stablel”'721 and may
survive in the stretching process, but are more likely to break
into smaller crystals. Thus, it is difficult for the larger crystals
to melt completely during stretching, and they will have a
higher chance of merging with other crystals to form new
ones. In the systems with the higher CNT contents, on one
hand, the size of the crystals is small and the corresponding
stability is relatively poor; on the other hand, the stretch-in-
duced movement of the CNTs will also have a negative im-
pact on the crystal stability. Thus, the crystals in the systems
with the higher CNT contents are more prone to fragmenta-

a 136-4 L3668
=0

£e=0.2

tion and melting. In the L73-2 system, during stretching, the
purple and the blue crystals simultaneously decrease in size
and move, and finally merge into a new crystal; the green
crystal around the CNTs melts first and finally disappears in
the stretching process. In the L73-4 system before stretching,
all the CNTs exhibit similar orientations (the CNT axes are per-
pendicular to the stretching direction), and then the polymer
crystals induced by the different CNTs are all connected to
form a large crystal (the blue crystal); with the increase of
strain, the large crystal splits into different crystals, the size of
which gradually decreases, and it takes larger strains for the
corresponding crystals to melt or disappear, compared with
the other systems (namely, the critical strain for recrystalliza-
tion is higher). In short, in the systems containing longer CNTs
or more CNTs, the stretch-induced crystal melting and frag-
mentation will be more pronounced due to the orientation
movement of the CNTs.

In order to reveal the change process of the crystals during
stretching more clearly, we tracked the evolutions of each
crystal in the four systems under the action of stretching. Fig.
13 shows the crystallinity changes of each crystal in the four
systems during stretching. The dashed lines in Fig. 13 repres-
ent the connections between the corresponding crystals (i.e.,
crystals are broken into some small crystals or some crystals
merge into a large crystal), and the colors of the curves are
the same as those of the crystals in Fig. 12. It can be seen in
Fig. 13(a) that the crystallinity of the yellow and the purple
crystals in the L36-4 system gradually increases with the in-
crease of strain, while that of the other three crystals gradu-
ally decreases. Based on the crystalline morphology changes
in Fig. 12, it can be further confirmed that the yellow and the
purple crystals gradually move close to each other to form a
big crystal during stretching (this also demonstrates that the
crystals can move as a whole during stretching), which then
grow during stretching, resulting in the increase of crystallin-
ity. It should be noted that some crystals can grow even at the
stretch-induced crystal melting stage (but the crystal melting
dominates in this stage).l?”] As shown in Fig. 13(b), in the L36-
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Fig. 12 Snapshots of crystalline morphologies of the PE/CNT nanocomposite systems: (a) L36-4 and L36-8 systems and (b) L73-2 and
L73-4 systems at several strains in the stretch-induced crystal melting stage.
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Fig. 13 Evolution of the crystallinity of each crystal with strain in different systems: (a) L36-4 system, (b) L36-8 system, (c) L73-2 system

and (d) L73-4 system during stretching.

8 system, the crystallinity of the yellow crystal, the purple
crystal and the blue crystal decrease with the increase of
strain, indicating that those three crystals melt gradually dur-
ing stretching; the yellow crystal gradually merges into the
green crystal, and the blue crystal merges with the green crys-
tal at the strain of 0.6. The changes of those crystals are
mainly affected by the orientation of the CNTs and the move-
ment of the crystals themselves caused by stretching. The
largest green crystal gradually splits into the black crystal, the
red crystal, the orange crystal and another yellow crystal at
different strains during stretching. With the further increase
of strain, the crystallinity of the black crystal with small size
decreases and becomes 0 at the strain of 1.0 (the black crystal
finally disappears), while that of the red crystal and the or-
ange crystal increases (those two crystals grow during
stretching). In short, in the stretch-induced crystal melting
stage, stretching can cause the fragmentation of big crystals
and the melting of small crystals. In the meantime, during
stretching, some crystals with relatively large size could grow
up, while those with relatively small size could melt and fi-
nally disappear. In the L73-2 system, it can be seen that the
crystallinity of the purple and the blue crystals decreases first
and then increases during stretching, while that of the red
and the green crystals gradually decreases. Based on the crys-
talline morphology changes in Fig. 12, it can be seen that the
purple crystal melts and fractures during stretching, and then
merges with the blue crystal to form a new crystal. The green

crystal is located near the CNTs, and then melts to become
smaller due to the orientation movement of the CNTs. In the
L73-4 system, it can be seen that the red and the orange crys-
tals existing in the state at the strain of 0 melt and disappear
in the stretching process. The largest blue crystal connecting
the different CNTs gradually breaks into the green crystal and
the purple crystal under the effect of the orientation move-
ment of the CNTs. With the further increase of strain, more
new crystals (the yellow, the red and the orange crystals) split
from the green and the purple crystals.

It should be noted that graphene sheets belong to an an-
isotropic two-dimensional filler, which will be also oriented
along the stretching direction during stretching. Thus, the
crystals in interfacial regions will also melt or break due to the
orientation motions of graphene sheets. However, graphene
sheets and CNTs have different shapes, may resulting in dif-
ferent orientation ability during stretching, then affecting the
melting or fragmentation of crystals. Thus, we plan to invest-
igate the effect of graphene on crystal melting and fragment-
ation in the future. Besides, there are two other cases to con-
sider. Firstly, the interactions between polymers and nano-
fillers may also influence the stretch-induced crystal melting
and fragmentation. For instance, in the system containing
polymer chains grafted onto the CNT surfaces, the interfacial
interactions between the polymer chains and the CNTs will be
improved. In this condition, the crystals in the interfacial re-
gions should be more stable. Secondly, since the orientation
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motion of the CNTs could affect the stretch-induced crystal
melting or fragmentation, the initial orientation of CNT may
also affect the crystal melting or fragmentation during
stretching. That is, the interfacial crystals in the systems con-
taining the CNTs with orientation perpendicular to the
stretching direction should be easier to melt or break com-
pared with those in the systems containing the CNTs with ori-
entation parallel to the stretching direction.

In short, there are three main phenomena in the stretching
process of crystallized polymers: crystal melting, crystal frag-
mentation and crystal merging. During stretching, small crys-
tals are more likely to melt and disappear, while large crystals
are more likely to split into smaller crystals. Crystals that are
close to each other will merge during stretching to form a
new crystal. In addition, the orientation movement of the
CNTs will make the crystals near them easier to melt and
break. Our simulation findings demonstrate that both crystal
fragmentation and melting occur at low strains during
stretching, which is different from the two former different
deformation mechanisms (the crystal slip and fragmentation
modell'923.241 and the stress-induced melting and recrystalliz-
ation model2037)), Previously, Men proposed the model of in-
terpenetrated networks to explain the tensile deformation
mechanism in semi-crystalline polymers, which unifies the
crystal slip and fragmentation model and the stress-induced
melting and recrystallization model, occurring at small and
large strain regimes, respectively.25! There are some differ-
ences between the interpenetrated network model and our
current simulation results. Our above findings show that the
crystal melting occurs in the low strain regime rather than the
high strain regime. As mentioned above, the occurrence of
stretch-induced crystal melting depends on the crystal size
and the orientation motion of the CNTs. In the current simula-
tions, the crystals with small size and those near the CNTs
melt during stretching. However, if semi-crystalline polymers
contain relatively large and perfect crystals corresponding to
the global hard crystalline skeleton in the Men’s model, crys-
tal slip and fragmentation would occur first.[25 In other words,
our simulation results do not contradict the Men’s model, but
complement it.

The reinforcement mechanisms in polymer nanocompos-
ites could be explained based on the current simulation find-
ings. In the current simulations, it was found that the crystals
in interfacial regions of the systems with more CNTs or longer
CNTs are easier to melt or break during stretching. This means
that more energy input is required to induce the correspond-
ing crystals to melt or break in the systems with more CNTs or
longer CNTs, which will then exhibit higher stress during
stretching. That is, the systems with more CNTs or longer
CNTs will have better mechanical strength.

CONCLUSIONS

In this work, MD simulations were used to investigate the
stretch-induced structural changes in the crystallized PE/CNT
nanocomposites. During the quiescent crystallization, the CNTs
can induce the heterogenous nucleation of chain segments in
the interfacial regions. There are more crystals in the interfacial
regions of the PE/CNT nanocomposite systems with higher CNT
contents. During stretching, polymer crystallinity decreases first

and then increases with the increase of strain, indicating that
stretching can cause crystal melting and recrystallization. The
crystals in the interfacial regions are easier to melt compared
with those away from the CNTs due to the effect of the
orientation motion of the CNTs induced by stretching. In the
systems containing longer CNTs or more CNTs, more polymer
crystals would be susceptible to the effects of the CNT
movement, causing more crystals to melt. In the stretch-
induced crystal melting stage, crystal size is an important factor
affecting the crystal changes. Large crystals would be stretched
to split into several smaller crystals, while small crystals would
be stretched to melt and disappear. In addition, some crystals
that are close to each other will merge to form a new crystal.
When the orientation of chain segments is saturated along the
stretching direction, the recrystallization of highly oriented
chain segment dominates the structure changes with the
further increase of strain.
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