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The uniform bulk mesomorphic iPP is prepared by rapid compression, and its structural evolution under stretching at different
temperatures is studied by combining wide-angle X-ray diffraction and small-angle X-ray scattering. Results show that stretching
can induce mesophase to crystallize into a-phase or promote this phase transformation synergistically with temperature, which
depends on the selection of stretching temperature. When the temperature is lower than the glass transition temperature of rigid
amorphous fraction (RAF), stress could make RAF devitrify firstly and then induce meso-a phase transition during the strain-
softening process. As the temperature increases, the high temperature could induce meso-« phase transition to occur before the
strain softening, while stretching could promote this transition. When the temperature is higher than a critical value around
100°C, the mesophase can be transformed into a-phase completely during stretching. SAXS results show that all the transformed
a-crystal exhibits nodular morphology, and they are ductile with greatly enhanced deformability. Based on the results, a rea-
sonable mechanism of meso-a transformation in the stretching process is proposed, explaining the phase transition that goes

through several different steps.

1. Introduction

Isotactic polypropylene (iPP) is applied widely in various
industries because of its excellent properties such as won-
derful strength, modulus, and low cost. Properties of iPP are
primarily affected by the crystalline phase including the
crystal form and morphology [1-3]. iPP is a typical poly-
morphic polymer, consisting of « monoclinic crystal, f
hexagonal crystal, y orthorhombic crystal, and mesophase.
Among them, the mesophase with ordering degree between
the crystalline phase and amorphous phase exhibits nodular
morphology rather than large spherulites [1, 4-11]. Due to
this special morphology, mesomorphic iPP shows great
deformability and easy processability at low temperatures
and has attracted much attention. De Rosa et al. have shown
that the formation of the mesophase is of great technological
importance because it offers various options to tailor the

mechanical properties of polypropylene [2, 12, 13], and
Mileva et al. reported that mesomorphic iPP can also afford
the preparation of optically transparent films of iPP without
employing optical clarifiers [14]. Generally speaking, rapid
cooling is identified as a prerequisite for iPP mesophase
formation, but the inferiority is that there is a temperature
and even a cooling rate gradient distribution in the samples,
so it is very difficult to control the cooling rate accurately or
to obtain materials with uniform structures in bulk
[5,9, 10, 15-19]. Recently, we have proved that uniform bulk
mesomorphic iPP can be prepared by rapid compression,
and even its content ratio of mesophase and crystal is ac-
curately controlled by changing the pressurization rate [20].

Mesomorphic iPP is unstable and difficult to be utilized
directly. Therefore, in order to improve the performance of
iPP, reprocessing of mesophase is more important compared
to its formation. High-temperature treatment was widely
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used to reprocess the mesophase [15-17, 21-27]. Zhao et al.
reported that during the high temperature-induced meso-«
phase transition, the chain segments in the mesophase will
first partially melt to form a chain segment with correct
helical chirality; then the partially correct helical chiral
chains act as the a-crystal nucleus and further crystallize into
a-crystals [8]. However, Marega et al. proposed that the
meso-o phase transition is mainly achieved through mo-
lecular chain rearrangement rather than melting recrystal-
lization [28]. Recently, Jiang et al. found that the RAF first
undergoes devitrification and then acts as « nuclei to trigger
the meso-a transformation at higher temperatures [7].
Though the mechanism of mesophase crystallization is still
being debated, the consensus is that the crystallinity, the
crystal grain size, and the generation of a thermally stable
crystalline phase can be precisely modulated by controlling
the crystallization temperature [6, 29]. For example, De Rosa
et al. proved that by controlling the mesophase crystalli-
zation temperature and defect concentration, the properties
of iPP can be well regulated, and a novel a-iPP material with
high strength, modulus, and good toughness was prepared
[2, 12, 13, 18, 30, 31], and many reports prove that the
nodular morphology can be retained during the crystalli-
zation of the mesophase below 120°C [7, 8]. In summary, as a
kind of representative and well-known metastable polymer
materials, the study on the crystallization process in me-
somorphic iPP could not only provide useful information to
cognize the crystallization essence but also offer one novel
method to tailor the crystalline structure and thus the
properties for the product.

In addition to high-temperature treatment, uniaxial or
biaxial stretching is commonly applied in iPP processing,
during which stretching-induced crystallization (SIC) is an
important issue attracting attention from both industry and
academy for decades [32, 33]. Up to now, a large number of
studies have been done on SIC in the mesophase of other
polymer materials, such as polylactic acid, poly(-
dimethylsiloxane) and poly(ethylene terephthalate), and
“mesophase nucleating,” or “SIC precursor” was proposed
based on experimental observations [34-40]. However,
knowledge about strain-induced crystallization in meso-
morphic iPP remains incomplete [41], and three possible
reasons may exist. First, a large number of reports have
focused on the stretching-induced destruction of iPP crystal
into mesophase, which tends to ignore the relevant corre-
lation between mesophase and crystal at the molecular level
and the truth that mesophase can conversely transform into
the crystal [29, 32, 42, 43]. Second, the mesomorphic iPP is
generally prepared by rapidly cooling the static melt at a
cooling rate of 100-1,000 K/s, limiting the preparation of
large and uniform mesophase samples. Third, the formation
of RAF is evidenced for both mesomorphic and crystalline
iPP and RAF devitrification as the “frozen orders” play an
important role to trigger the crystallization of mesophase;
thus, the selection of stretching temperature has a great effect
on the SIC behavior in mesomorphic iPP [7].

Aiming to investigate the crystallization behavior of
mesomorphic iPP under stretching, uniform bulk meso-
phase samples were prepared through rapid compression by
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a homemade pressure device, and the relative structural
evolution was investigated with in situ WAXD during the
uniaxial stretching at different temperatures. Combined
with the ex situ SAXS measurements, we observed that
stretching can induce mesophase to crystallize into a-phase
or improve meso-a conversion efficiency and shorten the
conversion time. The role of RAF and the change of mes-
ophase nodular structure in the SIC process were clarified.
The synergistic effect of stretching and temperature on
meso-a phase transition was also clarified. Furthermore, a
plausible mechanism was proposed to illustrate the crys-
tallization behavior of mesophase under stretching.

2. Results and Discussion

2.1. Structure and Thermal Behavior of the Mesophase.
Before the deformation experiments, structures of the iPP
samples prepared by rapid compression are characterized by
WAXD as shown in Figure 1(a). According to the 1D-
WAXD profiles, two broad scattering halos of mesomorphic
iPP were observed at 26 of 15.0 and 21.0°, which has been
reported the first peak reflects the average distance between
molecular chains and the second peak represents the rep-
etition period within the 3; helices of molecular chains
[14, 27]. The inserted 2D-WAXD pattern displays that the
mesophase was not oriented, meaning the mold utilized in
the rapid compression process was well sealed and the melt
did not flow [44]. Figure 1(b) displays the heating curve of
the mesophase from 20 to 200°C, where a small wide en-
dothermic peak from 40 to 60°C and an exothermic peak
near 100°C were observed. It is known that the exothermic
peak was the crystallization peak that was regarded as a
heating-induced meso-a phase transition, but for this small
endothermic peak with the heat of fusion of about 4.4 J/cm”,
there exist different interpretations. Ferrero et al. pointed
out that the mesophase underwent melting and subsequent
recrystallization during the endothermic process [23], but
more and more recent reports indicate that the endothermic
peak mainly originates from the devitrification of a rigid
amorphous fraction (Tg(RAF)) [7, 44]. Combing these in-
terpretations with the DSC results, we chose to conduct
isothermal annealing and tensile experiments on iPP mes-
ophase at five temperatures of 40, 50, 80, 100, and 120°C,
respectively.

2.2. Mechanical Behavior of the Mesophase. Figure 2(a)
shows the stress-strain curves of the mesophase when
stretched at different temperatures with the stretching rate of
10 um/s, and all the curves show similar features of elastic,
yield, strain softening, and strain hardening zones. With the
strain increase, in the elastic zone, the stress increases almost
linearly, and after yielding, it enters the strain-softening zone
and decreases continuously, while after entering the strain
hardening zone, it starts to increase, and the samples do not
break even if the strain reaches 8.50. In addition, it found
that as the stretching temperature increases, the yield peak
gradually becomes insignificant and the corresponding yield
strength gradually decreases. At the same time, the
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FIGURE 1: (a) WAXD 1D curve and 2D diagram of mesomorphic iPP and (b) DSC heating curve of the mesophase (the inset shows the

melting peak region).
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FIGURE 2: (a) The stress-strain curves of the mesophase under stretching at different temperatures (the purple triangles represent the initial
crystallization point) and (b) yield strength and strain at break of the mesophase stretched at different temperatures.

corresponding strain at the yielding showed a trend of firstly
increasing and subsequently decreasing. To further analyze
the mechanical properties of the samples, the yield strength
and strain at break are calculated and given in Figure 2(b). It
displayed that as the tensile temperature increases, the yield
strength decreases continuously from 10.8 MPa at 40°C to
49MPa at 120°C, but the corresponding strain at break
increases overall from 11.10 to 14.50, which means that all
these samples are ductile material with greatly enhanced
deformability.

2.3. In Situ WAXD Study on the Crystallization Behavior.
The selected 2D WAXD patterns collected during the
stretching of the mesophase samples are displayed in Fig-
ure 3. The meridian is defined in the parallel direction, while
the equator is defined in the perpendicular (stretching)
direction as indicated by the blue double-headed arrow. For
the convenience to correlate the mechanical behavior and
the 2D WAXD pattern, four zones are denoted. Uniform

diffraction rings are detected before stretching, and the
scattering intensity begins to concentrate toward the equator
and forms a crescent shape beyond the yield point, which
means the orientation starts, and it becomes apparent in the
subsequent softening or hardening zone. It shows that meso-
crystal transformation takes place at all the selected tem-
peratures, and the mesophase orientates before crystallizing
under stretching at 40 or 50°C, but it crystallizes before
orientating when stretched at high temperatures of 80, 100,
or 120°C.

Figure 4 shows the 1D integrated WAXD curves of the
2D patterns under different stretching temperatures. It
represents that the characteristic scattering halos of meso-
phase shift gradually, and the diffraction peaks of (110),
(040), (130), and (111) for a-phase emerge step-by-step,
corresponding to 26 of 14.6, 16.7, 18.5, and 21.5". It can be
seen that when the mesophase sample is stretched at 40 or
50°C, the scattering intensity of a-phase emerges at a strain
of about 0.96 and 0.76, respectively, but keeps relatively weak
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FIGURE 3: The selected two-dimensional WAXD patterns of the mesophase under stretching at different temperatures.

despite reaching a large strain of 8.00, indicating that a small
amount of a-crystal was formed. When stretching at 80°C or
higher, the scattering intensity of a-phase appears at the
strain of about 0.57, while a continuous enhancement of the
intensity was led to with higher strain, suggesting that a large
amount of a-crystal was induced. According to the above
results, the meso-a transition points are marked in the
stress-strain curves in Figure 2(a).

To quantitatively analyze the change of the content for
different phases, a representative fitting is performed on the
WAXD profiles by analyzing a peak-fitting procedure as
given in Figure 5(a), and the full spectrum is considered as a
superposition of a number of reflections. During the fitting
process, a total of 7 diffraction peaks need to be fitted, which
consists of four crystal peaks of the « phase, corresponding
to 26 of 14.6° (110), 16.7° (040), 18.5° (130), and 21.5° (111);
two characteristic peaks of iPP mesophase, corresponding to
20 of 15.0° and 21.0°; and one amorphous peak, corre-
sponding to 26 of 17.0°; each diffraction peak is fitted using a
Gaussian function. The specific crystallinity changes are
summarized in Figures 5(b)-5(f), and the orientation degree
of mesophase was also displayed. The degree of orientation
of the stretched samples was calculated by formulas (3) and
(4). It can be seen that as the deformation is performed,
a-phase content increases at the cost of mesophase, indi-
cating a direct transition from mesophase to a-phase.
However, this transition behavior differs greatly at different
temperatures. When the drawing temperature is 40 or 50°C
(Figures 5(b) and 5(c)), it can be found that the critical
orientation strain is 0.73 or 0.75, respectively, exceeding
which the meso-« transition will take place. As stretching
proceeds, the content of a-phase increases and reaches a

plateau at about the same strain of about 1.60, and the
maximum value at 50°C is 16%, about two times that at 40°C
(8%). The changing trend of crystallinity with strain is al-
most the same as that of the mesophase orientation, meaning
the orientation plays an important role on the phase tran-
sition. When the temperature rises to 80°C (Figure 5(d)),
meso-« phase transition takes place at a lower strain of 0.57
before the onset strain of mesophase orientation (0.77), and
the crystallization and orientation changing trends are also
highly similar, further suggesting the phase transition is
mainly caused by the change of molecules orientation. When
the temperate was set at 100 or 120°C, as shown in
Figures 5(e) and 5(f), part of the mesophase has transformed
to a-phase before stretching, and the a-phase content can
reach the maximum value of about 34% at the strain of 1.60.

2.4. The Synergistic Effect of Stretching and Temperature on
Meso-a Phase Transition. In order to clarify the synergistic
effect of stretching and temperature on meso-a phase
transition, the content changes of a-phase under stretching
and isothermal annealing as a function of time are compared
as given in Figure 6. No phase transition takes place during
isothermal annealing at 40 or 50°C within 40 min; however,
when the stretching is introduced, the phase transition
emerges in a short time of about 240 s, which is in the strain-
softening zone as Figure 2(a) shows. Clearly, in this case,
stretching is the main inducement leading to the crystalli-
zation of mesophase, which can be considered a typical kind
of SIC behavior. It has been known that the segments in
mesophase are arranged in a low-order structure with the
presence of helical reversals or wrong inclination of the
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FIGURE 4: The selected 1D WAXD curves of the mesophase under stretching at (a) 40°C, (b) 50°C, (c) 80°C, (d) 100°C, and (e) 120°C (the blue

curve relates to the strain where the mesophase starts to crystallize).

methyl groups of neighboring chains, and mesophase cannot
transform into a crystal if the segments do not correct their
helical chirality. Thus, it suggests that the strain-softening
process should be corresponded to the helical chirality
correction of mesophase and may also undergo the slips and/
or the melting process of the order domains. Moreover,
Androsch et al. proposed that the adjustment of mesophase
helical chirality is completed by moving positions and ro-
tating screws [45]. Thus, slips and/or the melting process of
mesophase in the strain-softening process should be ac-
companied by the moving and/or rotating of the helical
chirality, and subsequent helixes can grow and align,

inducing the formation of a-phase. Furthermore, when the
mesophase is stretched at a sufficiently high temperature
such as 100 and 120°C, which can greatly reduce the energy
barrier for wrong chiral segments to adjust their helical
chirality, temperature becomes the main inducement
leading to the crystallization of mesophase, and the intro-
duction of stretching can promote the meso-« transition in
this condition.

Reports have shown that the mesomorphic iPP is mainly
composed of three parts of mesophase, RAF, and the mobile
amorphous fraction (MAF), where RAF is coupled at the
boundary between the mesophase and the MAF [7]. It has
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FIGURE 5: (a) The fitting curves of WAXD of amorphous, mesomorphic, and « phases and (b)-(f) the orientation parameter of mesophase
and the content of a-phase as a function of strain at different temperatures.

also been proved that the RAF can not only impede the
transport of new crystallizable segments to the growth face
in the meso-crystal phase transition but also hinder the
correction of wrong inclinations in the next crystal per-
fection process [44]. Therefore, it can be inferred that RAF
should devitrify before SIC takes place. However, for the

a-phase obtained under stretching at 40°C, the temperature
is not efficient to devitrify the RAF based on the DSC results;
hence, a possible explanation is that the devitrification of
RAF is caused by stress. Figure 6(f) shows that a work of
8.7J/cm® is required to trigger SIC at 40°C, which is cal-
culated with equation (1) based on the stress-strain curves.
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When the temperature rises to 50°C that is slightly higher
than the onset temperature of RAF devitrification but much
lower than the cold crystallization temperature, partials of
RAF can devitrify before stretching; thus, less work is needed
to devitrify RAF, and it was calculated as 6.5]J/cm’, about
2.2J/em? lower than that at 40°C. Interestingly, the reduction
of the work almost equals the fusion heat absorbed by RAF
devitrification (about 2.1J/cm® calculated from the DSC
curves in Figure 1(b)) when heated from 40 to 50°C, indi-
cating that the excess work done by the stress at 40°C mainly
contributes to RAF devitrification. This result confirmed the
prediction that stress can induce RAF devitrification at low
temperatures.

Figure 7(a) summarizes and compares the maximum
content of a-phase transformed from mesophase treated by
stretching and isothermal crystallization as a function of
temperature, and the conversion degree (defined as the
ratio of the transformed content to the initial content) of
mesophase is also taken into account. Clearly, the maxi-
mum content of a-phase obtained by stretching is always
higher than that by isothermal crystallization, meaning that
stretching can promote meso-a phase transition. For the
samples treated by stretching, it was found that the con-
version degree is small (about 32%) and the content of
a-phase is as low as 8% when stretched at 40°C; with the
temperature increase, the conversion degree increases and
the crystallinity of a-crystal can reach an appreciable value
of 28% after rising to 80°C; if the temperature increases to
100°C, the conversion degree reaches 100%, and the
crystallinity of a-crystal gets to 34% and keeps constant
despite higher temperatures. In general, the conversion
degree of mesophase achieves a positive growth with
temperature, and the mesophase can transform into
a-crystal completely when stretching above a critical
temperature around 100°C.

To further demonstrate the effect of stretching on meso-
o phase transition, the value of half-time of crystallization
(t,,) (estimated from Figure 6) at different stretching
temperatures is summarized in Figure 7(b). Actually, the rate
of meso-« transformation is controlled by a-crystal growth,
while the growth kinetics of crystal is mainly controlled by
the secondary nucleation mechanism in the chain. When the
temperature is lower than 80°C, stretching is the main in-
ducement leading to the phase transition, where the ori-
entation and relaxation processes of molecular chains need
to be accounted for [46]. The higher the temperature, the
more obvious the molecular chain relaxation, which is
detrimental to the crystal growth; thus, t,,, rises with the
temperature increase below 80°C. When the temperature
arrives at 100°C, chain diffusion becomes the main factor to
promote the secondary nucleation of a-crystal and that
diffusion rate rises with temperature, leading to the phase
transition accelerating and ¢,,, decreasing [7, 8].

2.5. Evolution of Nodular Structures. Figure 8(a) shows the
selective one-dimensional SAXS profiles of mesophase at a
strain of 0, 0.75, 1.50, and 5.00. Note that the strain of 0.75 is
in the strain-softening zone of all the samples. A weak
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scattering peak at gmax=0.65 nm~! was observed at the
strain of 0, where the corresponding long period is 9 nm, and
it was recognized as the average diameter of the mesophase
nodular domains [44]. Changes over the long period are
calculated and shown in Figure 8(b). It can be found that
after deformation, the long period raises sharply with the
strain before it arrives at 0.75, and the higher the temper-
ature is, the faster it increases. With the strain exceeding
0.75, the increasing rate of the long period gradually slows
down. To explain this phenomenon, the mesophase su-
perstructure should be concerned, whose basic unit is
considered to be a stack composed of nodular domains
embedded in the amorphous phase and connected by a large
number of tie molecules [7, 47]. Under stretching, tensile
loading first leads to deformation of the amorphous phase;
then tie molecules transfer the stress to mesophase, which
then contributes to deformation. Similarly, tie molecules
also contribute to the devitrification of RAF and thus the
destruction or transition of mesophase nodules, including
fine-coarse slipping and internodules separation, which
should be the main factor for the sharp increase of the long
period before the strain of 0.75. With the temperature rising,
the diffusion of molecular chains in the amorphous region
can be promoted, and it can lead to further increase of the
long period. Furthermore, during the deformation, the
a-crystals transformed from mesophase should maintain the
original nodular morphology and be connected by a large
number of tie molecules. Therefore, all the samples after
stretching should be ductile and flexible with high
deformability.

Based on the obtained results and recent reports, a
schematic for the structure change of mesomorphic iPP
under stretching is given in Figure 9. The mesophase model
is mainly composed of mesophase, RAF, and MAF, with
their content of about 33%, 44%, and 23%, respectively.
When stretching is performed at temperatures below
T, (rar)> @ small amount of RAF connected to the mesophase
will be destroyed by the stress after the yield point; then it
begins to transform to a-phase in the strain-softening zone
through slips or the melting-recrystallization process, and
simultaneously, the separation and fine-coarse slipping of
mesophase nodular domains take place. Under large strain,
the mesophase can be highly oriented and RAF completely
devitrified; however, due to the low stretching temperature,
molecular chains do not have enough diftusion mobility to
adjust their helical chirality sufficiently; thus, only a small
amount of a-crystal can be obtained. If the temperature
reaches 80°C, the combined effect of high temperature and
deformation could induce the meso-« transformation before
the strain-softening zone, while the molecular chain has
higher diffusion mobility so that the separation and fine-
coarse slipping of the nodular domains are more significant,
and more a-crystal can be transformed. Under large strain,
the formed a-crystals become more stable and perfect, and
they are highly oriented along the deformation direction.
Additionally, all the transformed a-crystals seem to main-
tain the nodular morphology and be connected by a large
number of tie molecules, which is beneficial for greatly
enhancing the product’s deformability.



Polymer Crystallization 9

120 800 - |
40 - |
o= - - o [ 100 |
£ “ e 600 |
L B L
3 Z
& Z = :
3 Q .
5 20 A 'S = 400 |
- & |
5 2 .
£ 10 g 200 - |
o © |
_ |
01 ¥ 01— : : : : :
40 60 80 100 120 20 40 60 80 100 120
T[°C) T[°C]
-@- stretching - isothermal 1 ;ﬁ;’g‘fﬁfﬁgl crystallization
isothermal crystallization
" crystallization
-~ stretching
(a) (®)

F1GURE 7: (a) Changes in the maximum content of a-phase and conversion degree of mesophase and (b) changes of ¢, during isothermal
crystallization and stretching at different temperatures.

4

W 18 A
2%00000?* | To0,,
’*:"" : 20000000000040 40000, 5.00 171
X Kakak, ok gk 90004 |>-
*% ***k* ‘T*.At***********mm**m 16 4
(1 ° " 076790004000 _
E 15 -
5 o
= 150 £ 147
&
2 C000qedt¢* TR "%, 3 124
2 A YY)
'c*****m****mﬂ{*ﬂﬁ*ﬁ*mmo« 0.75 11 1
x%e0q0 200,00 A K
N 'nncnn’cn’\\\‘&‘b %0000 - 10 4
* 5
I¥ % : %ﬁ****ﬂs**‘*** iy 0 9 (-) 1- 2- 3- ; 5-
0.2 0.4 0.6 0.8 1.0
q [nm] ¢
% meso ¢ 120°C +[. gg:g
S e —A&— 120°C
* 80°C
(a) (b)

FIGURE 8: (a) One-dimensional SAXS curves at specific strains of the initial mesophase and that stretched at 40, 80, and 120°C and (b)
variation of the long period as a function of specific strains stretched at 40, 80, and 120°C.

Strain=0 Yield point Strain softening Large strain

L1
L2 L3 ” ‘
I K—b‘
R, =
e =———=—2
L1 —
| !
|
- } e

! - B N
i ~__~"Polymer chain I . - - i
| I
| I

MAF RAF Mesophase a-phase

FIGURE 9: Schematic diagram of the structural change of mesomorphic iPP under stretching at different temperatures.



10

Pressure

Heating

Polymer Crystallization

Temperature

Pressure

v

600 s

1's Time

(®)

FIGURE 10: (a) Schematic of the high-pressure cell and (b) diagram of pressure and temperature for mesophase sample preparation.

21 mm |

7 mm

3 mm 2 mm

4 mm

FIGURE 11: The schematic diagram of the initial tensile sample.

3. Conclusions

In this work, the uniform bulk mesomorphic iPP was ob-
tained by rapid compression, and its crystallization behavior
under stretching at different temperatures was studied. It is
found that compared to the meso-« phase transition induced
by isothermal crystallization, stretching not only can im-
prove the meso-a conversion degree but also can shorten the
transition time. At the temperature around T ;(g,p), stress
can devitrify RAF in advance of the formation of the
a-phase, and the chain orientation and relaxation play an
important role in a subsequent meso-a phase transition,
while the conversion degree is small. When the temperature
increases, chain diffusion gradually becomes the main factor
to induce meso-a phase transition, where stretching can
promote the conversion degree, structural stability, and
perfection. Moreover, there seems to be a critical temper-
ature of around 100°C, above which the mesophase can
transform into a-crystal completely within the scope of our
experimental conditions. Finally, a reasonable mechanism of
meso-« transformation under stretching was proposed,
explaining the different steps that it undergoes. This work
may offer a novel method to tailor the crystalline structure
and thus the properties of iPP products.

4. Experimental Section

4.1. Materials and Sample Preparation. The iPP pellets
(T30s) were purchased from Dushanzi Petrochemical Fac-
tory, China. The weight-average molecular weight and the

polydispersity were 399 kgmol ™ and 4.6 respectively. The
preparation process is shown in Figure 10. The circular
sample (24 mm in diameter and 1 mm in thickness) was
firstly prepared by compression molding; then it was treated
by rapid pressurization through the homemade high-pres-
sure equipment, and thereby, the initial mesophase sample
was obtained. The pre-pressure of 10 MPa was applied to
make the sample fully contact with the mold, and then it was
heated to 200°C and maintained for 10 min to erase previous
thermal history. Afterward, the melting sample at 200°C was
rapidly pressurized to 1.5 GPa within 1s and then cooled
down to 40°C at an average cooling rate of about 10°C/min
under 1.5 GPa; then the pressure was released; and the rapid
compression (RC) sample was obtained. Finally, the RC
sample was cut into a dumbbell shape, with 21.0 mm in total
length, 3.0 mm in neck length, and 2.0 mm in neck width.

4.2. Tensile Experiments. All the samples were cut into a
dumbbell shape, and their initial size was given in Figure 11.
The tensile tests were performed using a tensile testing in-
strument (TST-350, Linkam, UK). The stretching rate
employed was 10 ym/s; the heating rate employed was 10°C/
min; and the stretching temperatures were 40, 50, 80, 100,
and 120°C. For comparison, isothermal crystallization was
performed at the same temperatures.

The deformation (L - L,) of the tensile samples was
tested by a tensile testing instrument (TST-350, Linkam,
UK) and then calculated according to &= ((L - Ly)/L)
x100%, where the strain of the samples during the tensile
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process can be obtained, and L is the actual length and L, the
initial length of the tensile sample. According to the stress-
strain (o —¢) curve, the total work can be calculated as
follows:

W= o de (1)
0

The total work (W) is the mechanical work per volume,
which can eliminate the influence of sample size and shape
when comparing different samples.

4.3. Characterizations

4.3.1. Wide-Angle X-Ray Diffraction (WAXD). In situ
WAXD measurements were performed in conjunction with a
tensile testing instrument (TST-350, Linkam, UK). The de-
formation rate adopted to collect in situ WAXS data was
10 ym/s. In situ WAXD measurements during the isothermal
and stretching process were performed on an X-ray dif-
fractometer (D8 discovery system, Bruker, Germany), with a
wavelength of 0.154 nm and the distance between the sample
and the detector of 85mm. The VANTEC-500 two-di-
mensional area detector was used to record the two-di-
mensional patterns of WAXD. The exposure time of each
pattern was 60s. The VANTEC-500 two-dimensional area
detector was used to record the two-dimensional patterns of
WAXD. The patterns were acquired for the 20 range between
5 and 35°. The exposure time of each pattern was 60s. The
FIT2D software package was used to analyze the 2D WAXD
patterns, and the one-dimensional wide-angle X-ray dif-
fraction curves were fitted according to the Gaussian func-
tion to obtain the crystallinities of different samples, and the
phase content can be calculated by the following equations:

A
Xmeso — meso .
(Ameso + Aoc + Aamorp)
M (2)
X, = @ ,
(Ameso + Aoc + Aamorp)
where A ., Ay and A, are the fitted areas of meso-

phase, a-phase, and amorphous region, respectively. The
orientation parameter (f) of the mesophase was generally
expressed by

f- 3{cos’ D) — 1) 3)
2

where & is the angle between the polymer chain and the

stretching direction. {cos’@) can be obtained from the

azimuth scattering intensity distribution by azimuthal in-

tegration of the 2D WAXD patterns and be calculated as

follows:

(7/2

) 2 .
I(DB)cos” D sin @d
{cos’ @) = 20 (@) 2

) (4)
(n12) .
o 1 (D)sin Fdy

where I(9) is the scattering intensity along the angled.
The orientation parameter attains a value of unity when all
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the crystals are oriented with their interested axis parallel
to the stretching direction, a value of —0.5 corresponds to a
state that all the interested axes are perpendicular to the
reference direction, while random orientation gives a
value of 0. The orientation parameter was calculated from
the WAXD scattering halo at 26 of 15.0" of mesomorphic
iPP.

4.3.2. Small-Angle X-Ray Scattering (SAXS). SAXS mea-
surements were performed at room temperature using the
Nanostar system of Bruker, with the wavelength of 0.154 nm
and the distance from the sample to the detector of
1,087 mm. SAXS patterns were recorded with VANTEC-
2000 two-dimensional area detector. The tested samples
were prepared by stretching mesophase to the strain of 0,
0.75, 1.0, and 5.0 at different temperatures and then cooled
down naturally, followed by removing the tension and
relaxing to the final length. The middle region of the tensile
samples was selected for SAXS measurement. The data ac-
quisition time of each pattern was 600 s. The Bragg equation
is used to calculate the long period of the samples:

L=27/q,,. (5)

where L is the long period and q is the scattering vector.

4.3.3. Differential Scanning Calorimetry (DSC). The DSC
calorimeter (TA DSC-Q2000) was employed in a nitrogen
atmosphere to analyze the thermal behavior of the meso-
phase samples. Before the experiment, pure indium was used
for calibration. The sample with a weight of about 4 mg was
taken, and it was heated from 0 to 200°C at 10°C/min. The
heat capacity was obtained by DSC three-step method with
sapphire as the reference sample. The value of heat capacity
was calculated with the following equation:

, (6)

where m, c,,, and P are quality, heat capacity, and heat flow,
respectively. The superscript sp and cal represent sample and
reference sample, respectively. Through the DSC measure-
ment, the heat flow of heating the sapphire (P_,;), sample
(Psp), and blank crucible (P;) were measured.
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