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Abstract Shish crystals are crucial to achieving high performance low-dimensional ultra-high molecular weight polyethylene (UHMWPE) prod-
ucts. Typically, high stretch and shear flow fields are necessary for the formation of shish crystals. In this study, UHMWPE gel films with reserved
shish crystals were prepared by gel molding, the structural evolution and properties of UHMWPE films stretched at temperatures of 100, 110, 120
and 130 °C were investigated by in situ small-angle X-ray scattering (SAXS)/ultra-small-angle X-ray scattering (USAXS)/wide-angle X-ray diffrac-
tion (WAXD) measurements as well as scanning electron microscopy (SEM) and differential scanning calorimetry (DSC) measurements. Our find-
ings showed that the reserved shish crystals can facilitate the formation and structural evolution of shish-kebab crystals during the hot stretching.
Additionally, the reserved shish crystals promote the structural evolution of UHMWPE films to a greater extent when stretched at 120 and 130 °C,
compared to 100 and 110 °C, resulting in higher crystallinity, orientation, thermal properties, breaking strength and Young's modulus. Compared
to UHMWPE high-entangled films with reserved shish crystals prepared by compression molding, UHMWPE low-entangled films with reserved
shish crystals prepared by gel molding are more effective in inducing the formation and evolution of shish-kebab crystals during the hot stretch-

ing, resulting in increased breaking strength and Young's modulus.
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INTRODUCTION

Ultra-high molecular weight polyethylene (UHMWPE) products
are often processed under the coupling of multiple flow fields,
the properties of UHMWPE products are closely related to the
chain orientation and crystal formation in the flow field. When
the molecular chains are highly oriented in the flow fields, it can
lead to the formation of shish-kebab crystals, which may even
transform into shish crystals, resulting in increased mechanical
properties of the UHMWPE products.!'> UHMWPE low-dimen-
sional products, such as UHMWPE fibers, are composed of high-
ly oriented shish crystals, resulting in excellent tensile strength
and tensile modulus, therefore, it is widely used in protective
equipment, aerospace and marine engineering.*~'3! As a result,
the formation and evolution of shish-kebab crystals in low-
dimensional UHMWPE products is crucial to the improvement
of their mechanical properties.

In the recent years, researchers have conducted extensive
research on the structural evolution of low-dimensional
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UHMWPE products, especially the formation and evolution of
shish-kebab crystals. Keum et all'¥l found the high melting
temperature of shish indicates that the shish stability is main-
ly controlled by the thermodynamics of stretched chains un-
der the planar constrained conditions. Xu et al.l'] found the
UHMWPE interlocking state significantly enhances the interfa-
cial adhesion between separate shish-kebab superstructure
and also provides a tendency to homogenize properties of
the samples in all directions. Zhang et al.['é! found the UHMW-
PE long chains enable the appearance of lamellae orientation
and shish-kebab crystalline morphology in the injection
molded process, which are responsible for the mechanical re-
inforcement. Kakiage et all'”! investigated UHMWPE fibers
prepared by melting spinning through melt stretching at a
temperature of 145 °C, they found that the higher strain rates
facilitated the extension of molecular chains and the forma-
tion of shish crystals, resulting in increased tensile strength of
the fibers. Albert et al.l'8] observed the elongation of molecu-
lar chains and the formation of shish crystals, drawing the
UHMWPE gel fibers at room temperature to a draw ratio of 6
results in the fracturing and tilting of the lamellae, as well as
the formation of a large number of shish-kebab structures.
Jen et al."% investigated the effect of stretch ratio on the mor-
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phology and crystal phase transition of gel UHMWPE fibers by
wide-angle X-ray diffraction (WAXD), which showed that the
kebab crystals of the UHMWPE fiber were gradually trans-
formed into the highly oriented shish crystals when the
stretch ratio increased from 1 to 20. Moreover, the kebab crys-
tals were almost unobservable on the surface of the UHMWPE
fibers, and only shish crystals could be observed when the
stretch ratio increased from 20 to 40. Our group!2% investiga-
ted the evolution of kebab crystals and the formation of shish
crystals during a two-step hot stretching process (at the tem-
peratures of 120 and 130 °C) of UHMWPE fibers obtained from
industrial production lines by WAXD and small-angle X-ray
scattering (SAXS). The results showed that kebab structure
was reduced with the increase of stretching ratio during the
first step, while the increase of temperature during the sec-
ond step could accelerate the evolution from kebab to shish
crystal. Wel2' also investigated the influence of hot stretch-
ing temperature and stretching ratio on the formation of
shish crystals in UHMWPE fibers by in situ SAXS, the results
showed that stretching at 124—130 °C resulted in the forma-
tion of shish crystals, while stretching at 140 °C, the forma-
tion of shish crystals required higher stretching ratios. And
the lower stretching ratios mainly resulted in the formation of
kebab crystals, while the higher stretching ratios resulted in
the evolution from kebab crystals to shish crystals at all
stretching temperatures. Building upon this foundation, our
group(?223! further investigated the transition from shish-
kebab crystals to shish crystals during hot stretching of
UHMWPE fibers prepared by low and high concentration so-
lutions, for fibers with low concentration, the lamellae trans-
formed into shish crystals through the stress-induced frag-
mentation and recrystallization at 90, 100 and 110 °C, and
stress-induced melting and recrystallization at 120 °C with the
increase of hot-stretching strain, and the shish-kebab crystals
could smoothly transform to shish crystals through the hot
stretching process. For fibers with high concentration, the
shish-kebab crystals in UHMWPE fibers could transform con-
tinuously into the micro-fibril structure composed mainly of
shish crystals during the hot stretching.

The formation and evolution of shish-kebab crystals are
crucial to the structural evolution and properties of UHMWPE
products. In fact, the formation of shish-kebab crystals occurs
during the synthesis of UHMWPE resins. Several studies have
consistently reported the presence of extended chain crystals
in the nascent UHMWPE resin within the Ziegler-Natta catalyt-
ic system,[24-261 which is similar to the catalytic system used in
the manuscript. Yu et al27.28] found that the active sites and
polymer chains of the initial UHMWPE resins synthesized from
POSS-modified heterogeneous Ziegler-Natta catalysts were
separated. The molecular chains showed weak entanglement
and high linearity, which could induce the formation of shish-
kebab crystals. Dermeneva et al.2%! found that the resin con-
sisted mainly of fibrous and lamellar crystals. Chanzy
et al.3%31 noted the different melting points of fibrous and
lamellar crystals. Ingram et al.B233] also found fibrous crystals
in nascent UHMWPE resin prepared by the Ziegler-Natta cat-
alytic system. Our group conducted dissolution and crystal-
lization experiments on UHMWPE resins in paraffin oil. The ex-
periments found a large number of shish-kebab crystals,
which further proved the existence of extended chain crys-

tals in the nascent resins.

Studying how to better use shish crystals in the processing
of UHMWPE to improve the properties of UHMWPE products
have become a research topic for many scientists. Hiroki et
al.B4 found that the shish crystals which formed in weak flow
fields can serve as nucleating agents to increase the mechani-
cal properties of final products in melt injection molding and
blow molding. Pircheraghi et al.35! discovered the fiber-like
crystals on the fracture surfaces of UHMWPE sheets by sinter-
ing at different temperatures, which induced the formation of
kebab crystals. Lame et al.3® found that the UHMWPE sheets
exhibited numerous fibrous crystals in the SEM results after
melt processing of UHMWPE by high speed and multiple hot
pressing, which provided products with high modulus and
high ductility. Our group37:38l found that the addition of fi-
brous chitin nanocrystals to the UHMWPE fibers could accel-
erate the stress-induced fragmentation and recrystallization
at 90, 100 and 110 °C, and stress-induced melting and recrys-
tallization at 120 °C, resulting in the formation of more fi-
brous crystals. It is evident that both fiber-like crystals formed
during processing and introduced fiber-like nucleating
agents significantly influence the structural evolution and
properties of UHMWPE products. On this basis, our
groupB3949 reserved the original shish crystals in the
UHMWPE resins and prepared the UHMWPE films with re-
served shish crystals by compression molding, the results
showed that reserved shish crystals could directly induce the
formation of more and longer shish crystals, resulting in a sig-
nificant improvement in the mechanical properties of the fi-
nal film.

Reserved shish crystals during compression molding can
accelerate the structural evolution and improve the proper-
ties of UHMWPE films, but the high-entangled molecular
chains and film uniformity problems during compression
molding significantly affect the crystal structure and mor-
phology of UHMWPE films, which ultimately limits the further
improvement of the mechanical properties of the UHMWPE
films.[41-451 Until now, the main process of low-dimensional
UHMWPE products is gel molding, which allows significant
disentanglement of the molecular chains in the plasticizing
environment of the solvent, and keep the disentangled
molecular chains in the gel products. Subsequently, low-
entangled UHMWPE products were formed by solvent extrac-
tion. The gel molding process facilitates the disentanglement
of molecular chains and the formation and evolution of
shish-kebab crystals. This provides the basis for preparing
UHMWEPE fibers with improved properties.[*6-50 Therefore, we
prepared the UHMWPE low-entangled films with reserved
shish crystals by gel molding, using the dissolution tempera-
ture difference between shish crystals and lamellae. The shish
crystals reserved by the dissolution process can directly con-
tribute to the formation and evolution of shish-kebab crystals
during hot stretching, which avoids the effect of high-entan-
gled molecular chains during the structural evolution.
Notably, the structural evolution of UHMWPE extracted films
with reserved shish crystals in a low-entangled system during
hot stretching remains unexplored.

This study investigated the mechanisms of the structural
evolution during hot stretching of UHMWPE low-entangled
films. UHMWPE low-entangled films with reserved shish crys-
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tals and without were prepared by gel molding at the tem-
perature of 133 and 200 °C, respectively. The structural evolu-
tion of UHMWPE low-entangled films subjected to uniaxial
stretching during hot stretching was investigated by in situ
SAXS/WAXD/ultra-small-angle X-ray scattering (USAXS) and
scanning electron microscopy (SEM) and differential scan-
ning calorimetry (DSC).

EXPERIMENTAL

Materials and Sample Preparation

The UHMWPE resin, with a viscosity-average molecular weight
(M) of 1.9x10° g/mol, was provided by the Shanghai Institute of
Organic Chemistry, Chinese Academy of Sciences. The paraffin
oil A360B was purchased from Total Energies with a flash point
of 250 °C. A mixture of UHMWPE resins and paraffin oil in a 1:9
(W:W) proportion was dissolved using a twin-screw extruder at
temperatures of 133 and 200 °C before being extruded through
a flat mouth die of dimensions 30 mm x 0.5 mm. The extruded
material was then cooled via mirrored rolls, to obtain the initial
UHMWPE gel films. Following this, a 4-h extraction with n-hex-
ane solvent was performed, the resulting UHMWPE low-entan-
gled films were vacuum-dried for 6 h at 70 °C. During these pro-
cesses, the films were carefully maintained in a taut state to pre-
vent shrinkage.

In situ Small-angle X-ray Scattering (SAXS)/
Wide-angle X-ray Diffraction (WAXD) and Ultra-small-
angle X-ray Scattering (USAXS) Measurements

In situ SAXS and WAXD measurements were performed at the
BL16B1 beamline of the Shanghai Synchrotron Radiation Facili-
ty (SSRF), with X-ray wavelength set at 0.124 nm, and an expo-
sure time of 4 s was employed. Prior to testing, blank samples
were tested to obtain the background diffraction patterns for
both SAXS and WAXD. The patterns for 2D-SAXS and 2D-WAXD
were captured using Pilatus 900K and Pilatus 2M detectors with
a resolution of 172 ym x 172 um. The sample-to-detector dis-
tances for SAXS and WAXD modes were calibrated to 242 and
1676 mm, respectively, using silver behenate (AgBe) and ceri-
um dioxide (Ce0,) for standard samples. We used a Linkam,
MFS350 stretching device to perform uniaxial stretching at tem-
peratures of 100, 110, 120 and 130 °C with a stretching speed of
5mmmin~'. During stretching, we simultaneously recorded
stress-strain curves and X-ray data. The length of the film be-
tween the stretching fixtures was 15 mm. All X-ray signals were
normalized to the beam fluctuations. The WAXD and SAXS data
were analyzed using FIT2D software.>"]

In situ ultra-small-angle X-ray scattering (USAXS) measure-
ment was conducted at the BLTOU1 beamline station of the
SSRF. The 2D-USAXS patterns were recorded using Dectris
Eiger 4M detector with a pixel resolution of 75 ym X 75 ym
and an exposure time of 4 s. The distance between the sam-
ple and the detector for USAXS was calibrated using a bovine
tendon standard sample, resulting in a distance of 27600 mm.
The stretching parameters were consistent with those of the
in situ SAXS/WAXD measurements. The in situ USAXS data
were synchronously collected during the stretching process
of the samples.

Scanning Electron Microscopy (SEM)
The morphology characterization of UHMWPE films under dif-

ferent stretching temperatures and strains was performed us-
ing SEM (SU70) at 5 kV. To prepare the SEM samples, UHMWPE
film samples were heated to 105—115 °C in an n-octane solvent
to etch the surfaces and remove the amorphous component for
a clearer visibility of the film's crystal structure on the surface.
The samples were then rinsed three times with anhydrous
ethanol and dried. Finally, after the samples were prepared, a
gold sputter coating was applied to the surface for imaging.

Differential Scanning Calorimetry (DSC)

Samples weighing 5-8 mg were held in a standard aluminum
crucible by a dry nitrogen gas stream, and the thermal proper-
ties of UHMWPE films were recorded using NETZSCH Polyma
DSC21400A. Prior to the actual measurements, a blank sample
test was performed to eliminate any signal interference except
that of the samples. The samples were heated and scanned
from 25 °C to 200 °C at a ramp rate of 10 °C/min. The enthalpy of
melting for 100% crystalline polyethylene is 293 J/g.>?

Viscosity

The viscosity characterization of UHMWPE low-entangled films
was performed using the rheometer (Haake Mars60). Rheologi-
cal experiments were conducted on UHMWPE films (dimen-
sions of 20 mm in diameter and 0.3 mm in thickness) using fixed
strain and frequency time scans. The rheological testing process
proceeds as follows: employing a parallel plate test system, the
modulus test is selected with a constant strain of 0.025%, a tem-
perature of 180 °C, a frequency of 1 Hz, and a test duration of 30
min.[#7)

Breaking Strength and Young’s Modulus

The UHMWPE low-entangled films with reserved shish crystals
and those without were first stretched to the strain of 500%,
350%, 300% and 300% with tensile equipment (Linkam TST350)
at a speed of 5 mm:min~" at 100, 110, 120 and 130 °C, and then
cooled to room temperature naturally. The same strains were
chosen for both films with and without reserved shish crystals at
the same stretching temperatures. After cooling the samples,
we used the Linkam TST350 to test the breaking strength and
Young's modulus of the necking section at a speed of 10

mm-min~".

SAXS/USAXS/WAXD Data Analysis

Fig. 1(a) displays the SAXS pattern of the UHMWPE film and the
stretching direction, where g; was vertical to the stretching di-
rection and g, was parallel to the stretching direction. Due to
the principle of reciprocal space, the scattering signal along the
q; direction represents the scattering signal of the crystal along
the stretching direction, while the scattering signal along g, rep-
resents the scattering signal of the crystal vertical to the stretch-
ing direction.l'#>3-¢ Referring the calculation of the relative
scattering intensity of shish and kebab crystals, the correspond-
ing scattering signals of crystals along the stretching direction
and vertical to the stretching direction were integrated as
shown in Fig. 1(b) and Fig. 1(c), respectively. The calculation for-

mulais as follows:
.3 160°
w=J [ ias)dass 0
0.0 -160
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The average shish length (Ly,n) and the distribution of
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Stretching direction

Fig. 1 (a) The SAXS patterns of UHMWPE films; (b) The scattering
intensity of crystals in the stretching direction; (c) The scattering
intensity of crystals in the vertical stretching direction.

shish crystals (B;) was calculated using the Ruland’s streak
method by analyzing the streak along the equator line direc-
tion in the USAXS patterns.57-59 When the scattering intensi-
ty distribution fit the Lorentz functions, the equation is ex-
pressed as follows:
1
(Lshish) S * B¢
When the scattering intensity distribution fit the Gaussian
functions; then, the equation becomes:

@)

Bobs =

2
2 1 2
Boo (_) +8 @
o <Lshish)S ‘

where s is the scattering vector, s = 2sin6/A.

The intensity distribution curve concerning 26 is obtained
by one-dimensional integration of the 2D-WAXD pattern.
Peaking analysis is subsequently applied to the curve to cal-
culate the proportions of the amorphous and crystalline re-
gions, then calculates the crystallinity. The formula of calcula-
tion is as follows, where A, and A, represent the areas under
the crystalline and amorphous peaks of the /(26)~26 curve.

- Ac
CTA+A,

The lateral size of the crystals was determined using the
Scherrer equation. Where K is the shape factor, generally set
to 0.89 in polymer science, A is the wavelength, 8 is the Bragg
diffraction angle, and S is the half-peak width at maximum in-
tensity.[60]

(&)

Lhw = KA

BcosO

The crystal orientation of UHMWPE films was determined

using the Herman's method. In this study, the stretching di-

rection of the UHMWPE film was taken as the reference direc-

tion. Assuming the crystal plane as hk/, the orientation param-
eter can be expressed as follows:

/2
o 1

(6)

(4) cos’gsingdg
/2 -
o “1(¢) singdg
where, ¢ is the azimuth angle, and /(¢) is the scattering intensity

along the azimuth angle. The orientation f can be defined as fol-
lows:

2
< COS" ¢ >y =

7)

3< cos’g >py — 1
e P > @)
2
When f=-0.5 and 1, it represents that the normal of the re-
flection plane is parallel or vertical to the reference direction,

respectively; f=0 when the orientation is random.

RESULTS AND DISCUSSION

UHMWPE Low-entangled Films with Reserved Shish
Crystals

The sample information for the UHMWPE films stretched at a
rate of 5 mm-min~' at temperatures of 100, 110, 120 and 130 °C
is shown in Table 1. UPE-dt133 represents the UHMWPE low-
entangled film with reserved shish crystals, UPE-dt200 repre-
sents the UHMWPE film without reserved shish crystals.

To characterize the degree of entangled molecular chains
of the UHMWPE gel films, viscosity measurements were per-
formed using shear rheology measurements. The viscosity
values of UPE-dt200 was 2.2x10* Pa-s, while UPE-dt133 had a
viscosity of 1.2x10% Pa-s, both significantly lower than the vis-
cosity of UHMWPE compression molding samples (which had
a viscosity of 1.0x107 Pa-s).6!l Hsien et all%? investigated
UHMWPE gels with different concentrations, they found that
the viscosity of the 7% UHMWPE gel was 2.5x10* Pa-s, while
at lower concentrations (2%—6%), the viscosity was 1x10%
Pas. The viscosity of UPE-dt200 and UPE-dt133 was lower
than the viscosity of UHMWPE gel with a 7% concentration re-
ported by Hsien et al. This suggests that the UHMWPE films
prepared in this study belong to the low-entangled system.
The degree of entangled molecular chains of UPE-dt133 was
lower than that of UPE-dt200, this further suggests that re-
served shish crystals significantly facilitate the disentangle-
ment of molecular chains of UHMWPE gel films. The viscosity
of the UHMWPE films with reserved shish crystals prepared in
this study is also lower than that of the UHMWPE film with re-
served shish crystals previously prepared by our group by
compression molding (3.1x10* Pa-s). This also suggests that
the UHMWPE films with reserved shish crystals prepared by
gel molding in this study belong to the low-entangled sys-
tem.

Fig. 2 presents the SEM morphology of UPE-dt200 and UPE-
dt133. It can be observed that UPE-dt200 is composed of ran-
domly distributed lamellae, UPE-dt133 is composed of not
only randomly distributed lamellae but also multiple shish
crystals, indicating that the shish crystal in the resin have
been successfully reserved. Comparing the morphology of

Table 1 Dissolution and stretching temperature of UHMWPE gel films.

tempersture () tempersturs ') Abbreviation

133 — UPE-dt133
100 UPE-dt133st100
110 UPE-dt133st110
120 UPE-dt133st120
130 UPE-dt133st130

200 - UPE-dt200
100 UPE-dt200st100
110 UPE-dt200st110
120 UPE-dt200st120
130 UPE-dt200st130
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Fig.2 SEM morphology of (a) UPE-dt200 and (b) UPE-dt133.

UHMWPE films with reserved shish crystals prepared by com-
pression moldingB39 to the UHMWPE low-entangled films
with reserved shish crystals by gel molding in this study, the
UHMWPE low-entangled films with reserved shish crystals by
gel molding show more uniform shish crystal distribution.
This difference in morphology resulting from the processing
method because the plasticizer in the gel molding process,
which further facilitates the disentanglement of molecular
chains and improves the distribution of the reserved shish
crystals.

DSC results can also confirm the successful reservation of
shish crystals in UPE-dt133. As shown in Fig. 3, the melting
point of UPE-dt200 reaches 138.9 °C due to the randomly dis-
tributed lamellae observed in the SEM. UPE-dt133 has two
high temperature melting points at 140.1 and 142.7 °C. The
high-temperature melting point of 142.7 °C corresponds to
the reserved shish crystals during the gel molding, while the
melting point of 140.1 °C corresponds to the lamellae that
grew around the reserved shish crystals.[23] The crystallinity
values of UPE-dt200 and UPE-dt133 are 68.1% and 69.6%, re-
spectively, these values were obtained by calculating the ar-
eas under the melting points. This indicates that the lower
dissolution temperature during gel molding of UPE-dt133 re-
sulted in partial reservation of shish crystals, whereas shish
crystals in UPE-dt200 were completely dissolved during gel
molding. This difference also confirms the successful reserva-
tion of shish crystals in UPE-dt133. The UHMWPE low-entan-
gled films with reserved shish crystals prepared by gel mold-
ing have two melting points at 140.1 and 142.7 °C, which are
higher than the UHMWPE high-entangled films with reserved
shish crystals prepared by compression molding (133.2 and
139.8 °C).49 Compared to the UHMWPE high-entangled film
with reserved shish crystals, the UHMWPE low-entangled film
with reserved shish crystals prepared by gel-molding exhibits

140.1 °C x

142.7 °C

Heat flow
Endo

UPE-dt133

UPE-dt200

100 120 140 160
Temperature (°C)

Fig.3 DSC curves of UPE-dt200 and UPE-dt133.

a higher melting point. This suggests that the reserved shish
crystals can enhance the formation of a more perfect crystal
structure in the UHMWPE low-entangled system. Additionally,
since the degree of entanglement of UPE-dt200 and UPE-
dt133 samples was much lower than the viscosity of UHMW-
PE samples prepared by compression molding as we men-
tioned before, and we prevent the effect of re-entanglement
during the hot stretching by choosing stretching tempera-
tures lower than the melting point of the UHMWPE samples,
therefore, we did not discuss the minor effects of the entan-
glement state on the structural evolution and final mechani-
cal performance of the UPE-dt200 and UPE-dt133 samples
during hot stretching.

Mechanical Response during Hot Stretching at
Different Temperatures

The above SEM, DSC and Viscosity results all confirmed the suc-
cessful reservation of shish crystals in UHMWPE films prepared
by gel molding. Our subsequent investigation focuses on the
mechanisms of structural evolution of UPE-dt200 and UPE-
dt133 stretched at different temperatures. Fig. 4 shows the
stress-strain curves of UPE-dt200 and UPE-dt133 stretched at
different temperatures. UHMWPE films all show the typical three
stages of elastic deformation, yield, and strain hardening when
stretched at different temperatures. UPE-dt133 shows higher
stress values than UPE-dt200 at different stretching tempera-
tures. This suggests that the reserved shish crystals could signifi-
cantly increase the breaking strength and Young's modulus of
UHMWPE films. Additionally, it was found that UPE-dt133 has a
faster increase of the stress during the hot stretching, which
makes it enter the strain hardening stage earlier (200%—-300%).
This result indicates that the reserved shish crystals promote the
transmission of stress between crystals, particularly during the
strain hardening stage. As a result, UPE-dt133 has a more signifi-
cant increase of stress before and after the strain hardening
stage compared to UPE-dt200. It is notable that for both UPE-
dt200 and UPE-dt133, when stretched at higher temperatures
(120 and 130 °C), the stress is lower than those at 100 and 110
°C, this result is due to the increased mobility of molecular
chains at higher temperatures.

SAXS Results
To further investigate the effect of reserved shish crystals on the

5
—A— UPE-dt200st100
—A— UPE-dt200st110
4+ —A— UPE-dt200st120
—A— UPE-dt200st130
—O0— UPE-dt133st100
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Fig. 4  Stress-strain curves of UPE-dt200 and UPE-dt133 hot
stretched at different temperatures.
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structural evolution and the properties during the hot stretch-
ing of UHMWPE low-entangled films. Fig. 5 shows the in situ 2D
SAXS patterns of UPE-dt200 and UPE-dt133 stretched at differ-
ent temperatures. As the stretching proceeds, both UPE-dt133
and UPE-dt200 evolve from initial scattering rings to ellipses and
then to shuttle shapes along the equatorial direction. This indi-
cates that the randomly oriented lamellae in the films gradually
align along the stretching direction. Notably, no distinct kebab
long-period signals were observed in the 2D SAXS patterns. This
lack of long-period signals could be due to the presence of
residual porosity in the low-entangled films caused by the ex-
traction and drying process after gel molding, and consequent-
ly, during the hot stretching process, stretching-induced filling
of these pores occurs with the fragmentation and recrystalliza-
tion of lamellag, indicating that the shish-kebab crystals formed
in the process of hot stretching of gel films are not as periodic as
the shish-kebab crystals formed by traditional stretching of gel
fibers.%3 Additionally, the 2D SAXS patterns reveal that UPE-
dt133 shows stronger scattering signals along the stretching di-
rection during hot stretching at different temperatures com-
pared to UPE-dt200. This suggests that the reserved shish crys-
tals in UPE-dt133 can accelerate the formation and evolution of
shish-kebab crystals during the hot stretching.

Fig. 6 shows the scattering intensity ratio of crystals along
the stretching direction (g;) to those along the vertical direc-
tion (g,) for UPE-dt200 and UPE-dt133 stretched at different
temperatures. The initial /q,/Iq, for UPE-dt200 and UPE-dt133
show no significant increase, suggesting that the reserved
shish crystals have not yet aligned along the stretching direc-
tion. As the stretching proceeds, UPE-dt133 shows faster in-
crease in Ig,/lg, compared to UPE-dt200, this suggests that
the reserved shish crystals in UPE-dt133 accelerate the crystal
alignment along the stretching direction. When stretched at
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Fig. 6 Ratio of scattering intensity of crystals in the stretching

direction (g,) to crystals in the vertical stretching direction (g,) for
UPE-dt200 and UPE-dt133 stretched at different temperatures.

higher temperatures (12 and 130 °C), there is a more rapid in-
crease of Ig,/1g,, this result also confirmed the increased mo-
bility of the molecular chains when stretched at 120 and
130 °C, which allows more chains to participate in the crystal
growth and evolution. A similar trend in the scattering inten-
sity is observed for UHMWPE high-entangled films with re-
served shish crystals prepared by the compression
molding.*% A comparison of the two molding methods also
indicates that reserved shish crystals are more effective in in-
ducing the structural evolution of shish-kebab crystals in low-
entangled systems.

USAXS Results
To understand more clearly the changes of the growth and evo-
lution of shish-kebab crystals, we observe the growth and evo-
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lution of shish-kebab crystals on a larger scale by in situ USAXS.
Fig. 7 shows the in situ 2D USAXS patterns for UPE-dt200 and
UPE-dt133 stretched at different temperatures. As the stretch-
ing proceeds, both UPE-dt200 and UPE-dt133 show shuttle
shapes along the stretching direction. And UPE-dt133 shows
more distinct patterns during the later stages of stretching. The
shuttle shape observed in UPE-dt200 patterns is attributed to
the gradual evolution of shish crystals formed along the stretch-
ing direction, while the shuttle shape observed in UPE-dt133 is
attributed to the alignment of reserved shish crystals and newly
formed shish crystals along the stretching direction.

Fig. 8 shows the average lengths (L) and distributions
(Bg) of shish crystals along the stretching direction for UPE-
dt200 and UPE-dt133 stretched at different temperatures.
UPE-dt200 shows a gradual decrease in Ly, and Bg. This is
due to that the molecular chains are easily disentangled from
the amorphous region and involved in the evolution from
lamellae to shish-kebab crystals during the initial stage of hot
stretching, during the later stage of hot stretching, only new,
shorter shish crystals can be formed from the remaining
molecular chains which are difficult to disentangle,221 and the
decrease of By is caused by the continuous alignment of shish
crystals along the stretching direction during the hot stretch-
ing. In contrast, UPE-dt133 shows an initial increase followed
by a decrease in Ly, during the hot stretching, the initial in-
crease of Lg,g, suggests that the alignment of reserved shish
crystals along the stretching direction during the hot stretch-
ing, as stretching proceeds, newly formed shish crystals are
formed with a shorter L, than the reserved shish crystals,
resulting in a decrease in Lgy;e,.138 During the hot stretching,
both reserved and newly formed shish crystals gradually align
along the stretching direction, resulting in a decrease in By.
Comparing the results for Ly, and By between UPE-dt133
and UPE-dt200 at different stretching temperatures, it is ob-
served that the transition point of Lg;s in UPE-dt133 is earli-
er than that in UPE-dt200. This provides further evidence that

Strain=" 0% 50% 100% 150% 200%

250%
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UPE-dt133 starts the transition of shish-kebab crystals at a
lower strain, which confirms the role of reserved shish crys-
tals in promoting crystal transition. Additionally, the Ly, can
be calculated for UPE-dt133 when stretched at 120 and 130 °C
with a strain of 50%, but a higher strain of close to 100% is re-
quired when stretched at 100 and 110 °C. This also confirms
that the increased mobility of the molecular chains when
stretched at 120 and 130 °C allows easier alignment of the re-
served shish crystals along the stretching direction during the
hot stretching. And these reserved shish crystals, which align
faster along the stretching direction, can also better induce
the surrounding newly formed crystals to align along the
stretching direction, which accelerates the transition of new-
ly formed crystals into shish-kebab crystals. In contrast, high-
entangled films with reserved shish crystals prepared by com-
pression molding do not show a significant decrease in the
later stage of stretching,3? indicating that the high-entan-
gled molecular chains do not disentangle during the hot
stretching to promote the formation of new shish crystals. As
a result, the structural evolution of low-entangled films pre-
pared by gel molding with reserved shish crystals shows a
faster structural evolution.

WAXD Results
Fig. 9 shows the in situ 2D WAXD patterns for UPE-dt200 and
UPE-dt133 stretched at different temperatures, with the stretch-
ing direction being the meridian direction. The (110) and (200)
crystalline planes of the PE orthogonal crystal system can be
found from the inside out. As the stretching proceeds, the
diffraction signals along the meridional direction gradually
weaken, while the diffraction rings along the equatorial direc-
tion increase gradually, forming diffraction arcs and finally trans-
forming into diffraction points.

Fig. 10 shows the crystallinity, the lateral size and orienta-
tion changes of the (110) crystal plane of UPE-dt200 and UPE-
dt133 stretched at different temperatures. Before hot stretch-
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Fig.8 Average shish length and distribution angle of UPE-dt200 and UPE-dt133 stretched at different temperatures.
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Fig. 9 In situ 2D WAXD patterns of UPE-dt200 and UPE-dt133 stretched at different temperatures: (a) UPE-dt200st100, (b) UPE-
dt200st110, (c) UPE-dt200st120, (d) UPE-dt200st130, (e) UPE-dt133st100, (f) UPE-dt133st110, (g) UPE-dt133st120, (h) UPE-dt133st130.

https://doi.org/10.1007/510118-024-3143-3


https://doi.org/10.1007/s10118-024-3143-3
https://doi.org/10.1007/s10118-024-3143-3
https://doi.org/10.1007/s10118-024-3143-3
https://doi.org/10.1007/s10118-024-3143-3
https://doi.org/10.1007/s10118-024-3143-3
https://doi.org/10.1007/s10118-024-3143-3
https://doi.org/10.1007/s10118-024-3143-3

Gao, J. W. etal./ Chinese J. Polym. Sci. 2024, 42, 1227-1242 1235

ing, the crystallinity of UPE-dt133 was consistently higher
than that of UPE-dt200, indicating that the reserved shish
crystals acted as nucleation points for crystal growth during
the isothermal process. Additionally, before the hot stretch-
ing, higher crystallinity was observed at 100 and 110 °C,
which were more conducive to crystal growth during the
isothermal process.[¥ The crystallinity of both UPE-dt200 and
UPE-dt133 shows a decrease and then increase when
stretched at 100 and 110 °C, with the decrease owing to the
crystal fragmentation and the subsequent increase owing to
the recrystallization. When the films were stretched at 120
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and 130 °C, a rapid decrease was followed by a slow decrease,
and then a rapid increase in crystallinity change. This result
further confirms that the increased mobility of molecular
chains when stretched at 120 and 130 °C leads to the melting
and recrystallization of crystals during stretching, resulting in
a faster decrease in crystallinity compared to crystal fragmen-
tation when stretched at 100 and 110 °C,*% and the slow de-
crease corresponds to the recrystallization to form some ini-
tial shish-kebab crystals that delay the decrease of crystallini-
ty.[#0 Figs. 10(a) and 10(b) show that the crystallinity increase
of UPE-dt133 is faster than UPE-dt200 when stretched at dif-
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Fig. 10 (a, b) Crystallinity, (c, d) (110) crystalline plane lateral size and (e, f) orientation changes for UPE-dt200 and UPE-dt133 stretched

at different temperatures.
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ferent temperatures. This also confirms that the reserved
shish crystals can accelerate the formation and evolution of
shish-kebab crystals, which is consistent with the mechanical
results. Figs. 10(c) and 10(d) show the change of lateral size of
UPE-dt200 and UPE-dt133 stretched at different tempera-
tures. Before the hot stretching, UPE-dt133 and UPE-dt200 ex-
hibit a larger initial lateral size when stretched at 120 and 130
°C, which is due to the higher temperatures favoring the
growth of lamellae. In the early stages of the hot stretching,
UPE-dt133 and UPE-dt200 show a gradual increase in lateral
size when stretched at 120 and 130 °C, this result is owing to
the recrystallization followed by crystal melting. Whereas a
small decrease was observed when stretched at 100 °C, sug-
gesting that the crystal changes are dominated by the crystal
fragmentation when stretched at 100 °C, which is consistent
with the continuous decrease in crystallinity at this tempera-
ture. As the stretching proceeds, UPE-dt133 and UPE-dt200
show a rapid decrease in lateral size when stretched at differ-
ent temperatures, the decrease in the lateral size corre-
sponds to the evolution from lamellae to shish-kebab struc-
tures, which is consistent with the rapid increase in crystallini-
ty. Additionally, Figs. 10(c) and 10(d) show that the decrease
in lateral size for UPE-dt133 at different stretching tempera-
tures occurred earlier than for UPE-dt200. This also indicates
that the reserved shish crystals accelerate the formation and
evolution of shish-kebab structures, which is consistent with
the change in crystallinity.

In the preceding SAXS results, we investigated that the
faster increase of Iq,/lg, for UPE-dt133 than UPE-dt200
stretched at different temperatures was attributed to the ac-
celerated transformation of crystals along the stretching di-
rection because of reserved shish crystals. This finding is fur-
ther supported by the WAXD results. Figs. 10(e) and 10(f)
show the orientation changes of (110) crystal plane along the
stretching direction for UPE-dt133 and UPE-dt200 stretched
at different temperatures. During the initial stages of stretch-
ing, the orientation increased continuously, while in the later
stages of stretching, it approached a plateau. Notably, the ori-
entation reached values greater than 0.9, which indicates a
highly oriented crystal structure. Before reaching a strain of
200%, the UPE-dt133 showed a faster orientation change
than UPE-dt200 at all stretching temperatures except 100 °C.
This indicates that the reserved shish crystals can induce crys-
tal orientation along the stretching direction during the early
stages of stretching, and the lower orientation observed for
UPE-dt133 stretched at 100 °C is attributed to the lower tem-
perature, which has a decreased mobility of molecular chains
compared to 110-130 °C, resulting in a slower induction of
crystal orientation by reserved shish crystals. While reaching a
strain of 200%, UPE-dt133st100 exhibited a faster increase in
orientation compared to UPE-dt200st100, which is due to the
crystals growing around the reserved shish crystals gradually
aligned along the stretching direction. Furthermore, UPE-
dt133 reached a highly oriented crystal structure faster than
UPE-dt200 stretched at different temperatures. And UPE-

Fig. 11 SEM morphologies of UPE-dt200 and UPE-dt133 stretching to 100% and 300% at different temperatures. (a) UPE-dt200-0%, (b) UPE-
dt133-0%, (c;) UPE-dt200st100-100%, (d;) UPE-dt200st110-100%, (e;) UPE-dt200st120-100%, (f;) UPE-dt200st130-100%, (g;) UPE-dt133st100-
100%, (h;) UPE-dt133st110-100%, (i;) UPE-dt133st120-100%, (j;) UPE-dt133st130-100%, (c,) UPE-dt200st100-300%, (d,) UPE-dt200st110-300%,
(e,) UPE-dt200st120-300%, (f,) UPE-dt200st130-300%, (g,) UPE-dt133st100-300%, (h,) UPE-dt133st110-300%, (i,) UPE-dt133st120-300%, (j,) UPE-

dt133st130-300%. Horizontal direction is the stretching direction.
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dt133 can reached a highly oriented crystal structure faster
when stretched at 120 and 130 °C because of the increased
mobility of molecular chains. The WAXD results indicate that
stretching at 120 and 130 °C resulted in faster evolution for
shish-kebab structures compared to 100 and 110 °C, and the
crystals aligned more easily along the stretching direction.
This further confirms that the reserved shish crystals can in-
duce the formation and evolution of shish-kebab crystals, par-
ticularly when stretched at 120 and 130 °C. In contrast, the
UHMWPE high-entangled film with reserved shish crystals
prepared by compression molding exhibit limited orientation.
In some cases, they even show lower orientation than films
without reserved shish crystals.3¥) UHMWPE low-entangled
films with reserved shish crystals prepared by gel molding ex-
hibit more significant increases in orientation, and the crys-
tals exhibit a highly oriented shish structures along the
stretching direction, particularly in the later stages of the hot
stretching. This further indicates that the UHMWPE low-en-
tangled films show more inducement in promoting structural
evolution during hot stretching.

Morphology Results

To provide a clearer description of the structural evolution in
UHMWPE low-entangled films with reserved shish crystals
stretched at different temperatures, Fig. 11 shows the SEM re-
sults of UPE-dt200 and UPE-dt133 before stretching, stretch to
100%, and 300%. Before hot stretching, the UPE-dt200-0%
shows a morphology with disordered lamellae, while the UPE-
dt133-0% shows a morphology with shish-kebab crystals. UPE-
dt133-100% showed shish-kebab crystals and gradually aligned
along the stretching direction when stretched at different tem-
peratures. Conversely, UPE-dt200-100% mainly showed lamel-
lae arrangements, which indicates that the reserved shish crys-
tals induced the formation of shish-kebab crystals during the
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initial stages of stretching. UPE-dt133-300% shows highly ori-
ented shish-kebab structures when stretched at different tem-
peratures, some of these well-oriented shish-kebab structures
are gradually transformed into shish crystals. In contrast, UPE-
dt200-300% shows that the shish-kebab crystals along the
stretching direction are not as uniform as those in UPE-dt133-
300%. The SEM results show that stretching at 120 and 130 °C
resulted in more orderly alignment of crystals along the stretch-
ing direction compared to stretching at 100 and 110 °C, which is
consistent with the SAXS and WAXD results. The average long
period and lamellae thickness of crystals measured from lots of
SEM images and the results are shown in Table S1 in the elec-
tronic supplementary information (in ESI), which further indi-
cates that the reserved shish crystals can promote the forma-
tion of well-organized shish-kebab crystals, and the shish-kebab
crystals have a tendency to transform into shish crystals when
stretched at 120 and 130 °C.

Melting Behavior Results

The above results indicate that the reserved shish crystals can
accelerate the structural evolution of UHMWPE films. To further
confirm the effect of reserved shish crystals on UHMWPE low-
entangled films, Figs. 12(a) and 12(b) show the DSC curves for
initial films and films stretched to different strains at 100, 110,
120 and 130 °C, respectively. The DSC curves of films with re-
served shish crystals (dark curves) show a significant shift to-
wards a higher temperature peak compared to those without
shish crystals (light curves) at different temperatures from 100%
to 300%. This indicates that the reserved shish crystals can ac-
celerate the evolution from lamellae to shish-kebab crystals dur-
ing the hot stretching. Additionally, the DSC results also show
that the melting peaks are broader when stretched at 120 and
130 °C compared to 100 and 110 °C, which is also caused by the
increased mobility of molecular chains when stretched at 120
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Fig. 12 DSC curves of UPE-dt200 and UPE-dt133 stretched to different strains at different temperatures and original UHMWPE films.

(a) 100 and 110 °C; (b) 120 and 130 °C.
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and 130 °C, which allows more molecular chains to participate in
the crystal growth and evolution, resulting in more shish-kebab
crystals transform into highly-oriented shish crystals that show
higher temperature peak. Compared to the UHMWPE film with
reserved shish crystals prepared by compression molding,?”!
UHMWPE low-entangled films with reserved shish crystals pre-
pared by gel molding show a higher temperature peak at 142 or
even 143 °C after stretching at different temperatures, indicat-
ing that the reserved shish crystals were more effective in induc-
ing structural evolution for highly oriented shish crystals in the
low-entangled system.

Breaking Strength and Young’s Modulus

Figs. 13(a) and 13(b) show the breaking strength and Young's
modulus of UPE-dt133 and UPE-dt200 after stretching at differ-
ent temperatures. It can be seen that UPE-dt133 stretched at
different temperatures shows higher breaking strength and
Young's modulus compared to UPE-dt200. This indicates that
the reserved shish crystals give a significant improvement in the
mechanical properties of the films, which is consistent with the
above conclusion that the reserved shish crystals can induce the
structural evolution of UHMWPE gel films. Additionally, the
breaking strength and Young's modulus show a higher value
when stretched at 120 and 130 °C compared to 100 and 110 °C
because of the shish-kebab crystals and the oriented lamellae
show a greater alignment along the stretching direction due to
the increased mobility of molecular chains, which result in a
more organized crystal structure after the hot stretching. Com-
pared to the UHMWPE high-entangled films with reserved shish
crystals prepared by compression molding,*® UHMWPE low-
entangled films with reserved shish crystals prepared by gel
molding show a 150% increase in breaking strength and a 600%
increase in Young's modulus. This results fully indicates that the
reserved shish crystals were more effective in promoting the
formation and structural evolution of highly oriented shish crys-
tals in the low-entangled system.

Mechanism of Structural Evolution of UHMWPE Low-
entangled Films with Reserved Shish Crystals during
Hot Stretching

The results of SAXS/USAXS/WAXD, SEM, DSC, breaking strength
and Young's modulus stretched at different temperatures indi-
cate that the reserved shish crystals can accelerate the forma-
tion and evolution of shish-kebab crystals, and the increased
mobility of molecular chains can further promote the structural
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[ UPE-dt133

Young's modulus (GPa)

100 °C 110°C 120°C 130°C
Fig. 13 (a) Breaking strength and (b) Young’s modulus after stretching at different temperatures for UPE-dt200 and UPE-dt133.

evolution of shish-kebab crystals. Fig. 14 shows the mechanism
of structural evolution of UHMWPE low-entangled films with re-
served shish crystals during hot stretching. Before crystallization,
there are molecular chains and reserved shish crystals in UPE-
dt133. During the crystallization, these reserved shish crystals
act as nucleation to induce the growth of shish-kebab crystals,
as a result, UPE-dt133 shows shish-kebab crystals and lamellae
before stretching, while UPE-dt200 only shows disordered
lamellae. In the middle stages of stretching, UPE-dt200 shows a
gradual alignment of lamellae along the stretching direction
when stretched at 100 and 110 °C, and the lamellae tend to
align more easily along the stretching direction when stretched
at 120 and 130 °C due to the increased mobility of molecular
chains. As the stretching proceeds, UPE-dt200 shows evolution
from lamellae to shish-kebab crystals with size reduced, and the
disentangled molecular chains promote the formation of new
short shish-kebab crystals, while stretching at 120 and 130 °C, in
addition to the evolution from oriented lamellae to shish-kebab
crystals, some highly oriented shish-kebab crystals gradually
transform into highly oriented shish crystals. In contrast, in the
middle stages of stretching, UPE-dt133 shows that the shish-
kebab crystals growing from the reserved shish crystals gradual-
ly align along the stretching direction with lamellae oriented
when stretched at 100 and 110 °C, while stretched at 120 and
130 °C, the shish-kebab crystals and the oriented lamellae show
greater alignment along the stretching direction due to the in-
creased mobility of molecular chains, resulting in small-sized
shish-kebab crystals, and the oriented lamellae gradually trans-
formed to shish-kebab crystals by the effect of the alignment of
shish-kebab crystals formed by reserved shish crystals along the
stretching direction. As the stretching proceeds, UPE-dt133
shows further orientation of shish-kebab crystals that growing
from the reserved shish crystals, and further transforming into
highly oriented shish crystals. Additionally, some oriented
lamellae surrounding the reserved shish crystals gradually trans-
formed into new shish-kebab crystals. While stretched at 120
and 130 °C, these shish-kebab crystals growing from reserved
shish crystals and newly formed shish-kebab crystals complete
their transformation from shish-kebab crystals to highly orient-
ed shish crystals, and the highly oriented lamellae during the
middle stretching not only transform into shish-kebab crystals,
but also a portion of the regular shish-kebab crystals derived
from lamellae undergo further transformation into shish crys-
tals, the transformation of shish crystals derived from retained
shish crystals and lamellae leads to highly oriented and well-
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Fig. 14  Structural evolution mechanism of UHMWPE low-entangled films with and without reserved shish crystals stretched at
different temperatures: (a) UPE-dt200-before crystallization, (b) UPE-dt200-100°C, 110 °C pre-stretching, (c) UPE-dt200-100°C, 110 °C mid-
stretching, (d) UPE-dt200-100°C, 110 °C post-stretching, (e) UPE-dt200-120°C, 130 °C pre-stretching, (f) UPE-dt200-120°C, 130 °C mid-
stretching, (g) UPE-dt200-120°C, 130 °C post-stretching, (h) UPE-dt133-before crystallization, (i) UPE-dt133-100°C, 110 °C pre-stretching,
(j) UPE-dt133-100°C, 110 °C mid-stretching, (k) UPE-dt133-100°C, 110 °C post-stretching, (I) UPE-dt133-120°C, 130 °C pre-stretching,
(m) UPE-dt133-120°C, 130 °C mid-stretching, (n) UPE-dt133-120°C, 130 °C post-stretching.

developed crystal structures in films after stretching at 120 and
130 °C. UHMWPE films with reserved shish crystals, prepared via
gel molding, exhibit enhanced structural evolution and proper-
ties in comparison to those prepared via compression molding.
The addition of paraffin oil and reserved shish crystals signifi-
cantly reduces molecular chain entanglement during the pro-
cessing of these films. Consequently, shish crystals align and ori-
ent more rapidly during hot stretching, resulting in a more im-
proved shish-kebab structure as evidenced by WAXD and SEM
results. Conversely, compression-molded films with reserved
shish crystals show a lower content of induced shish crystals,
with a gradual increase in Ly In contrast, the Ly, in gel-
molded films initially increases and then decreases, suggesting
the induction of numerous new shish-kebab crystals during hot
stretching. This abundance of highly oriented shish-kebab crys-
tals in gel-molded films contributes to improved thermal prop-
erties, breaking strength, and Young's modulus. Specifically, the
melting point of gel-molded films after stretching is higher (142
°C to 143 °C) compared to compression-molded films (138 °C to
139 °C), with a 150% increase in breaking strength and a 600%

increase in Young's modulus.3%4%!

CONCLUSIONS

In this study, UHMWPE low-entangled films with reserved shish
crystals were prepared by gel molding, using the dissolution dif-
ference between shish crystals and lamellae. The structural evo-
lution of UHMWPE low-entangled films with reserved shish crys-
tals stretched at different temperatures were investigated by in
situ SAXS/USAXS/WAXD measurements, as well as SEM, DSC,
breaking strength and Young's modulus properties measure-
ments. The results show that the reserved shish crystals can in-
duce the formation and structural evolution of shish-kebab
crystals for UHMWPE low-entangled films during the hot
stretching, resulting in faster structural evolution, and higher
thermal and mechanical properties compared to the UHMWPE
low-entangled films without reserved shish crystals. Additional-
ly, the reserved shish crystals are more effective in inducing the
formation and structural evolution of shish-kebab crystals when
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stretched at 120 and 130 °C. This is due to the increased mobili-
ty of molecular chains, resulting in a more oriented and orga-
nized crystal structure after 120 and 130 °C stretching. Com-
pared to UHMWPE high-entangled films with reserved shish
crystals prepared by compression molding, the reserved shish
crystals are more effective in promoting the formation and
structural evolution of shish-kebab crystals in the low-entan-
gled system. Consequently, the final thermal and mechanical
properties of UHMWPE low-entangled films with reserved shish
crystals prepared by gel molding are significantly improved. This
study not only further investigates the structural evolution
mechanisms of UHMWPE but also provides a new theoretical
and experimental basis for UHMWPE products prepared by gel
extrusion molding.
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