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Ultra-high molecular weight polyethylene (UHMWPE) films are widely used in high-performance
applications due to their excellent mechanical properties. However, understanding the structural
evolution, particularly the long-period structure under tensile fields, remains a challenge in both
practical use and processing. Here, we investigate the long-period structural evolution of biaxially
stretched UHMWPE films under tensile fields using time-resolved small-angle X-ray scattering. Our
results reveal distinct changes in the long-period structure during the stretching process. Initially, the
isotropic crystalline regions of UHMWPE align along the stretching direction, transitioning from a
diffuse scattering pattern to an ellipsoidal one. As stretching progresses, fibrillar crystals form,
dominating the scattering pattern with sharp, oriented features. In the later stages, fragmentation of
the fibrillar structure leads to smaller crystalline regions and a butterfly-shaped scattering pattern due
to rearranged lamellar structures. Based on these findings, we propose a new model that suggests a
reverse transformation from fibrillar crystals to lamellar crystals, contrastingwith the traditional “shish-
kebab” model. The reduced crystallinity, as shown by differential scanning calorimetry data, further
supports this structural transformation.

Since the introduction of the concept of “long-period structure” by Paul J.
Flory in his 1969 book “Statistical Mechanics of Chain Molecules”, it has
served as a crucial bridge for understanding the relationship between the
structure and macroscopic properties of polymer materials during proces-
sing and application1. As for semi-crystalline polymers, it is generally
observed that the original spherulitic structure undergoes irreversible
deformation from the yield point through to the large strain regime, gra-
dually transforming into a fibrous structure as plastic deformation propa-
gates. This transformation may involve a variety of phenomena, including
crystal slip, lamellae fracture, lamellae rotation, and interlamellar shear.
Initially, before reaching the yield point, the polymer deforms in an elastic to
viscoelastic manner, with structural changes being less pronounced than
those observed at large strains2. As deformation continues and the viscoe-
lastic phase concludes, yielding commences, leading to more significant
morphological alterations3. At this juncture, both the crystalline and
amorphous phases exhibit minor orientation changes. With the ongoing
increase in strain, the polymer transitions into the large deformation stage,
during which the melting and recrystallization of polymer crystals,

completed in the previous phase, result in the formation of long-period
structures interconnected by flexible amorphous regions. This long-period
structure typically induces a hardening phenomenon in the polymer under
further strain4.

For instance, the “Shish-kebab” structure, characterized by a
combination of lamellar and fibrous crystallites, serves as a quintes-
sential model of such long-period structures in typical semicrystalline
polymers such as ultra-high-molecular-weight polyethylene
(UHMWPE)5–7. This structure features a linear core surrounded by
plate-like lamellar crystals. Although this “kebab-like” morphology
was first observed in the mid-1960s8, the mechanisms underlying its
formation remain a topic of ongoing debate within the research
community. The formation of the lamellar-fibrous structure (Shish-
kebab) in UHMWPE is generally attributed to its crystallization in a
fluid state5; external flow causes orientation and extension of mole-
cules in a polymer melt and thus affects its crystallization kinetics,
structure, and morphology9. Therefore, this model provides a good
description of the long-period structural evolution in materials
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processed from the melt through shear, hot pressing, or stretching
orientation, such as UHMWPE hot-pressed films, uniaxially stretched
UHMWPE films, and UHMWPE fibers10–13. However, in the case of
biaxially stretched UHMWPE films, the material undergoes simulta-
neous stretching in two directions, resulting in a random arrangement
of crystalline regions without significant orientation in any particular
direction. This differs from traditional processing methods, such as
uniaxial stretching of UHMWPE films or the fabrication of UHMWPE
fibers, and leads to variations in the internal structure. Consequently,
the applicability of the conventional ‘shish-kebab’ structural model
may be limited in this scenario.

In our previous publication, we employed time-resolved wide-angle
X-ray scattering to examine the evolution of the stress-stabilized crystalline
structure in biaxially stretched UHMWPE films14. In this letter, we extend
our investigation to the long-period structure of the same material, The
results reveal a unique four-stage evolution pattern of biaxially stretched
UHMWPE films (Hereinafter referred to as “BS-UHMWPE” films) under
stress, which differs notably from the conventional “shish-kebab” model.
This study enhances the understanding of the structure-property relation-
ship between the material’s mesoscopic structure and macroscopic perfor-
mance, supporting the validation of processing methods and performance
tuning for specialized applications.

Result and discussion
In the upper corner of Fig. 1, we show all the TR-SAXS patterns of the
dumbbell-shaped (ISO: 37:1994 Type 4) BS-UHMWPE films prepared and
stretched at a constant rate of 2mm/min. Figure 1 presents the complete
evolution cycle of BS-UHMWPE membranes at the small-angle scale
during tensile deformation until fracture. The long-period structural evo-
lution can be divided into four distinct stages, as illustrated in Fig. 1b. Before
stretching, the sample exhibits an isotropic long-period structure scattering
signal. As the stretching progresses, the randomly oriented long-period
structure gradually transforms into an ordered structure aligned along the
stretching direction. With further stretching, sharper fibrillar crystalline
scattering patterns appear in the SAXS images. In the later stages of
stretching, lamellar signals perpendicular to the stretching direction emerge,
forming a “butterfly” SAXS pattern15. This long-period evolution pattern
differs from that observed in conventionally prepared UHMWPE films via
hot pressing (Fig. 1c). In hot-pressedUHMWPEfilmswhen stretched to the
point of fracture, the SAXS signal reveals only two states: transitioning from
a randomly oriented structure to a lamellar-like configuration. Given the
extensive studies on the long-period structural evolution of hot-pressed
membranes during tensile deformation, further discussion on this aspect
will not be provided here16–18. Notably, the structural evolution of BS-
UHMWPE membranes during tensile deformation is not confined to
changes in a single direction. Thus, a bidirectional structural analysis was
performed on the in situ SAXS experimental data for these membranes. To
enhance clarity, this study introduces the concepts of “polar direction” and
“equatorial direction”, supplemented by a schematic representation of the
corresponding integration regions, as illustrated in Fig. 1d.

First, integration of the 2D SAXS images along the equatorial direction
yields one-dimensional SAXS curves for the BS-UHMWPE membranes
during the strain process, within a scattering vector range of 0.1 to 1.0 nm−1.
As the stretching process progresses, the volume of the UHMWPE mem-
braneswithin thedetection area gradually decreases.Consequently, theone-
dimensional scattering intensity distribution of these samples was nor-
malized and Lorentz-corrected, with the results presented in Fig. 2a, The
figure illustrates the normalized Lorentz-corrected strength versus the
material strain rate “ε”. To facilitate further observation and description, a
projection image of Fig. 2a is shown in Fig. 2b. As stretching progresses, the
regular lamellar crystalline structure in the equatorial direction becomes
increasingly prominent. Importantly, the positions of the scattering peaks
do not shift with increasing strain, suggesting that the interspacing of the
long-period structure in this direction remains constant. The structural
parameters of the long-period arrangement can be estimated using the

following formula19:

dac ¼
2π
qmax

ð1Þ

Where, dac represents the long-period interspacing in the equatorial
direction, and qmax denotes the scattering vector at the maximum intensity
of the first-order scattering peak. Calculations yield an estimated long-
period interspacing of ~16.11 nm. Since the BS-UHMWPEmembranes are
semi-crystalline polymers, the crystalline thickness in the equatorial
direction can be determined using the one-dimensional correlation
function20 (Supplementary Note 1):

γðzÞ ¼
R1
0 h2JðhÞ cosðhzÞdh
R1
0 h2JðhÞdh ð2Þ

Where z denotes the location measured along a trajectory normal to the
lamellar surfaces, Here, h represents the scattering vector for Lorentz cor-
rection, and JðhÞdenotes the corresponding scattering intensity. For systems
with a structure of stacks of lamellae, the correlation function shows char-
acteristic features that allow the long spacing defined as the average thick-
ness of a lamella togetherwith one interlamellar amorphous layermeasured
along the lamellar normal to be determined

For systems consisting of stacked lamellae, the correlation function
exhibits characteristic features that enable the determination of the long
spacing, defined as the average combined thickness of a lamella and its
adjacent interlamellar amorphous layer, measured along the normal to the
lamellae. As illustrated in Fig. 2c, the first maximum of the γ(z) function
corresponds to the long-period length of the lamellar structure. At this
point, the calculated long-period length is 16.05 nm, which closely aligns
with the previous rough estimate of 16.11 nm. From a chemical standpoint,
the spacing is a result of the polymer chains packing into extended crys-
talline structures, with the size of the crystalline domains and the amor-
phous regions depending on the molecular weight of the polymer and the
processing conditions. The observed periodicity of ~16 nm is consistent
with typical lamellar thicknesses found in highly crystalline polyethylene21.
The intersection between the tangent to the initial rising part of the one-
dimensional correlation function (as indicated by the dashed line in Fig. 2d)
and the tangent at the top of the firstminimum is indicative of the thickness
of the amorphous region, where the crystallinity exceeds 50%. At this stage,
the thickness of the amorphous region, da, is determined to be 7.01 nm. In
contrast, the thickness of the lamellar crystalline region in the equatorial
direction is calculated as dc=dac− da = 9.04 nm.

The structural evolution in the fibrillar crystalline region (polar direc-
tion) canalsobe further analyzed throughfitting. Since thisdirectionexhibits
more pronouncedorientation in the later stages of the stretching process, the
Ruland streak method will be employed for integration fitting (the detailed
derivation of the formula can be found in Supplementary Note 2)22,23:

s2B2
π=2ðsÞ ¼

1

L2
þ s2BΦ ð3Þ

Where BΦ represents the deviation angle between the oriented crystalline
structure (fibrillar crystals) and the axial direction, while L denotes the
length of the oriented crystalline structure.

Therefore, by slicing and fitting the SAXS scattering images along
different scattering vector s values, the relationship between B2

π=2ðsÞ and s2
can be obtained. SinceB2

π=2ðsÞ and s2 forma linear relationship, a linearfit of
the resulting data sets allows for the calculation of the fibrillar crystalline
length and misorientation angle in the polar direction. This analysis is
primarily focused on the mid-to-late stages of the stretching process of
UHMWPEfilms, as no significant oriented structureswere observed during
the early stages of stretching. Therefore, it is reasoned that at these early
stages, the scattering object shape in the polar direction does not conform to
the assumptions of this fitting method. The fibrillar crystalline length,
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misorientation angle, and the stress–strain curve of the UHMWPE film
during stretching, obtained through Ruland streak fitting, are shown in
Fig. 2d, e (In figure, BΦ represents the deviation angle between the oriented
crystalline structure (fibrillar crystals) and the axial direction, while L
denotes the length of the oriented crystalline structure).

When analyzing both figures together, it can be observed that during
the stress-hardening phase of the stress-strain curve, the fibrillar crystalline

length L in the polar direction initially increases and then decreases,
reaching a peak at ~400% strain. Further stretching leads to the gradual
fragmentation of the fibrillar crystals, resulting in the formation of smaller
fibrillar crystals. On the other hand, the misorientation angle of the fibrillar
crystals, which deviates from the stretching direction, does not follow the
same trend as the fibrillar length. Instead, the misorientation angle con-
sistently decreases throughout the stretching process, with its rate of change

Fig. 1 | In-situ SAXS patterns of BS-UHMWPE under stress fields exhibit a four-
stage evolution. a In-situ TR-SAXS pattern (The strain increases from left to right);
b SAXS pattern of the long-period structure of BS-UHMWPE film during the
stretching process; c SAXS pattern of the long-period structure of thermally pressed

UHMWPE film during the stretching process for comparison; d schematic repre-
sentation of the integrated regions and direction definitions of the scattering pattern
of BS-UHMWPE film.
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accelerating in the later stages of stretching. This phenomenon is partly due
to the orientation change induced by tensile strain, and partly because
smaller fibrillar crystals, formed after the fragmentation of larger ones, are
more easily oriented in the material under continued stretching.

Typically, the formation of the lamellar-fibrillar crystalline structure
(Shish-kebab) in UHMWPE materials originates from crystallization in a
fluid state5. Consequently, many studies have employed this model to
analyze and fit UHMWPE films17. A distinguishing feature of the Shish-

Fig. 2 | The evolution of long-period structure in BS-UHMWPE under stress
fields. a Laorenz-corrected one-dimensional SAXS intensity distribution curve;
b its projection (b): the vertical projection; c One-dimensional autocorrelation
function ofUHMWPE film at a strain of 450%;d Stress–strain curve ofUHMWPE
film during the stretching process (As part of a series of related studies, the
mechanical curves from the in-situ synchrotron small-angle scattering tensile

experiments have already been presented in our previous publication14); e Fiber
crystallite length andmisorientation angle obtained by Ruland-steak fitting; fDSC
melting enthalpy curves (Heat flow vs temperature) of UHMWPE material at
different stretching ratios, The smallfigure shows the phase transition temperature
points at each strain rate.
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kebab structure is that the length of the “shish” component is significantly
greater than that of the “kebab” component24. However, the fibrillar crys-
talline length and lamellar thickness obtained through the aforementioned
experiments do not align with the characteristics of the Shish-kebabmodel.
Therefore, this studyproposes anewhypothesis: inBS-UHMWPEfilms, the
lamellar and fibrillar crystalline structures originate from the same source
and can undergo mutual transformation.

Furthermore, by comparing the evolutiondataof the lamellar structure
in the equatorial direction (as shown in Fig. 2b) with the evolution data of
thefibrillar crystalline structure in thepolardirection (as shown inFig. 2e), it
can be observed that at around 400% strain, the lamellar content (scattering
intensity) gradually increases, while the fibrillar crystals fragment and

decrease in length. This phenomenon may further support the hypothesis
proposed in this study, suggesting that during the stretching process of BS-
UHMWPE films, a transformation betweenfibrillar and lamellar structures
may occur.

Another potential piece of evidence supporting this hypothesis is that if
the lamellar and fibrillar crystalline structures originate from the same source
and can undergo a mutual transformation, the overall crystallinity of the
material would not significantly increase during the straining process (as no
new crystalline structures are being formed). On the other hand, due to the
fragmentation of the fibrillar crystalline regions, the conversion rate would
not reach 100%, leading to a decrease in the overall crystallinity of the
material as strain increases. This hypothesis is confirmed by the DSC

Fig. 3 | Schematic representation of the variation model of the long-period structure of BS-UHMWPE film during the stretching process.
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experiment results shown in Fig. 2f. In the DSC experiment, the endothermic
heat flow primarily reflects the melting of the crystalline regions in BS-
UHMWPE films under different draw ratios. As seen in Fig. 2f, the melting
transition point shifts forward as the draw ratio increases, a phenomenon
believed to be related to the reduction in the material’s crystallinity.

For possible explanations of this phenomenon, some studies have
suggested that in highly entangled environments, the severe entanglement
of the amorphous regionsbetween lamellae canhinder the formationof new
crystals, thereby reducing the probability of crystal nucleation.Under tensile
fields, the probability of breaking the highly entangled network is relatively
low, allowing for less aggregation in both the original and newly formed
crystals, thereby limiting secondary crystal growth18.

Based on the above experimental results and hypotheses, this study
proposes a model for the long-period evolution of BS-UHMWPE films
during the stretching process to explain the long-period structural
changes under tensile stress. As shown in Fig. 3, in the initial stretching
phase, the BS-UHMWPE film exhibits uniformly arranged crystalline
regions, reflected in the SAXS images as a diffuse, circular scattering
pattern with no discernible order. As stretching progresses, the uniformly
distributed crystalline regions begin to align along the stretching direc-
tion, and the SAXS images display an ellipsoidal scattering pattern
oriented in the direction of the stretch.

Subsequently, the crystalline regions within the BS-UHMWPE film
undergo an orientation transformation, leading to the formation of fibrillar
crystals, as indicated by sharp, oriented scattering patterns in the SAXS
images, throughfitting,weobserved that thefibrillar crystal length gradually
increased froman initial value of 2 nm to amaximumof ~6 nm. In themid-
to-late stages of stretching, the fibrillar crystalline structure begins to frac-
ture, with smaller crystalline regions exhibiting a faster rate of dislocation
angle change. This suggests a rapid reorientation process in the smaller
crystalline regions. The rearranged, regularly oriented lamellar structure
formed during this process leads to a “butterfly-shaped” scattering pattern
in the SAXS images. In the later stages of stretching, due to the highdegree of
entanglement in the material, the increased resistance to crystalline motion
prevents any significant changes in the overall long-period structure, The
long-period dimension was found to be ~16 nm. At the same time, the
reduced secondary crystal growth and the fragmentation of the crystalline
regions contribute to a decrease in the overall crystallinity of the material.

Conclusion
In conclusion, based on the TR-SAXS fitting results of BS-UHMWPE film
under tensile fields, this study proposes a potential model to describe the
evolution of the long-period structure. Unlike the conventional “shish-
kebab” model, this model describes the possible reverse transformation
from fibrillar crystals to lamellar crystals in BS-UHMWPE films under
tensile stress. We hope that this research will contribute to a better under-
standingof the structural evolutionduring the processing and application of
BS-UHMWPE films, and support the validation of processingmethods and
performance tuning for specialized applications.

Methods
The biaxially stretchedUHMWPE film was supplied by GoodfellowGroup
Co. (thickness: 0.075mm, Mw: 6 × 106 g/mol, UK), The samples were
prepared through simultaneous stretching alongboth theXandYdirections
at the same time. (the schematic preparation method shown in Supple-
mentary Fig. 2). Prior to the experiment, which simulates the stress field in a
real-world application environment, the samples were immersed in ethanol
to remove surface dust and anypotential residual solvents. As a comparison,
UHMWPE membranes were prepared from UHMWPE resin (Mw:
5.7 × 106 g/mol), supplied by Shanghai LianleCorporation. Themembranes
were fabricated using a vacuum hot press (SY6210-ZB, Shiyan Precision
Instruments Co., Ltd.) at 160 °C and 10MPa for 1 h. The tensile experi-
ments were conducted at room temperature using an in-house designed
synchrotron radiation in-situ setup, manufactured by INSTEC. The device
schematic and setup are shown in Supplementary Fig. 1. This setup was

designed to simulate the material’s evolution under realistic stress
conditions.

The lattice information of thematerial has been previously disclosed14.
In its initial state, the material’s wide-angle diffraction shows a relatively
orderly orthorhombic crystal form, suggesting that the possibly residual
stresses likely have minimal impact on the synchrotron small-angle X-ray
scattering results. Time-resolved small-angle X-ray scattering (TR-SAXS)
was employed to investigate microstructural changes occurring at larger
length scales, enabling an in-depth analysis of the relationship between
applied stress and the resulting morphological adaptations in BS-
UHMWPE films. The TR-SAXS data were acquired at the 10U1 beam-
line of the Shanghai Synchrotron Radiation Facility. Comprehensive char-
acterization and fitting analyses were performed on the two-dimensional
small-angle scattering patterns using various computational methods,
allowing us to elucidate the anisotropic characteristics of the long-period
structure. This approach provided detailed insights into the structural
evolution along two distinct orientations.

Data availability
All relevant data are available from the authors upon request.
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