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Abstract: Ultra high molecular weight polyethylene (UHMWPE) is a thermoplastic high-performance polymer 

in high demand for biomedicine, ship and machine building, anthropomorphic robots and smart prostheses. 

Highly oriented UHMWPE fibers possess record specific strength and may also be used for the fabrication of 

self-reinforced PE-PE composites (SRPEC). The temperature evolution study of the small-angle X-ray scattering 

(SAXS) signature of the supramolecular structure of UHMWPE can help reveal their important role in the 

mechanism of the shape memory effect in SRPEC. The laboratory SAXS–WAXS beamline XEUSS 3.0 was used 

for in situ studies of the nanostructure parameters in unidirectional SRPEC. Namely, the radius of gyration and 

the dimensionality factor were extracted from 2D SAXS patterns using several fitting algorithms. Significant 

changes of these parameters occurred in temperature ranges that correspond to the initiation of the shape 

memory effect and melting. The relationship between the material anisotropy and 2D SAXS patterns are 

discussed in the context of the supramolecular structure evolution. 

Keywords: self-reinforced composite (SRC); ultra-high molecular weight polyethylene (UHMWPE); in situ 

heating; nanostructure; SAXS-WAXS; shape memory effect (SME) 

 

INTRODUCTION 

The typical molecular backbone of ultra high molecular weight polyethylene (UHMWPE) 

contains from a few to tens hundred thousand –[CH2]– units. Free molecule ends occur very rarely, 

and this peculiarity of the molecular structure predetermines the most known meritorious properties 

of UHMWPE – the chemical (and hence biological) inertness, very low friction coefficient (and hence 

high wear resistance), high fracture toughness [1] and the ability to recover the original shape upon 

heating, i.e. the temperature shape memory effect (SME). The supramolecular structure, i.e. the 

manner of molecule spatial organization, is the next up hierarchical dimensional level that includes 

the crystalline and non-crystalline domains of nanometer to micrometer size. Supramolecular 

structure is formed during synthesis and processing and may vary significantly. In UHMWPE, it 

causes the variation of the elastic moduli and strength over a few orders of magnitude [2]. The 

supramolecular structure of UHMWPE is diverse and can be described as lamellar, spherulitic, shish-

kebab, etc. [3]. In the case of shape memory effect, the supramolecular structure of UHMWPE 

manifests itself in different values of recovery stresses and strains, and the variation of the activation 

temperature when the shape memory effect is triggered. 

The characterization of the supramolecular structure is a challenging task since X-ray diffraction, 

SEM, TEM, AFM techniques often fail to provide unambiguous information due to the difficulties in 

sample preparation, while the theoretical approaches – density functional theory (DFT), molecular 

dynamics (MD) [4,5] – leave wide gaps for validation and interpretation. Nevertheless, the tuning of 

the shape memory effect through the modification and control of the supramolecular structure is of 
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particular practical interest in connection with SME-driven artificial muscles for smart prostheses, 

anthropomorphic robots and energy harvesting that promise many successful applications. 

A successful example of the great potential of supramolecular structure engineering in 

UHMWPE are the highly oriented UHMWPE fibers that possess world record specific strength and 

are used in high performance ropes. Moreover, highly oriented UHMWPE fibers provide an ideal 

reinforcement of polyethylene matrix giving birth to the so-called self-reinforced PE-PE composites 

(SRPEC) [6]. We recently proposed a technique for the fabrication of “matrix-free” SRPEC where 

matrix is obtained via the local partial melting of unidirectionally laid-out oriented fibers [7] and 

shows the best matrix-fiber adhesion. The interweaving of molecules at the boundary of fibers during 

melting and the formation of the new supramolecular structure at the boundary after melting and 

cooling determine the fiber-matrix adhesion and thus the overall composite strength. 

We report the results of in situ SAXS studies of SRPEC that was heated up to premelting 

temperature (140° C) inside the Linkam HFSX350+RH compact heating chamber mounted in the X-

ray beam path of the laboratory SAXS-WAXS beamline XEUSS 3.0. A series of 2D SAXS patterns was 

acquired which showed strong anisotropy. These 2D patterns were segmented into pie sectors 

(‘caked’), and after radial integration the 1D spectra were analyzed extract the nanostructure 

parameters – the radius of gyration and the dimensionality factor – using a number of fitting 

algorithms. These parameters were further used as initial inputs for secondary fitting of 2D patterns. 

Significant changes of these parameters take place in the temperature ranges that correspond to the 

shape memory effect triggering and melting. These new insights provide additional arguments for 

conceptual modelling of the supramolecular structure. 

MATERIALS AND METHODS 

The UHMWPE fibers Dyneema® SGX (DSM Dyneema, Heerlen, Netherlands) were cut and 

aligned together to form a layer in a stainless-steel mold base with the dimensions of 10.5×80 mm. 

The fibers have an average diameter of 15 μm and a linear density of 220 Dtex. The self-reinforced 

composite was produced through hot compaction at 170 °C temperature and 25 MPa pressure for 10 

min. A more comprehensive description of the procedure is available in an prior publication [8]. 

The thermal evolution of the nanostructure of the self-reinforced UHMWPE composite was 

studied using a laboratory X-ray beamline Xeuss 3.0 (Xenocs Inc, Grenoble, France) equipped with a 

dedicated temperature control stage Linkam HFSX350+RH (Linkam Scientific, Salford, United 

Kingdom). The in situ study included both wide-angle x-ray scattering (WAXS) and small-angle x-

ray scattering (SAXS) measurements captured at 50 mm and 900 mm sample to detector distances, 

respectively. Each 2D pattern was collected over a 10 min duration. The dataset was acquired across 

a temperature range from 23 °C (room temperature) to 140 °C (0.95𝑇௠ of this polymer) with 20 °C 

intervals. The sketch of the experimental setup is shown in Figure 1. The major axis of the elliptical 

SAXS scattering pattern or the longitudinal direction in real space corresponds to the fiber axis of 

SRPEC, while the scattering minor axis corresponds to the transverse direction in real space (across 

the fiber axis). 

 

Figure 1. The schematic diagram of the experimental setup. 
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The anisotropic scattering of the self-reinforced composite was analyzed using the 2D WAXS 

and SAXS patterns collected at room temperature, as illustrated in Figures 2a) and 2b). The 

subsequent data analysis was carried out separately for the longitudinal (minor axis) and transverse 

(major axis) directions by dividing each pattern into two sectors, as shown in Figure 2c). Every sector 

spanning the angle of 60° was azimuthally integrated. Next, we applied a Gauss function to fit every 

peak of the 1D WAXS profile and extract the peak position and full width at half maximum (FWHM). 

These estimates were used to determine the thermal expansion coefficient of both the amorphous and 

crystalline phases as well as the crystallite size. The example of multipeak fitting is illustrated in 

Figure 2d). The thermal expansion coefficient was calculated according to the formula 𝛼 = ଵௗ ⋅ ୼ௗ୼்,         (1) 

where 𝛼 is a thermal expansion coefficient [Kିଵ]; 
           Δ𝑑 is a change in interplanar distance [nm]; 
           𝑑 is a particular interplanar distance [nm]; 
           Δ𝑇 is a change in temperature [K]. 

The crystallite size was estimated according to the Scherrer equation [9] 𝐷 = ௄ఒ஻(ଶఏ) ୡ୭ୱ ఏ,         (2) 

where 𝐷 is the average size of the ordered (crystalline) domains [nm]; 
           𝐾 = 0.9 is a dimensionless shape factor, which actually varies from 0.62 to 2.08; 

           𝜆 is the X-ray wavelength [nm]; 
           𝐵(2𝜃) is line broadening at FWHM of a peak [rad]; 
           𝜃 is the Bragg angle [rad]. 

On the other hand, a generalized Guinier-Porod model [10]  ቐ𝐼(𝑄) = ொீೞ exp ቀ− ொమோ೒మଷି௦ ቁ  for 𝑄 ≤ 𝑄ଵ,𝐼(𝑄) = ஽ொ೏  for 𝑄 ≥ 𝑄ଵ,        (3) 

where 𝐼(𝑄) is the scattered intensity [a.u.]; 

          𝑄 is the scattering variable [nm-1]; 

          𝑄ଵ = ଵோ೒ ቀଷௗଶ ቁଵ/ଶ
 is a value, where the values of the Guinier and Porod terms and their slopes 

(derivatives) must be continuous [nm-1]; 

          𝑅௚ is the radius of gyration [nm]; 

          𝑑 is the Porod exponent; 

          𝑠 is the parameter, which helps model nonspherical objects; 

          𝐺 and 𝐷 are the Guinier and Porod scale factors. 
was used to fit each 1D SAXS profile as depicted in Figure 1e). This enabled the radius of gyration 

(𝑅௚) and dimensionality factor (3-𝑠) of the scattering particles to be extracted. In this case, the radius 

of gyration means the root mean square distance of electron density increment from the center of 

mass of a scattering object. The ‘dimensionality’ parameter was introduced to describe non-spherical 

scattering objects, such as rods or lamellae. This empirical model has been validated, showing that 𝑠 = 0 corresponds to three-dimensional near equiaxed globular objects such as spheroids, 𝑠 = 1 is 

relevant for rods, and 𝑠 = 2 for lamellae (or platelets), respectively. 

Furthermore, a 1D correlation function analysis was utilized to find the ideal lamellar structural 

parameters like long period (𝐿), local crystallinity value and average hard block thickness (𝐿௖). The 

mathematical description for this analysis is documented in reference [11]. 
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Figure 2. The example of obtained 2D patterns acquired for self-reinforced UHMWPE: a) WAXS and 

b) SAXS. c) The schematic indication of the two sectors separated by the angle of 90° along the 

longitudinal (‘minor’ axis) and transverse (‘major’ axis) directions. The dimensionality data reduction 

by azimuthal integration: d) 1D WAXS profile (blue points) and fitted Gauss function to multiple 

peaks (pink line), e) 1D SAXS profile (red points) and fitted generalized Guinier-Porod model (black 

line). 

RESULTS AND DISCUSSION 

The combination of 2D SAXS and WAXS analyses reveals information regarding the crystalline 

structure, phase behavior, molecular packing, and orientation of the material at the nanoscale level. 

Additionally, it provides information about the size, shape, and distribution of nanoparticles or other 

nanostructures within the material. The evolution of the composite structure is reflected in the 2D 

SAXS and WAXS patterns shown in Figure 3a) and 3b), respectively. The elongation of the pattern 

along the ‘major’ axis is apparent, indicating molecular rearrangement and crystallite re-alignment 

during the heating process. 

 

Figure 3. The evolution of 2D a) SAXS and b) WAXS patterns during heating of the self-reinforced 

UHMWPE composite. 
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The azimuthally integrated profiles for the SAXS and WAXS patterns taken at temperatures of 

23 °C and 140 °C are established in Figure 4, highlighting the temperature effects on the amorphous 

and crystalline regions in SRPEC. Notably, the amorphous halo shift is significantly greater than 

crystalline one as observed in Figure 4c) and 4d). Moreover, different orientations of crystallites were 

detected in both the longitudinal and transverse directions of SRPEC. 

 

Figure 4. The average 1D profiles of SAXS and WAXS patterns taken at two temperatures: a) SAXS, 

longitudinal direction, b) SAXS, transverse direction, c) WAXS, longitudinal direction, d) WAXS, 

transverse direction. 

The temperature-dependent variations of the radius of gyration and the ‘dimensionality’ 

parameter are illustrated in Figure 5. The results obtained for the ‘major’ (transverse) axis exhibit 

insignificant changes with increasing temperature for both parameters. The radius of gyration 

slightly increases from about 3.0 to 3.4 nm over the entire temperature range, whereas the 

‘dimensionality’ parameter steadily increases from 2.8 to 2.9. Interestingly, both parameters have an 

anomaly point at 60 °C where the growth decelerates.  

On the other hand, the data determined for the ‘minor’ (longitudinal) axis demonstrate faster 

growth with local minima at 80 °C. As the result, the characteristic size of the nanostructure (radius 

of gyration) increases by ~1.5 times, from approximately 3.4 to 5.1 nm, while the ‘dimensionality’ 

parameter changes by 10 % from about 2.6 to 2.9. It is worth noting a transition in the nanostructure 

evolution that is observed at the temperature of ~80 °C, as the gradient of the parameters increases 

twofold. Additionally, the ‘dimensionality’ parameter exhibits a slight drop after reaching the 

temperature of 120 °C. 
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Figure 5. The temperature variation of (a) the radius of gyration and (b) the ‘dimensionality’ 

parameter for self-reinforced UHMWPE composite. 

The detected change in the slope of nanostructure evolution observed at 80 °C can be linked to 

the recognized onset of the SME that has been thoroughly studied for different types of UHMWPE 

[12]. The SME in UHMWPE, as well as in other semi-crystalline polymers, arises as the result of the 

interaction between its crystalline domains and amorphous phase. 

The crystalline regions in UHMWPE are distinguished by the regular chain folding into a lattice 

containing physical crosslinks and can be thought to act as “stiff blocks”, that may be thought of as 

somewhat analogous with the structure of other thermoplastic polymers [13]. These domains provide 

a reference structure and remain relatively stable during the SME process. The “programming” phase 

of the SME involves setting a temporary shape, whilst the crystalline regions act as ‘anchors’ to 

preserve the deformed shape during sample cooling. 

In contrast, the amorphous regions in UHMWPE are more mobile flexible/compliant and can be 

deformed relatively easily. When the polymer is heated to set a temporary shape and then cooled, 

the strained and aligned amorphous regions are “frozen” in the deformed state due to the anchoring 

effect of the crystalline domains. Upon reheating during the shape recovery phase, the increased 

mobility of the polymer chains in the amorphous regions allows the polymer to revert to its original 

configuration. The tendency of the amorphous chains to return to their lowest free energy state (i.e., 

their initial, undeformed state of higher entropy) provides the driving force for shape recovery. 

From a molecular perspective, the driving force behind the SME is the polymer chains 

propensity to return to their most favorable relaxed state. Deforming (ordering, texturing, alignment) 

the polymer decreases the entropy of the amorphous regions. When the stimulus (usually heat) is 

applied, the chains tend to revert to their original state, boosting the entropy and manifesting 

macroscopically as the SME [14]. 

The analysis of 1D correlation function is shown in Figure 6. It confirmed changes in dimensions 

that were identified in relation to the dependence on radius of gyration. Specifically, the long period 

of the lamellar structure increases from 21.5 to 25.5 nm in longitudinal direction and it remains 

permanent at 12.5 nm for transverse direction during temperature rise. Since the change of the 

average hard block thickness is small and relatively constant, we assume greater contribution of 

amorphous (soft) phase mobility because 𝐿௔ = 𝐿௣ − 𝐿௖. 
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Figure 6. The 1D correlation function analysis done for SAXS profiles obtained for a) longitudinal and 

b) transverse directions at 23 °C and 140 °C. 

As shown previously, WAXS analysis can provide complementary insights into the internal 

ultrastructure of polymer fibers [15]. In particular, the results of thermal expansion coefficient (TEC) 

as well as crystallite size for different crystal planes over temperature are shown in Figure 7. The 

thermal expansion coefficient of the amorphous phase is over ten times larger than that of the 

crystalline phase. This confirms a significant tendency for large changes of amorphous phase caused 

by temperature increase. Additionally, the TEC of the crystalline phase remains almost constant and 

independent of direction and temperature while amorphous TEC is consistently greater in the 

longitudinal direction than in the transverse direction up to 140 °C. Crystallite sizes also remain 

constant regardless of the direction and temperature. 

 

Figure 7. a) The temperature-dependent thermal expansion coefficient and b) crystallite size obtained 

for different planes in SRPEC. 

Summarizing experimental data on the described above parameters, we put forward a 

conceptual model of geometry and topology changes of the amorphous domain entrapped between 

hard crystalline domains that may be thought to resemble spiral springs (with decreasing density of 

coils when SME unfolds) or as auxetic twisted structures [16], or a combination of both, as shown in 

Figure 8. 
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Figure 8. The schematic illustration of a conceptual model of geometry and topology changes in 

SRPEC during heating: a) spiral spring structure, b) auxetic structure. 

This conceptual model needs to be explored further by attracting the full power of 

computational science to simulate 2D SAXS patterns, and also to estimate the entropic contribution 

to SME recovery. 

Overall, it became apparent from combined SAXS-WAXS analysis that in the case of highly 

aligned fibrillar structure of self-reinforced UHMWPE most significant changes occurred in the 

longitudinal direction. The observed increase in the radius of gyration can be associated with the 

expansion of amorphous regions that results in their considerably higher apparent thermal expansion 

coefficient. This effect alone can account for the shape recovery mechanism in these systems. 

CONCLUSIONS 

The present article investigated the thermal nanostructure evolution in self-reinforced 

UHMWPE composites. To accomplish this goal, a series of in situ SAXS-WAXS experiments was 

conducted. 

It was determined that the size of nanostructure as well as the ‘dimensionality’ parameter did 

not reveal significant changes along the ‘major’ axis during the heating process, in contrast with the 

results obtained for the ‘minor’ axis (longitudinal fiber direction). The observed temperature-

dependent relationships for this direction demonstrated more significant growth, with an apparent 

slope discontinuity corresponding to a mechanism change in the nanostructure evolution at 80 °C. 

Specifically, the radius of gyration increased 1.5 times while the ‘dimensionality’ parameter changed 

by 10 %. The detected anomalous behavior at 80 °C was attributed to the well-known shape memory 

effect. It has been established that the temperature range for this effect was from 80 °C to 120 °C. 

Understanding the phenomena of SME in UHMWPE is vital for optimizing and tailoring the 

shape memory behavior for specific applications. Adjusting the processing conditions or the structure 

of the UHMWPE, e.g., through blending or copolymerization, has the potential to allow fine-tuning 

of these phenomena to achieve the desired performance characteristics. 
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