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Polymer nanocomposites with excellent physical and chemical properties and multifunctional performance have been widely used in various fields. Biaxial stretching is not only an advanced film manufacturing process, but also a deformation mode in other processing methods such as blow film extrusion and thermoforming. In recent research, high-performance polymer nanocomposites have been fabricated via sequential and simultaneous biaxial stretching. This fabrication method enhances the mechanical properties, optical performance, and thermal properties of polymer nanocomposites by changing the structure or orientation of materials during the process of stretching. Therefore, it is particularly suitable for use in optimizing material performance and preparing thin films with excellent properties in the packaging industry. With the emergence of new materials and technologies, polymer nanocomposites prepared by biaxial stretching have demonstrated multifunctional properties and their range of applications has further expanded. In this mini-review, the effect of biaxial stretching on the structure and properties of nanocomposites based on various nanofillers is discussed and applications are summarized. In addition, the challenges and future prospects of this technology are analyzed. The presented work will be beneficial for improving preparation processes and improving future research for the production of high-performance polymer nanocomposites.
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INTRODUCTION
Over the years, polymer composites reinforced with nanofillers have attracted significant attention. These materials are widely applied in medical equipment, electronics, and aerospace applications, and are used in wearable electronic devices, electromagnetic interference shielding, and for antistatic protection (Oladele et al., 2020; Guo et al., 2021). Nanofillers can provide polymers with new functionalities such as high electrical conductivity, dielectric properties, and a unique response to stimulation by light, thermal, pH, or magnetic fields. There may be slippage between surfaces of individual nanofillers in the absence of adhesive and polymers can be used as an adhesive to fix the nanofiller directional position and transfer the load between nanofillers efficiently (Christian et al., 2019). However, polymer nanocomposites produced by traditional synthesis methods such as solution processing, extrusion, or calendaring are always randomly oriented, which limits their properties. Improving the dispersion of nanofillers in polymer matrices and enhancing interface adhesion between the nanofiller and matrix are crucial strategies for the preparation of high-performance polymer nanocomposites (Lavagna et al., 2020; Min et al., 2020).
It is known that the improvement of polymeric mechanical properties via chain orientation is a simple and efficient strategy. Methods for achieving this include biaxial stretching, blow molding, extrusion, and melt spinning. Compared to conventional methods, the biaxial stretching process results in a high degree of orientation and regular alignment of chains by intermolecular friction (Li et al., 2020). The structure, orientation degree, and surface morphology of polymers can be changed by adjusting the stretching ratio (SR) of biaxial stretching to enhance strength and tensile modulus in the oriented direction (Soon et al., 2012; Mayoral et al., 2021). Molecular alignment of amorphous polymer chains in the oriented direction and strain-induced crystallization are also influenced by biaxial tension (Delpouve et al., 2012; Ouchiar et al., 2016; Van Berkel et al., 2018). Generally, the degree of molecular orientation, amount of strain-induced crystallization, and extent of amorphous chain confinement all affect the barrier performance and thermomechanical properties of polymer nanocomposites (Delpouve et al., 2012; Mayoral et al., 2021). Another benefit of biaxial stretching is the ability to disperse nanofillers in the polymer matrix without using compatibilizers (Xiang et al., 2015). Therefore, biaxial stretching is particularly suitable for use in optimizing polymer material performance and preparing thin films with excellent properties in the packaging industry.
Biaxial tension is not only an advanced composite manufacturing process, but also a deformation mode in other processing methods, such as blow film extrusion (Espinosa et al., 2016) and thermoforming (Mayoral et al., 2021). Moreover, the use of biaxial stretching in changing the structure, dispersion, and orientation of neat polymer materials to enhance performance has been widely studied for polymers including biaxially oriented polypropylene (Xing et al., 2019), biaxially oriented polyethylene (Chen et al., 2020), and biaxially oriented polyethylene terephthalate (Onyishi and Oluah, 2020). However, there is significantly less research on the performance and applications of biaxially oriented polymer nanocomposites.
This mini-review summarizes the effect of biaxial stretching on the structure and properties of polymer nanocomposites. The application of biaxially stretched polymer nanocomposites in the packaging industry is outlined and reported data of polymer nanocomposites in field applications are described and discussed. Moreover, the advances and challenges of producing polymer nanocomposites via biaxial stretching method are outlined.
BIAXIAL STRETCHING OF POLYMER NANOCOMPOSITES
With unique optical, electrical, thermal, and mechanical properties, nanomaterials have been reported as reinforcing materials for the fabrication of multifunctional nanocomposites combined with the process of biaxial stretching.
Polymer/Clay Nanocomposites
Polymer/clay nanocomposites, also known as polymer/layered silicate nanocomposites, have excellent electrical conductivity, magnetic properties, and thermal insulation properties. Moreover, the addition of clay can reduce gas permeability and flammability as well as improve mechanical properties (Singha and Hedenqvist, 2020; Kovačević et al., 2021). The Toyota Company produced a nylon 6/clay nanocomposite, finding a significant enhancement in modulus and strength with the addition of clay (Kojima et al., 1993). The most commonly used clays include saponite, montmorillonite (Liu et al., 2018), and hectorite. Figure 1A shows a schematic of biaxial stretching modes including simultaneous and sequential biaxial stretching. Taking clay/polymer nanocomposites as an example, Figures 1B–F illustrate the effect of biaxial stretching on the morphology and properties of clay/polymer nanocomposites.
[image: Figure 1]FIGURE 1 | (A) Schematic of biaxial stretching modes (SR = 3). TEM images: (B) unstretched sheet, (C) stretched sheet (SR = 3), magnification = 28,500, scale bar = 500 nm. (D) Tensile modulus of PP/clay nanocomposites (Abu-Zurayk et al., 2009). Effect of SR on (E) oxygen transmission rate and (F) water vapor transmission rate of biaxially stretched PET/clay, PETG/clay, and PET/PETG/clay nanocomposites (Wu et al., 2015).
The properties of polymer/clay nanocomposites mainly depend on the degree of exfoliation, content, and orientation of the clay (Chowreddy et al., 2019; Maria et al., 2011). From Figures 1B,C, it can be seen that for the biaxial stretching process of clay-filled nanocomposites, the initial biaxial tension causes the delamination of clay tactoids. Subsequent stretching reduces stack thickness, indicating that a higher degree of exfoliation occurred as SR increasing, and uniformly dispersed clay nanoparticles have an oriented arrangement in the direction of stretching. A 44% improvement in yield stress for 5 wt% clay-filled PP compared with pure PP at the same SR has been demonstrated (Abu-Zurayk et al., 2009). Furthermore, orientation distribution also becomes narrower with increasing SR (Abu-Zurayk et al., 2010). The presence of clay agglomeration can decrease the tensile properties of nanocomposites, which are more affected by the orientation of clay tactoids than the dispersion degree (Wang et al., 2007). Figure 1D shows that the addition of clay and biaxial tension does not enhance the tensile modulus of the composites until SR = 2.5 due to the presence of large tactoids under low strain tension, which has no effect on the tensile properties of the PP/clay nanocomposites. With an increase in SR above 2.5, the clay nanoparticle degree of orientation and degree of exfoliation increase, improving the tensile properties of the composites.
Soon et al. (2012) studied the morphology, mechanical properties, and barrier properties of biaxially stretched polyethylene terephthalate (PET)/mica nanocomposites, finding that the tensile process promoted the orientation and exfoliation of mica. The mechanical properties of the nanocomposites increased with an increase in SR. Furthermore, barrier properties improved with the addition of mica and the effect of drawing. Wu et al. (2015) also compared the tensile properties, optical performances, gas barrier properties, water vapor barrier properties, and cold crystallization behavior of biaxially stretched PET/clay, Poly (ethylene glycol-co-1,3/1,4-cyclohexanedimethanol terephthalate) (PETG)/clay, and PET/PETG/clay nanocomposite films. A significant enhancement in tensile, optical, and gas barrier properties was achieved due to the improved dispersion and orientation degree of clay platelets during the biaxial stretching process. Biaxial stretching improved the oxygen transmission rate performance of the PET/clay, PETG/clay, and PET/PETG/clay nanocomposite films by approximately 18, 45, and 34%, respectively, shown in Figure 1E. The water vapor transmission rate performance of PET/clay, PETG/clay, and PET/PETG/clay was improved by 32, 35, and 35%, respectively, shown in Figure 1F. Moreover, the biaxial tension process triggered a strain-induced crystallization in the amorphous PETG matrix and PET/PETG composite.
Polymer/Carbon Nanocomposites
With extraordinary electrical, mechanical, and thermal properties, carbon nanotubes (CNTs) have been widely studied since their first discovery (Iijima, 1991). CNTs are an ideal functional and reinforcing material, with ultra-strong mechanical properties that significantly improve the strength and toughness of polymer nanocomposites. The unique photoelectric properties of CNTs can also endow polymer nanocomposites with new photoelectric functionalities. The development of carbon nanotube networks in CNT/PP nanocomposites demonstrated a unique process of destruction and rebuilding of a conductive network during simultaneous biaxial stretching (Shen et al., 2012a; Shen et al., 2012b). Xiang et al. (2018) prepared multiwalled carbon nanotube/high-density polyethylene (MWCNT/HDPE) nanocomposites, showing that the processability and deformation stability of HDPE was significantly enhanced with the addition of carbon nanofillers (4 wt%) upon biaxial stretching (Table 1). At an SR of 3, the resistivity of a biaxially stretched MWCNT/HDPE nanocomposite increased by ∼108 compared with an unstretched sample, indicating that biaxial deformation resulted in the damage of conductive pathways in the composite material while interlacing or entanglement of the 1D MWCNTs was beneficial for rebuilding conductive network.
TABLE 1 | Effect of carbon nanofillers on the mechanical, electrical, and barrier properties of uniaxially, seq-biaxially, and sim-biaxially stretched polymeric nanocomposites.
[image: Table 1]Furthermore, uniaxially, sequential (seq-) biaxially, and simultaneous (sim-) biaxially stretched neat HDPE and MWCNT/HDPE nanocomposites were conducted to study the processability of HDPE with the addition of 4 wt% MWCNTs and the effect of tension on the final structure and properties of nanocomposites, as shown in Table 1. It showed that sequential biaxial stretching improved the tensile properties of nanocomposites effectively, due to more agglomerate disentanglement during stretching. A similar phenomenon had been reported for PP/CNT composite by Shen et al. (2012a). While the tensile properties of simultaneous biaxially stretched nanocomposites can be improved via reducing the strain rate, due to more disentanglement of the MWCNTs at a lower strain rate, therefore the resistivity of simultaneous biaxially stretched composites stretched at a lower strain rate increased by 1011 Ω cm (Xiang et al., 2015).
Graphene nanoplatelets (GNPs) are another exceptional two-dimensional carbon nanofiller. GNPs consist of single-atom thickness sp2 hybrid carbon sheets and have excellent mechanical and electrical properties (Pei et al., 2021; Wang and Shi, 2015; Yang B. et al., 2020). A biaxially stretched GNP/HDPE nanocomposite exhibited a 63% enhancement to Young’s modulus, with the oxygen permeability coefficient reduced to only 4.1 × 10−16 cm3 cm/cm2 s Pa at SR = 3, as shown in Table 1. Liu et al. (2020) prepared a polydimethylsiloxane (PDMS)/GNP composite film near the threshold concentration, finding that biaxial stretching effectively enhanced the sensitivity of the PDMS/GNP composite film by an order of magnitude compared with traditional uniaxial stretching. Traditionally prepared GNP/polymer nanocomposites often have poor dispersion, while the shear force during biaxial stretching is beneficial to improve the dispersion of nanofillers in polymer matrices (Shen et al., 2011).
As an amorphous carbon nanoparticle, carbon black (CB) has the characteristics of disordered graphite-like structure, small particle size, good conductivity, and strong ultraviolet absorption. CB/polymer nanocomposites with good mechanical, thermal, electrical, and chemical properties (Kausar, 2017; Azizi et al., 2019), are widely used in solar cells (Yue et al., 2016), super-capacitors (Xing et al., 2015), sensors (Yang H. et al., 2020), and electromagnetic shielding (Zhang et al., 2021). The morphology and dispersion state of CB particles are important factors affecting the properties of polymer composites. During biaxial tension, clustered CB can disperse more evenly in a polymer matrix. Compared with biaxially stretched pure HDPE, the stress at break (σb) of a biaxially stretched CB/HDPE nanocomposite at the same SR increased by 204% due to the intensive breakup of CB clusters (Table 1).
In conclusion, material processability, electrical properties, and barrier properties are affected by different carbon nanofillers, and biaxial tension affects the structure and properties of polymer/carbon nanocomposites. Moreover, there is also some research investigating the synergetic effect of hybrid carbon nanofillers to further improve the mechanical, tensile, barrier, and electrical properties of polymer nanocomposites with lower cost (Xiang et al., 2017; Xiang et al., 2020).
Polymer/Oxide Nanocomposites
The introduction of oxide nanoparticles to a polymer matrix for the enhancement of physical and mechanical properties has been widely studied. Uniformly dispersed nanoparticles can improve Young’s modulus, tensile strength, conductivity, and thermal capacity as well as significantly decrease polymer combustibility (Benabid et al., 2019; Deepalekshmi et al., 2019). However, these nanofillers may also result in increasing rigidity, leading to fractures or cracks and causing the degradation of the composite material’s properties (Tang et al., 2020; Goncharova Daria et al., 2021).
A study investigating the effect of biaxial orientation on the mechanical performances of PP/ZnO nanocomposites found that the addition of ZnO nanoparticles increased the polymer’s yield point, but biaxial orientation at a higher degree of deformation allowed the plasticity of the polymer nanocomposites to be maintained if a high content of ZnO nanoparticles were incorporated into the polymer matrix (Kechek’yan et al., 2018). Lepot et al. (2011) investigated the effect of introducing 0, 2, 5, and 7.5 wt% ZnO nanoparticles on the processing and properties of biaxially oriented polypropylene (BOPP)-ZnO nanocomposites, finding that the addition of ZnO nanoparticles improved mechanical and oxygen barrier properties of BOPP-ZnO nanocomposites. Figures 2A,B showed that the BOPP-ZnO films with 5 wt% ZnO had a good dispersion.
[image: Figure 2]FIGURE 2 | SEM images (A) Surface of ZnO-BOPP nanocomposite with spherical ZnO. (B) Cross-section of ZnO-BOPP nanocomposite (Lepot et al., 2011). TEM images of the (C) unstretched (1.0 × 1.0), (D) uniaxially stretched (3.0 × 1.0), and (E) biaxially stretched (3.0 × 2.0) PA6-66-MMT-NS films (Liu et al., 2019).
Uniaxially and biaxially stretched PA6-66-MMT-nanosilica composite films were prepared through a cast film process, finding that tension led to an oriented conformation of the MMT and nanosilica, as shown in Figures 2C,E.
From Table 2, for the uniaxially stretched films, the tensile strength in the stretching direction gradually increased with increasing SR, and the biaxially stretched nanocomposite films showed more balanced mechanical properties and thermal shrinkage along the machine direction and transverse direction compared with the uniaxially stretched composite (Liu et al., 2019).
TABLE 2 | The relative crystallinity (Xc), tensile strength, and thermal shrinkage of uniaxially and biaxially stretched PA6-66-MMT-nanosilica composites.
[image: Table 2]In conclusion, reinforced polymer/oxide materials combined with biaxial stretching can effectively enhance nanocomposite properties.
APPLICATIONS
The application classification of biaxially stretched nanocomposites is shown in Figure 3. The development of new polymer films for packaging and agricultural applications has recently attracted significant attention (Liu et al., 2014; Lai et al., 2020; Zhou et al., 2020). Studies have shown that the barrier properties and mechanical properties of polymer nanocomposites are enhanced after being biaxially stretched into films. Due to this, biaxially stretched polymer nanocomposites are widely used in the packaging industry (Shen et al., 2011; Youm et al., 2020; Li et al., 2021). Biodegradable polymers such as poly (butylene adipate-co-terephthalate) (PBAT) have the advantage of low environmental impact, but poor oxygen permeation and water vapor barrier properties limit their practical application (Falcão et al., 2017; Roy and Rhim, 2020). Well-dispersed and oriented nanofillers, such as GNPs and organically modified montmorillonite (OMMT), can efficiently improve the barrier properties of nanocomposites via biaxial stretching, revealing a promising solution (Xiang et al., 2017; Li et al., 2018). By way of example, Li et al. (2018) prepared a series of 0–13 wt% PBAT/OMMT nanocomposite films via film blowing and biaxial stretching, finding that the addition of 13 wt% OMMT significantly reduced water vapor permeation values and two technologies enhanced in-plane polymer chain alignment, which aligns OMMT particles. Furthermore, OMMT layers were better oriented parallel to film surfaces with biaxial orientation, indicating that biaxial stretching had the ability to improve the water vapor barrier properties more effectively. Also, research into PBAT/GNP nanocomposite films prepared by biaxially stretched orientation and rod scraping demonstrate that these films possess good barrier properties, UV-blocking properties, and aging performance (Li et al., 2021). These studies demonstrate the potential for the use of biaxially oriented and biodegradable nanocomposites in sustainably developed packaging and the agricultural industry. Moreover, biaxially stretched nanocomposites reinforced by nanometer-scale materials have the advantage of high transparency compared with the use of other fillers. Compared with traditional packaging materials, food and beverage packaging products produced with PET-mica nanocomposites are lighter. In addition, mica loadings (1, 2, and 5 wt%) have been shown to improve the mechanical properties of PET at high temperatures, which can be applied for hot filling of containers (Soon et al., 2012).
[image: Figure 3]FIGURE 3 | Applications of biaxially stretched nanocomposites.
Some research into the application of biaxially stretched polymer nanocomposites in sensors and electromagnetic interference (EMI) shielding has also been published. For instance, a sensor prepared near the threshold concentration (0.98 wt%) based on GNP/PDMS composite was reported for monitoring human motion. Biaxial stretching was shown to efficiently improve the sensitivity (gauge factor (GF) = 687.43) of the GNP/PDMS composite compared with uniaxially stretched sample (GF = 68.81). Furthermore, the biaxially stretched sensor showed excellent signal responses to various bending degrees of knee joint (Liu et al., 2020). The application of nanocomposite films assisted by biaxial stretching in EMI shielding has been studied recently. Wang et al. (2021) prepared nanocellular MWCNT/poly (ether-block-amide) (PEBA) nanocomposite films for high-performance EMI shielding applications with the assistance of biaxial stretching, finding that MWCNTs and biaxial stretching caused a greatly refined cellular structure. The cellular structure became more obviously refined with the increasing SR, leading to enhanced EMI shielding performance (shielding effectiveness up to 41 dB) and electrical conductivity. In addition, the conductive and flexible MWCNT/PEBA nanocomposite film with excellent absorption-dominated EMI shielding performance has potential in other applications such as lightning strike protection in aerospace due to the similar requirement on electrical conductivity.
DISCUSSION
According to literature, the orientation and structural changes of polymeric nanocomposites caused by the biaxial stretching process are clearly beneficial for enhancing material properties. Biaxial stretching can also be used to enhance the performance of more materials and their composites. Although sequential biaxial stretching and simultaneous biaxial stretching have been used to fabricate various polymer nanocomposites, there is still potential for optimization. To design multifunctional polymer nanocomposites, biaxial stretching and structure design can be combined.
Overall, the field of biaxially oriented polymer matrix nanocomposites is still in its infancy. The future development direction of biaxially oriented polymer nanocomposites should focus on optimizing the preparation process, reducing production costs, and improving the compatibility between nanofillers and polymer matrices. Furthermore, the potential application of biaxially oriented polymer nanocomposites in many fields has not been widely studied. Polymer nanocomposites prepared by biaxial stretching have significant potential practical value and broad development prospects.
CONCLUSION
In this mini-review, the effect of biaxial stretching on the properties of polymer composites with different nanofillers has been summarized. A suitable stretching ratio and careful choice of nanofiller can provide polymer nanocomposite materials with a unique structure and surface morphology as well as a high orientation degree to enhance mechanical, electrical, and barrier properties. As multifunctional high-performance materials, biaxially stretched polymer nanocomposites have a significant potential for application in the fields of packaging, strain sensors, and capacitors.
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