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Abstract

:

The use of electromagnetic interference shielding materials in the mitigation of electromagnetic pollution requires a broader perspective, encompassing not only the enhancement of the overall shielding efficiency (SET), but also the distinct emphasis on the contribution of the absorption shielding efficiency within the total shielding efficiency (SEA/SET). The development of lightweight, biodegradable electromagnetic interference shielding materials with dominant absorption mechanisms is of paramount importance in reducing electromagnetic pollution and the environmental impact. This study presents a successful fabrication strategy for a poly(lactic acid)/polycaprolactone/multi-walled carbon nanotube (PCL/PLA/MWCNT) composite foam, featuring a uniform porous structure. In this approach, melt mixing is combined with particle leaching techniques to create a co-continuous phase morphology when PCL and PLA are present in equal mass ratios. The MWCNT is selectively dispersed within the PCL matrix, which facilitates the formation of a robust conductive network within this morphology. In addition, the addition of the MWCNT content reduces the size of the phase domain in the PCL/PLA/MWCNT composite, showing an adept ability to construct a compact and stable conductive network. Based on its porous architecture and continuous conductive network, the composite foam with an 80% porosity and 7 wt% MWCNT content manifests an exceptional EMI shielding performance. The SET, specific SET, and SEA/SET values achieved are 22.88 dB, 88.68 dB·cm3/g, and 85.80%, respectively. Additionally, the resulting composite foams exhibit a certain resistance to compression-induced deformations. In summary, this study introduces a practical solution that facilitates the production of absorption-dominated, lightweight, and biodegradable EMI shielding materials at scale.
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1. Introduction


With the rapid advancement of electronic information technology, a new era of highly integrated and powerful electronic devices has emerged. Consequently, electromagnetic pollution has become a critical issue as a result of the escalating problem. If electromagnetic pollution is not effectively managed via efficient electromagnetic interference shielding materials, it can adversely affect not only the functioning stability of the equipment, its service life, and its efficiency, but it can also have irreversible effects upon human health as well. Unlike metal counterparts, polymer-based EMI shielding materials have garnered considerable interest from both academia and the industry. The allure of these materials lies in their versatile design capabilities, lightweight nature, cost-effectiveness, and ease of processing [1,2,3,4]. Within this domain, the emergence of biodegradable polymer-based EMI shielding materials stands out as prominent contenders due to their intrinsic environmentally benign characteristics [5,6,7]. In the past few decades, polylactic acid (PLA), polybutylene succinate (PBS), polycaprolactone (PCL), and polybutylene adipate terephthalate (PBAT) have been combined with conductive or magnetic fillers like carbon black (CB), carbon nanotube (CNT), silver nanowire (SNW), MXene, and Fe3O4 to fabricate biodegradable polymer EMI shielding materials using techniques such as melt blending, solution mixing, and interface engineering [8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25]. Creating an unbroken and reliable conductive pathway stands as an essential prerequisite for polymer/filler composites to exhibit noteworthy electromagnetic interference (EMI) shielding capabilities. The conventional approach involves incorporating a higher proportion of conductive fillers into the polymer matrix to establish a continuous and stable conductive route. This, however, introduces elevated expenses and processing intricacies. Moreover, the escalating filler content exacerbates challenges in attaining a uniform dispersion within the polymer matrix, resulting in filler agglomerations that subsequently compromise both the EMI shielding efficiency and mechanical characteristics of the final composites. Addressing these concerns, researchers have proposed strategies for selectively dispersing fillers in multi-phase, multi-component systems by modulating interfacial interactions. This approach achieves low-cost, high-utilization filler incorporation and robust mechanical properties [26,27,28,29,30]. For instance, Xu et al. investigated the phase morphology effects on the electrical properties in PLA/PCL/Acid-CNT composites through varying the PLA/PCL ratios [26]. Optimal electrical conductivity was achieved at a 60:40 mass ratio, which was attributed to the selective dispersion of CNT in the PCL component, fostering the formation of a co-continuous structure. Similarly, Chen at al. introduced graphene oxide (GO) to immiscible PLLA/EVA systems, selectively dispersing GO at two-phase interfaces through π-π stacking interactions with CNT [30]. This led to significantly lower percolation thresholds in the PLLA/EV/CNT/GO composites, highlighting the efficacy of selective filler dispersion in reducing filler dosages. As demonstrated above, the selective dispersion of functional fillers in the co-continuous polymer blending system via interfacial engineering can indeed reduce filler dosages.



Central to EMI shielding effectiveness is the composition of the total shielding efficiency (SET), encompassing the absorption shielding efficiency (SEA) and the reflection shielding efficiency (SER). A higher proportion of SEA in SET reduces the reflected electromagnetic waves, which can compromise electronics. Thus, the quest for polymer-based EMI shielding materials necessitates a focus on not only augmenting SET, but also elevating the SEA/SET ratio, indicating a superior performance. To this end, creating porous structures in shielding materials has proven to be effective, whereby electromagnetic waves undergo repeated reflection, attenuation, and eventual absorption [31]. Several methods, including supercritical fluid foaming [32,33,34,35], particle leaching [36,37,38], phase separation [39,40,41], and freeze drying [42,43,44], have been developed for fabricating porous polymer-based shielding materials. Among these, particle leaching employing water-soluble inorganic salt particles as pore-inducing agents holds promise due to its scalability, controllable pore architecture, affordability, and potential for agent recycling.



In this study, we employ PCL and PLA as the biodegradable polymer matrixes and MWCNT as the conductive filler. The resultant PCL/PLA/MWCNT composites, characterized by selectively dispersed fillers, are achieved through traditional melt blending. Subsequently, these composites undergo further melt mixing with NaCl particles, followed by pore-inducing agent removal through water treatment, yielding PCL/PLA/MWCNT composite foams. To evaluate filler dispersion effects on conductivity, EMI shielding, and thermodynamic properties, we comprehensively investigate MWCNT dispersion through scanning electron microscopy (SEM), rheological measurements, differential scanning calorimetry (DSC), and thermogravimetric analysis (TGA). Through a comparative assessment of specific EMI SET and SEA/SET values between solid and porous composites, the advantages of pore structures in fabricating absorption-dominated and biodegradable polymer-based EMI shielding materials are highlighted. This study contributes to the understanding and advancement of lightweight, environmentally benign, and highly effective EMI shielding materials.




2. Experimental Procedure


2.1. Materials


The commercial polycaprolactone (PCL) CAPA 6500, which has an average molecular weight of 5.0 × 104 g/mol, a melting point of 60–65 °C, and a density of 1.02 g/cm3, was purchased from Perstorp Ltd. (Stenungsund, Sweden). Polylactic acid (PLA) 4032D, supplied by NatureWorks Ltd. (Plymouth, MN, USA), has a weight average molecular weight and density of 2.23 × 105 g/mol and 1.24 g/cm3. MWCNT NanocylTM NC7000 (Nanocyl SA, Sambreville, Belgium) was used in this study, and its average diameter, length, specific surface area, and carbon purity are 10 nm, 1.5 μm, 250–300 m2/g, and 90%, respectively. NaCl particles (GR) were provided by Sinopharm Group Chemical Reagents Co., Ltd. (Shanghai, China). The glacial acetic acid (AR) used in this study was purchased from Guangdong Guanghua Chemical Factory Co., Ltd. (Guangzhou, China). All raw materials were used without any additional treatment.




2.2. Samples Preparation


Figure 1 illustrates the preparation process of PCL/MWCNT composites, PCL/PLA/MWCNT composites, and PCL/PLA/MWCNT composite foams. Melt blending of PCL and MWCNT (PCL/MWCNT composites) was performed using a torque rheometer (Haake PolyLab QC, Thermo Fisher Scientific Co., Ltd., Shanghai, China) at a processing temperature, rotor speed, and mixing time of 100 °C, 50 rpm, and 5 min, respectively. The MWCNT mass fraction within the PCL/MWCNT composites was varied as follows: 1 wt%, 3 wt%, 5 wt%, and 7 wt%.



Similarly, PCL/PLA/MWCNT composites were prepared using the same method under a processing temperature of 180 °C, rotor speed of 50 rpm, and mixing time of 5 min. In these composites, the mass fraction of MWCNT was once again varied at 1%, 3%, 5%, and 7%, with PLA and PCL maintained in a balanced mass ratio (50/50).



The prepared PCL/PLA/MWCNT composites were further melt-blended with NaCl particles according to a volume ratio of 80:20 to obtain PCL/PLA/MWCNT/NaCl composites. The processing temperature, rotor speed, and mixing time were 180 °C, 50 rpm, and 5 min, respectively. The resultant PCL/PLA/MWCNT/NaCl composites were subsequently subjected to iterative deionized water washing, effectively eliminating the NaCl content and leading to the formation of the PCL/PLA/MWCNT foam. For the sake of clarity, the following designations were used throughout this study: PCL/xC for PCL/MWCNT composites; PCL/PLA/xC for PCL/PLA/MWCNT composites; and f-PCL/PLA/xC for composite foams containing PCL/PLA/MWCNT, with x indicating the mass percentage of MWCNT.




2.3. Methods of Characterization


Scanning Electron Microscopy (SEM). The cryo-fractured surface morphologies of PCL/xC, PCL/PLA/xC, and f-PCL/PLA/xC samples were observed using a HITACHI Regulus 8100 scanning electron microscope (SEM, Hitachi Scientific Instruments Co., Ltd., Beijing, China). To investigate the distribution of MWCNT in PCL/PLA/xC composites and the phase morphology evolution with MWCNT content, the cryo-fractured surface of PCL/PLA/xC composites was immersed in glacial acetic acid for 30 min to remove PCL phase. Subsequently, the surface was thoroughly rinsed with deionized water. All samples were completely dried and coated with a layer of gold before SEM observation.



Rheological Measurement. The rheological behavior of PCL/xC and PCL/PLA/xC composites were characterized using a rotational rheometer (MCR302, Anton Paar Instrument Co., Ltd., Shanghai, China) at 100 °C and 180 °C, respectively, employing a dynamic frequency sweep mode. The strain was set at 1%, and the frequency sweep ranged from 1 to 100 rad/s.



Differential Scanning Calorimetry (DSC). DSC experiments were conducted on each sample using a Netzsch DSC 214 (Netzsch Scientific Instrument Trading Co., Ltd., Shanghai, China). For PCL/xC and PCL/PLA/xC composites, approximately 7 mg of samples was subjected to heating from ambient temperature to 120 °C and 200 °C, respectively, at a constant rate of 10 °C/min under a N2 atmosphere.



Thermogravimetric Analysis (TGA). The thermal stability of PCL/xC and PCL/PLA/xC composites with varying MWCNT contents was assessed using a thermogravimetric analyzer (TGA 209F1, Netzsch Scientific Instrument Trading Co., Ltd., Shanghai, China) under nitrogen protection. Each sample, weighing about 7 mg, was heated from ambient temperature to 600 °C at a constant rate of 10 °C/min.



Mechanical Properties. Compression properties of f-PCL/PLA/xC samples were determined using an Instron 5566 universal mechanical testing instrument (Instron Test Equipment Trading Co., Ltd., Shanghai, China). Testing was conducted at a speed of 5 mm/min, and each sample underwent five tests at room temperature.



Electrical Conductivity. The electrical conductivity of solid and foamed samples was measured using a four-point probe resistivity measurement system (RTS-9, Guangzhou Four Probe Technology Co., Ltd., Guangzhou, China) and a high resistance meter (ZC36, Shanghai Anbiao Electronic Ltd., Shanghai, China).



Electromagnetic interference shielding efficiency (EMI SE). The EMI SE of PCL/xC, PCL/PLA/xC, and f-PCL/PLA/xC samples was quantified using a Ceyear 3672C-S vector network analyzer (Ceyear Technologies Co., Ltd., Qingdao, China) within the X-band frequency range (8.2–12.4 GHz). For measurements, all samples were cut into cuboid shapes with dimensions of 22.86 mm × 10.16 mm × 3.00 mm. EMI SE is defined by the following formula: SE = 10 logPi/Pt, where Pi and Pt represent the energies of incident and transmitted waves [3,45]. For example, a material with an SE of 20 dB means that 99% of the electromagnetic wave is shielded and only 1% of the energy is filtered through, which meets the commercial standard.





3. Phase Morphology and Crystal Structure


The rheological properties of the PCL/xC composites are presented in Figure 2. As illustrated in Figure 2a, the complex viscosity of the PCL/xC composites increases with the increasing MWCNT content across the tested frequency ranges, demonstrating a notable viscosity-altering impact of MWCNT on the PCL matrix. Furthermore, the complex viscosity of both the PCL and PCL/xC composites decreases with the increasing shear frequency, which is indicative of the shear-thinning non-Newtonian fluids’ behavior. With the increasing MWCNT content, the frequency-dependent tendencies of the storage modulus (G′) and loss modulus (G″) gradually weaken (Figure 2b,c). This implies that composites with an increased MWCNT content gradually transition from exhibiting liquid-like rheological characteristics to solid-like behavior, in contrast to the pure PCL matrix. In Figure 2d, the tan δ curve exhibits a downward shift upon the introduction of MWCNT. Additionally, the curve demonstrates a gentler slope as the MWCNT content increases, indicating a reduced frequency dependence of tan δ. This suggests the possible formation of a physical network of MWCNTs, serving as entanglements within the composites.



The results obtained from the DSC curves reveal that the incorporation of MWCNT induces a marginal elevation in the melting temperature and crystallinity compared to the pure PCL, which is primarily attributed to the heterogeneous nucleation effect (Figure 3a) [46,47]. Conversely, the TGA results (Figure 3b) indicate a slight reduction in the initial thermal decomposition temperature of the PCL/xC composites upon MWCNT addition, and a similar investigation was reported in [48]. This observation might be attributed to the facilitated heat transfer to the interior of the composites due to the established MWCNT network, thereby expediting the thermal decomposition. As expected, the residue mass of the PCL/xC composites progressively escalates with the increased MWCNT content. This phenomenon is predominantly ascribed to the presence of an undecomposed MWCNT filler.



Figure 4 displays the cryo-fractured surface SEM images of the PCL/xC composites. In contrast to the smooth morphology exhibited by the pure PCL (as depicted in Figure S1a), discernible MWCNT components are evident within the PCL/xC composite (visible as small white bright spots in Figure 4). As is well known, whether a complete and stable conductive network can be constructed will greatly affect the EMI shielding performance. It can be found that MWCNT achieves uniform dispersion in the PCL matrix even when the filler content is as high as 7%, which is conducive to the construction of a completely conductive network.



Figure 5a shows the electrical conductivity of both the pure PCL and the PCL/xC composites. The establishment of a conductive network through MWCNT incorporation results in the electrical conductivity of the PCL/xC composites being increased by approximately 11~12 orders of magnitude compared to the pure PCL (Table S1). Notably, for PCL/1C, when the MWCNT content is merely 1 wt%, the electrical conductivity attains 4.12 S/m, representing an increase of about 11 orders of magnitude from the 5.10 × 10−11 S/m exhibited by the pure PCL. However, with a subsequent increase in the MWCNT content, the increase trend in the electrical conductivity of PCL/xC composites demonstrates a gradual deceleration. For example, there is a transition from PCL/1C with a 4.12 S/m to PCL/7C with a 142.10 S/m when the MWCNT content is increased from 1 wt% to 7 wt%. The outcomes of the electrical conductivity tests harmoniously corroborate the findings from the SEM and rheological assessments. These results are largely attributed to the good dispersion of MWCNT, facilitating the formation of a relatively complete conductive network even at low filler loadings. Beyond this point, a further increment in the filler content no longer yields a clearly discernible qualitative effect on the integrity of conductive networks. In accordance with the public reports in the literature, the EMI SE of polymer-based shielding materials exhibits a positive correlation with electrical conductivity [2,3]. Figure 5b,c presents the EMI shielding performance of the PCL/xC composites. The EMI shielding performance across the tested frequency range of all the PCL/xC composites is stable, indicating a uniform distribution of the conductive network. As expected, the total EMI SE of the PCL/xC composites increases with the increasing MWCNT content, as demonstrated by the electrical conductivity test results. Furthermore, as shown in Figure 5c, the SEA is greater than the SER in the composition of the SET, demonstrating that the absorption loss is the principal mechanism for EMI shielding. It is noteworthy that despite the good electrical conductivity observed in the PCL/1C composite, its EMI SET is modest at only 6.68 dB. This phenomenon is essentially attributed to the propensity of EMW to penetrate through sparsely interconnected conductive networks (lower filler contents), whereas the possibility of EMW escape is significantly reduced within denser networks formed at higher MWCNT contents. Consistently, the EMI SET of the PCL/5C and PCL/7C composites surpasses the commercial requirement of 20 dB when the MWCNT content is increased beyond 5 wt%, reaching values of 22.75 dB and 32.07 dB, respectively [49].



Previous studies have reported that the introduction of a second polymer into the polymer/inorganic particle systems, along with tailoring interfacial interactions and system composition, can strategically regulate the distribution of inorganic particles [50]. This manipulation includes selective dispersion within a specific polymer or at the interface of immiscible blends. We thus incorporated PLA, which is also biodegradable, into the PCL/xC composites using melt blending techniques in order to achieve the selective dispersion of MWCNTs within one of the polymers. Figure 6 presents the rheological properties of the PCL/PLA/xC composites. Analogous to the PCL/xC composites, the PCL/PLA/xC composites also exhibit typical non-Newtonian fluid behavior with obvious shear thinning tendencies. As the MWCNT content increases, the association between the storage modulus (G′), loss modulus (G″), and frequency gradually diminishes, revealing that a filler network has formed inside the PCL/PLA/xC composite. Observations from Figure 7 display the influence of MWCNT on the thermal properties of the PCL/PLA/xC composites. The addition of MWCNT, attributed to the heterogeneous nucleation effect, yields a slight increase in the melting temperature and crystallinity of both the PCL and PLA components. In comparison to the PCL/PLA blend, the incorporation of MWCNT triggers a minor advancement in the initial decomposition temperature. This effect can be attributed to the presence of an MWCNT network that expedites the heat transfer process.



Figure 8 depicts the cryo-fractured surfaces of the PCL/PLA/xC composites, revealing the presence of a typical immiscible system between the PCL and PLA components. In comparison to the PCL/PLA blend (Figure S1b), the introduction of MWCNT brings about a significant reduction in the phase scale, with the domain size inversely correlated with the MWCNT content. This phenomenon is mainly due to the substantial viscosity contrast between PCL and PLA under the same processing temperature and shear field. As mentioned in the Section 2, the preparation of PCL/PLA/xC composites is obtained via melt mixing at 180 °C. Given the considerably lower viscosity of the PCL melt in comparison to the PLA melt, the resulting phase domain scale within the PCL/PLA composites tends to be larger. Indeed, the phase morphology of the polymer blends is markedly influenced by the viscosity ratio of each constituent component within specific temperature and shear fields. Interestingly, upon the introduction of MWCNT into the PCL/PLA system, the phase domain scale undergoes a rapid reduction. This behavior is likely attributed to the viscosification effect of MWCNT on the low-viscosity PCL components [51,52]. Notably, from Figure 8, it becomes apparent that regardless of the quantity of added MWCNTs, selective dispersion within one of the polymers prevails (as evidenced by the smooth cross section of the other polymer component). To gain a more detailed insight into the evolution of phase morphology, the PCL/PLA/xC composites were treated with glacial acetic acid to remove the PCL component. As shown in Figure 9, all composites (PCL and PLA with equal mass ratio) show a co-continuous structure. MWCNT was conspicuously absent at both the cross section of PLA and the interfaces of the two phases, substantiating the anticipated selective dispersion of MWCNTs within the PCL phase. This is consistent with the existing research conclusions of Tao et al. [53]. Additionally, the phase domain scale experiences a significant reduction with the increase in the MWCNT content, which corresponds well with the observations in Figure 8. Thus, the evolving phase domain scale can be attributed to the progressive increase in viscosity within the PCL/CNT component due to the selective dispersion of MWCNT. Under a consistent temperature and shear environment, the rheological properties of the PLA components remain unaltered, while the PCL/CNT components drive the transformation of the phase domain scale.



Figure 10 presents the electrical conductivity and EMI shielding properties of the PCL/PLA/xC composites. As evident in Figure 10a, the addition of MWCNT induces a remarkable improvement in the conductivity of the PCL/PLA/xC composites, which is attributed to the successful establishment of a continuous MWCNT network [47]. Furthermore, the electrical conductivity of the PCL/PLA/xC composites surpasses that of the PCL/xC composites containing the same quantity of MWCNT. Within the PCL/PLA/xC composites, MWCNT is preferentially dispersed within the PCL phase, which means that the concentration of MWCNT in the PCL/MWCNT component of the PCL/PLA/xC composites is significantly higher than that of the PCL/xC composites. The improved MWCNT concentration directly increases the contact probability of single MWCNT in the PCL matrix, thereby facilitating the formation of a dense and robust conducive network. Simultaneously, the PLA component contributes to volume occupation while engaging in a co-continuous structure with the PCL/xC component. This not only reinforces the strength and modulus of the resultant composites, but also capitalizes on these advantageous structural features. Benefiting from these structural enhancements, the total EMI SE of the PCL/PLA/xC composites exhibits a substantial improvement when compared to the PCL/xC composites with the same filler content. Once the MWCNT content exceeds 3 wt%, a satisfactory total EMI SE is achieved, satisfying the essential criteria for commercial applications. Notably, at an MWCNT content of 7 wt%, the SET value of the PCL/PLA/7C composite impressively reaches 39.06 dB. However, it is pertinent to highlight that the SEA/SET values of both PCL/PLA/xC and PCL/xC are relatively low. In order to obtain the EMI shielding materials dominated by absorption loss, the optimization and material structure resign are imperative to enhance the SEA/SET ratio [44,54].



Our previous works demonstrated that suitable porous structures within composites using an accessible strategy could result in a scenario where the EMW is subjected to repeated multiple reflections between pore walls, ultimately being absorbed. Therefore, we undertook the fabrication of porous f-PCL/PLA/xC by initially melt mixing the obtained PCL/PLA/xC composites with NaCl particles, followed by the removal of the pore-inducing agent. Figure 11 displays the observed porous structure via SEM, revealing the complete elimination of NaCl particles and the emergence of uniform porous structures. Notably, the advantages of using NaCl as a pore-inducing agent include a low cost, recyclable reuse, ease of processing, and suitability for large-scale preparation. Moreover, this method offers an enhanced control over structural parameters such as the pore size and porosity compared to alternative approaches [55]. The EMI shielding performance of the f-PCL/PLA/xC samples is shown in Figure 12. While the EMI SET value of porous f-PCL/PLA/xC is slightly below that of their solid PCL/PLA/xC counterparts, the SET of the f-PCL/PLA/7C sample remains at 22.88 dB, which meets the commercial standards. Notably, in Figure 12b, the SEA value in the f-PCL/PLA/xC samples significantly surpasses the SER value, indicating the predominant role of absorption loss in these porous shielding materials.



To illustrate the influence of the porous structure more obviously on the EMI shielding performance, we calculated the SEA/SET ratio and specific EMI SET values for f-PCL/PLA/xC foams and PCL/PLA/xC composites, respectively (as depicted in Figure 13).



Figure 13a shows the difference between the SEA/SET value of the two materials. Owing to the porous structure, the SEA/SET value of the f-PCL/PLA/xC foams is always higher than that of the PCL/PLA/xC composites. However, due to the presence of co-continuous structures in the PCL/PLA/xC composites, its own SEA/SET value is relatively high, so the absorption ratio of electromagnetic waves only has a small increase [8]. Notably, due to the density differential (f-PCL/PLA/xC being merely 20% of the solid PCL/PLA/xC), the latter exhibits a lower SET value. Furthermore, Figure 13b highlights the substantial enhancement in the specific EMI SET for the f-PCL/PLA/xC foams compared to the PCL/PLA/xC composites. For instance, the specific EMI SET of f-PCL/PLA/7C reaches as high as 88.68 dB/(g/cm3), which is about 2.92 times that of the PCL/PLA/xC composites (30.33 dB/(g/cm3)). In summary, the f-PCL/PLA/xC foams developed in this study not only exhibit high specific EMI SET, but also showcase absorption-dominated characteristics.



Finally, we further investigated the influence of MWCNT on the compressive properties of porous f-PCL/PLA/xC samples. From Figure 14 and Table S2, it can be observed that all f-PCL/PLA/xC foams exhibit a stable and consistent compression performance. The compressive yield strength and compressive modulus are positively correlated with the MWCNT content, attributing to the strengthening of MWCNT on the polymer matrix. When the MWCNT content increases from 1 wt% to 7 wt%, the compressive yield strength and compressive modulus increase by 76.9% and 226.4%, respectively. Although the rigid MWCNT has a certain strengthening effect on the polymer, the compressive yield strength of all samples is low due to the porosity of the composite foam up to 80%. Additionally, while the rigid MWCNT filler contributes to the reinforcement of the f-PCL/PLA/xC samples, it is worth noting that the presence of PLA also plays a strengthening role in this study. As a result, the impact of MWCNT becomes attenuated and less pronounced. Considering the porous characteristics of lightweight f-PCL/PLA/xC foams, its stable compression resistance can still meet the basic requirements of many practical applications.




4. Conclusions


In summary, we developed an effective, facile, and scalable strategy to fabricate light-weight, absorption-dominated, and biodegradable PCL/PLA/MWCNT composite foams for high-performance EMI shielding by combining melt mixing and particle leaching processes. The MWCNT content exhibits a significant influence on the phase morphology evolution, electrical conductivity, and EMI shielding efficiency. Compared with the PCL/xC binary composites, the PCL/PLA/xC ternary composites have higher conductivity and EMI shielding performance. This can be attributed to the formation of a co-continuous structure in the PCL/PLA/xC ternary composites, and more importantly, the MWCNTs are preferentially distributed in the PCL matrix, which greatly promotes the construction of a robust conductive network. In the case of a 7 wt% MWCNT content, PCL/PLA/7C shows good conductivity and EMI SET, up to 179.49 S/m and 39.06 dB, respectively. Moreover, the introduced porous structure further increases the SEA/SET of the sample compared with that of the solid sample, that is, the dominance of absorption loss is more prominent. Optimally, the specific SET and SEA/SET of the f-PCL/PLA/7C sample achieve 88.68 dB·cm3/g and 85.80%, respectively, which are better than 30.33 dB·cm3/g and 81.49% of the PCL/PLA/7C sample. Thus, the aforementioned conclusions of this work can provide a practical method and unique ideas for the structural design and fabrication of light-weight, absorption-dominated, superior EMI shielding performance and biodegradable polymer-based composite foams, and further widens their application in electronics, aerospace, automotive industries, and wearable intelligent electronic devices.
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Figure 1. Schematic diagram for the preparation of PCL/xC, PCL/PLA/xC, and f-PCL/PLA/xC samples. 
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Figure 2. Rheological properties of PCL/xC composites: (a) complex viscosity, (b) storage modulus, (c) loss modulus, and (d) tan δ. 
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Figure 3. DSC (a) and TG (b) heating curves of PCL/xC composites. 
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Figure 4. SEM images of cryo-fractured surfaces of PCL/xC composites: (a,a’) PCL/1C, (b,b’) PCL/3C, (c,c’) PCL/5C, and (d,d’) PCL/7C. 
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Figure 5. Electrical conductivity and EMI shielding performance of PCL/xC composites: (a) electrical conductivity, (b) EMI SET curves, and (c) the correspondingly averaged SER, SEA, and SET. 
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Figure 6. Rheological properties of PCL/PLA/xC composites: (a) complex viscosity, (b) storage modulus, (c) loss modulus, and (d) tan δ. 
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Figure 7. DSC (a) and TG (b) heating curves of PCL/PLA/xC composites. 
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Figure 8. SEM images of cryo-fractured surfaces of PCL/PLA/xC composites: (a,a’) PCL/PLA/1C, (b,b’) PCL/PLA/3C, (c,c’) PCL/PLA/5C, and (d,d’) PCL/PLA/7C. The red arrow represents the PCL phase region and the blue arrow represents the PLA phase region. 
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Figure 9. SEM images of PLA phase morphology after removing the PCL region using glacial acetic acid: (a,a’) PCL/PLA/1C, (b,b’) PCL/PLA/3C, (c,c’) PCL/PLA/5C, and (d,d’) PCL/PLA/7C. 
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Figure 10. Electrical conductivity and EMI shielding performance of PCL/PLA/xC composites: (a) electrical conductivity, (b) EMI SET curves, and (c) the correspondingly averaged SER, SEA, and SET. 
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Figure 11. SEM images of cryo-fractured surfaces: (a,a’) f-PCL/PLA/1C, (b,b’) f-PCL/PLA/3C, (c,c’) f-PCL/PLA/5C, and (d,d’) f-PCL/PLA/7C. 
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Figure 12. EMI shielding performance of various f-PCL/PLA/xC samples: (a) EMI SET curves and (b) the correspondingly averaged SER, SEA, and SET. 
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Figure 13. Comparison of EMI shielding performance of PCL/PLA/xC and f-PCL/PLA/xC: (a) SEA/SET and (b) the calculated thickness-averaged specific EMI SET. 
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Figure 14. Compressive properties of various f-PCL/PLA/xC samples: (a) stress–strain curves and (b) compressive yield strength and compressive modulus. 
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