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Abstract

:

Poly (lactic acid) (PLA) was blended with poly (vinyl alcohol) (PVA) in the composition of 70/30 (L7V3), 60/40 (L6V4), and 50/50 (L5V5) wt.%. L7V3 exhibits a sea–island morphology, while L6V4 and L5V5 show co-continuous phase morphologies. These polymers exhibited a solitary glass transition temperature, which obeyed the Fox equation. Thereafter, the blends were made porous by an etching process in hot water (35 °C) for 0–7 days, to remove PVA. The maximum etched PVA content of L7V3, L6V4, and L5V5 was 0.5%, 13.4%, and 36.1%, respectively; hence, L5V5 exhibited a co-continuous porous morphology with the porosity of 43.4%, the degree of swelling of 47.5%, and the pore size of 2 µm. The degree of crystallinity of PLA, exposed PLA, and L7V3 showed an insignificant change. L5V5, having the highest porosity, demonstrated the highest increase in the degree of crystallinity of approximately two times, because water induced the crystallization of PLA. The high porosity of L5V5 exhibited an excellent absorption property by increasing absorption energy more than two times, as obtained by micro indention. It had the maximum indentation depth more than 250 µm. Flexural and tensile properties considerably decreased with an increase in the porosity.






Keywords:


polymer blend; phase separation; porous; scaffold; swelling; crystallization












1. Introduction


Poly(lactic acid) (PLA) has attracted considerable attention as an alternative material for biomedical applications (e.g., surgical sutures, artificial skin, drug delivery materials, scaffolds, packaging, and tissue engineering) because PLA is renewable, processable, energy-saving, biodegradable, and biocompatible [1,2,3,4,5,6]. Tissue engineering relies on material properties and cell transportation to repair and regenerate bond defects [7,8]. Scaffold is used as a physical and biological support in tissue engineering, and it can be produced by PLA, poly (caprolactone) (PCL), poly(lactic-co-glycolic acid) (PLGA), poly (vinyl alcohol) (PVA), poly (butylene succinate) (PBS), and poly (hydrobutyrate) (PHB) [9,10,11,12,13,14,15,16,17]. Mathieu et al. [9] produced composite scaffold of PLA and ceramic powder for bone tissue engineering by using supercritical carbon dioxide as a physical foaming agent. Biocompatibility with human primary osteoblasts was evaluated by cell colonization and expression of ribosomal 18S gene. Cells proliferated on all the composite scaffolds, so it was pointed that the composite scaffolds were biocompatible. Gregor et al. [10] fabricated PLA scaffolds by a fused deposition modeling, using a 3D printer; two types of scaffold structures were prepared, and their porosities were 30% and 50%. They were sufficient proliferation of osteosarcoma cells even though a recommended porosity of scaffold for bone tissue was 90%. Pan and Ding [13] reviewed scaffold of PLGA for tissue engineering and regenerative medicine and proposed four fabrication techniques at moderate and room temperature. Zhou et al. [15] studied PVA scaffold by using quenching and a freeze-drying technique. The scaffold morphology obtained from 18 wt.% PVA solution was a unidirectional honeycomb-like structure with a porosity of 71%. Then they tested the scaffold’s drug-release efficiency, and it had the release efficiency of 54.5%. When it was added to poly (ethylene glycol) (PEG), the porosity increased from 71% to 81%, and the release efficiency was improved, by increasing from 54.5% to 89.3%. Thus, PVA/PEG scaffold can be utilized for tissue engineering. For tissue-engineering applications, scaffold properties are essential and need to exhibit the required properties of biocompatibility, pore size, pore size distribution, pore interconnection, mechanical properties, and biodegradability [18]. The pore-size parameter is very important, and it is suitable for new tissue growth and reorganization [19]. A scaffold provides support during tissue reorganization. Thus, mechanical properties need to be optimized. These properties were summarized by Kramschuster and Turng [20].



Scaffolds can be obtained by textile processes, porogen leaching, and phase separation. Phase-separation processes are used to obtain scaffolds by the thermal instability of polymer solution or polymer blends. These methods use an organic solvent, which is a critical parameter because, if the solvent is not fully removed, it may affect tissue reorganization [21,22]. Hence, water-soluble polymer blends are utilized, such as poly (ethylene oxide) (PEO), PVA, and PEG [11,20,23,24,25,26,27,28]. Huang et al. [11] prepared interconnected porous poly (ε-caprolactone) (PCL)/PEO by incorporating the foaming process and PEO leaching in deionized water. The porosity can reach 89.5% at 50% of PCL. Even though the compression modulus depressed from 68.2 to 46.7 MPa, it met the compressive modulus requirement. Kramschuster and Turng [20] have also used these techniques to produce a PLA/PVA/NaCl composited scaffold. The developed scaffold achieved the maximum porosity of 75%. Aramwit et al. [23] produced a Sericin/PVA/glycerin scaffold by using the salt (NaCl) leaching method, which is a solvent-free, low-energy-consumption, short-leaching-time, and low-cost method compared to the freeze-drying method. Thadavirul et al. [25] incorporated NaCl and PEG as water-soluble porogens, to create a PCL scaffold. The cooperation of NaCl and PEG let the scaffold reach the porosity of more than 90%. Thadavirul et al. also pointed out that PEG improved interconnectivity and cell support. Sun et al. [27] proposed a novel methodology to provide hierarchically porous of polylactide monoliths. Poly (L-lactide acid) (PLLA) was blended with poly (D-lactide) (PDLA), to obtain stereocomplex crystallite, which induced the hierarchical morphologies and blended with PEO as porogen. Additional PDLA let stereocomplex crystalline increase from 13.1% to 61.2%, resulting in an increase of specific surface area and pore volume by more than two times after removing PEO. Moreover, increasing PEO content at 70/30 wt.% of PLLA/PDLA enhances porous morphologies by raising the specific surface area and pore volume by more than 80 and 300 times, respectively. Zhang et al. [28] also developed a methodology to obtain porous high-density poly (ethylene) bundles by blending and leaching PEO. An extruded HDPE/PEO was extracted in deionized water, to remove PEO, and peeled off to obtain a porous HDPE bundle with a villus-like structure. The porous bundle improved in hydrophobicity by increasing the water contact angle up to 139°, and super lipophilicity improved by decreasing the cyclohexane contact angle from 14° to 0°. It performed high oil absorption and pumping-oil-recovery ability. Therefore, it had highly potential application in oil–water separation. PVA is widely used in many industrial applications, owing to its biocompatibility, biodegradability, thermal stability, nontoxicity, and excellent mechanical properties [29]. Moreover, PVA can be etched by water because it contains a hydroxyl group so that PVA in the phase-separated sample can be removed by the etching process in water, which provides a solvent-free method to obtain the scaffold of the PLA/PVA blend.



Depending on scaffold properties, blended morphology is essential to specify the scaffold application because it affects porosity and mechanical properties. The immiscible polymer blend has four types of morphology, i.e., matrix-dispersed particle (sea–island), matrix-fiber, lamellar, and co-continuous [30]. Different morphologies affect mechanical properties; thus, polymer blends can produce desired mechanical properties. Willemse et al. [31] reviewed and summarized the following characteristics. Specifically, the sea–island morphology improves impact properties; the lamellar morphology enhances barrier properties, and the mechanical properties of the co-continuous morphology are between those of a blended polymer. Willemse et al. concluded that phase inversion from sea–island to co-continuous morphologies depends on interfacial tension, viscosity, volume fraction, shear rate, and phase dimension. A fully interconnecting porous polymer can be improved and enhanced by porogen particle leaching, annealing and foaming processes, and thermally induced phase separation [32,33,34]. Gao et al. [35] investigated the effects of three parameters (blend ratio, heat-treatment temperature, and time) on the phase structure of poly (L-lactide acid) (PLLA)/poly (propylene carbonate) (PPC) blends by an optical microscope. The most significant factors that affect the phase structure are the heat-treatment temperature and time. A bi-continuous phase structure can be observed at 60/40 wt.% (PLLA/PPC) at the heat-treatment temperature of 200 °C for 5 min.



As mentioned above, PLA and PVA can be utilized in tissue engineering application due to biocompatibility; hence, a PLA/PVA scaffold obtained in the solvent-free method should be investigated, to evaluate its mechanism and property change. In this study, PLA and PVA blends with varying PVA compositions were prepared, and the co-continuous porous structure was governed by an etching process in hot water, to remove PVA. PVA can be dissolved in water; hence, water diffused and penetrated the structure. Blending and water penetration affect morphologies and mechanical properties. Hence, this study aimed to investigate the morphology and the change in physical, thermal and mechanical properties of PLA/PVA blends owing to the etching process in hot water. Injected pure PLA was also exposed to hot water, for the comparison of properties. Pure PLA and PVA were prepared, and their thermal and mechanical properties were characterized and compared to those of their blends.




2. Materials and Methods


2.1. Materials


PLA (grade TE-2000) with a melting point of 170 °C was purchased from UNITIKA Ltd., Osaka, Japan. PVA (grade MOWIFLEXTM C17) was purchased from Kuraray Co., Ltd. Tokyo, Japan.




2.2. Sample Preparation


Neat PLA and PVA were dried and preheated at 80 °C for 5 h and at 60 °C for 6 h, respectively. They were dry-mixed at different compositions, which are presented in Table 1, and blended by using a twin-screw extruder (KZW15TW-30MG-NH (-700) from TECHNOVEL CORPORATION, Osaka, Japan) at the following conditions: feed to die temperature of 40–170 °C, feeding rotation speed of 12 rpm, screw rotation speed of 500 rpm, and naturally cooling temperature of 20 °C (room temperature). Then, extruded samples were cut into a pellet shape. These samples were processed by injection molding (EP5 model from NISSEI PLASTIC INDUSTRIAL CO., LTD., Nagano, Japan), to obtain dumbbell and sheet shapes at the following conditions: feed to die temperature of 40–180 °C, mold temperature of 40 °C, injection pressure of 45 MPa, holding pressure of 40 MPa, and injection speed of 10 mm/s. Dimensional samples are illustrated in Figure 1.




2.3. Phase Separation


The samples were weighed (   m 0   ), immersed in distilled water, and stirred at 35 °C for 0, 1, 3, 5, and 7 days, to etch PVA; distilled water was replaced every 6 h. Etched PVA samples were dried in a vacuum dryer at 40 °C for 24 h, to remove moisture; thereafter, they were weighted ( m ) to calculate the etched PVA content ( ϖ ) by Equation (1).


  ϖ =  (     m 0  − m    m 0     )  × 100  



(1)








2.4. Characterization


2.4.1. Rheology


Neat PLA and PVA were preheated, and the melt viscosity was measurement by a capillary rheometer (Capilograph 1D, Toyo Seiki Seisaku-Sho Ltd., Tokyo, Japan) at 180 °C, with the orifice diameter of 1 mm and the capillary length of 10 mm.




2.4.2. Morphology


The samples were cut at cryogenic conditions (by employing liquid nitrogen), to observe the morphology of the cross-sectional area of the samples. Owing to the low conductivity of PLA/PVA, the samples were coated by Ar plasma from an ion bombarder (PIB-10, Vacuum Device Co., Ltd., Ibaraki, Japan). Then, the samples were observed by using scanning electron microscopy (SEM) (TM3030Plus, Hitachi High-Tech Corporation, Tokyo, Japan).




2.4.3. Flexural and Tensile Strength


The sheet and dumbbell samples were prepared, and their flexural and tensile strengths were characterized, respectively. Flexural and tensile strengths were evaluated by STROGRAPH VGS1-E (Toyo Seiki Seisaku-Sho Ltd., Tokyo, Japan) with a crosshead speed of 5 and 1 mm/min, respectively, and a 1-kN load cell. The span length of flexural testing was 30 mm.




2.4.4. Indention


The sheet samples were subjected to indention, using a micro indenter (Micro Compression Tester (MCT), SHIMADZU CORPORATION, Kyoto, Japan) with a spherical tip (50 µm radius), at the applied force of 5000 mN.




2.4.5. Density


The density was measured by a pycnometer, which relied on the Archimedes law and an electrical balance (AD-1653 model, A&D Company, Ltd., Tokyo, Japan) readable to 1 mg.




2.4.6. Differential Scanning Calorimetry (DSC)


The 4.0–5.0 mg samples were prepared and characterized by DSC Q200 (TA Instruments Japan Inc., Tokyo, Japan), to investigate thermal properties. Scanning temperature was in the range of 40–200 °C, at the constant ramping rate of 10 °C/min; nitrogen gas was used as an inert atmosphere to prevent oxidation. Two heating–cooling cycles were performed to analyze the thermal properties of the samples.



The degree of crystallinity of PLA (Xc) was evaluated and calculated by Equation (2). There is a correlation between the enthalpy of melting (  Δ  H m   ), enthalpy of cold crystallization (  Δ  H  c c    ), weight fraction of PLA ( ω ), and enthalpy of melting of 100% of crystalline PLA (  Δ  H m 0   ) (93 J/g) [36]. It is correct to use the sum of   Δ  H m    and   Δ  H  c c    , because the contributing part also contributes to   Δ  H m   .


   X c  =   Δ  H m  + Δ  H  c c     ω × Δ  H m 0    × 100  



(2)










3. Results and Discussion


3.1. Rheology and Morphology


PLA/PVA samples extruded from the twin-screw extruder were used to observe the morphology, and their morphology is shown in Figure 2a–c. The extruded samples exhibited a sea–island morphology, which classifies the samples as immiscible polymer blends [37]; micro voids were observed at all cross-sectional areas. It was suggested that the PVA phase obtained in extruded L7V3 and L6V4 was covered by the PLA phase, owing to low concentration and high viscosity, as shown in Figure 3. The viscosity and experimental shear rates of PVA were higher than those of PLA. Therefore, the PLA phase was more deformed than the PVA phase during melt blending by the twin-screw extruder. An increase in the amount of PVA up to 50 wt.% resulted in the volume fraction being close to unity, and extruded L5V5 appeared to have fewer micro voids (Figure 2c). The extruded samples were subjected to the injection process, to produce sheet and dumbbell samples; then, the sheet samples were used to investigate the effect of processing on the morphology; the results are shown in Figure 2d,e. The injected samples produced by the application of a higher shear rate resulted in a considerable decrease in the micro voids, especially in L5V5 (Figure 2e). The addition of PVA and further processing resulted in the specific morphology of PLA/PVA blends.



To obtain a co-continuous porous morphology, the PLA/PVA blends were immersed in hot water (35 °C) to etch PVA, because it has a hydroxyl group in the molecular structure; thus, PVA can be dissolved and removed by water. Moreover, mass transportation and swelling by water uptake are responsible for this process because water molecules are smaller than polymer molecules [38]. These mechanisms have been described by Alfrey et al. [39] and have been also classified into case I (Fickian diffusion) and case II, respectively. Moreover, combination mechanism is defined as anomalous diffusion. To observe swelling, the thickness of sheet samples was measured in a normal direction (ND) (   D  N D    ) near the edge (E) and core (C), to evaluate the swelling degree in ND (   S  N D    ) by Equation (3). A relationship between the swelling and etching time of the blends is shown in Figure 4. Both swelling degrees at the edge and core of L7V3 were less than 1% because water uptake could not penetrate deeply, owing to the co-continuous PLA phase in the sea–island morphology, which acted as a barrier to prevent dissolution and etching of PVA. When PVA content was increased up to 40 wt.%, the swelling degrees at the edge and core at 1 day were less than 2%, which was due to etching on the contact surface between the sample and water. At the etching time of 3 days, the swelling degree at the edge was higher than that at the core because water penetrated the edge by three paths (i.e., top, bottom, and side), while it penetrated the core by only two paths (top and bottom). Thus, more PVA can be removed at the edge than at the core, and the sample exhibited higher swelling at the edge. Then, the degree of swelling at the core continuously increased, while that at the edge leveled off after etching for 5 days. The swelling degree at the core for the etching time of 7 days was slightly larger than the swelling degree at the edge. For L5V5, the swelling degree at the edge considerably increased up to 20%, then slightly increased and leveled off at the etching time of more than 3 days; the swelling degree at the core continuously increased and tended to level off at the etching time of 5 days. A considerable increase in the degree of swelling for 3–5 days of etching was governed by the sudden change in chemical potential and stress [40,41], owing to the merging of two water fronts. Therefore, porous materials obtained in the water-etching process should be concerned due to the swelling effect.


   S  N D   =  (     D  N D   − 1  1   )  × 100  



(3)







Figure 5 shows an etched PVA content ( ϖ ) from the blends, along with etching times. The etched PVA content of L6V4 and L5V5 considerably increased; however, the etched PVA content of L7V3 changed insignificantly with an increase in the etching time. The maximum etched PVA content of L7V3, L6V4, and L5V5 was 0.5%, 13%, and 36%, respectively. In addition, a sample becomes fully interconnecting porous if the etched PVA content has an equal weight fraction. These results show that the etched PVA content increased with an increase in the PVA content and etching time. The etched PVA content produces co-continuous and interconnecting porous morphologies because the co-continuous PVA phase lets water permeate and penetrate deeply. There was 14 wt.% PVA remaining in L5V5; hence, porogen as NaCl can be incorporated in improving the etched PVA content, as was mentioned in the Introduction section. L5V5 maintained high PVA content, which resulted in co-continuous porous morphology. Porous morphology and swelling resulted in voids inside the structure; hence, porosity was measured to evaluate the porous structure. Porosity is defined as the ratio of void volume and total volume and is expressed in Equation (4), which is a relationship between before (   ρ 0   ) and after ( ρ ) etching density of the sample. Figure 6 shows the porosity of PLA/PVA blends. The results show that porosity was proportional to the etched PVA content. Porosity continuously increased along with the etched PVA content and was not related to the amount of blended PVA. Moreover, an increase in the porosity from 32% to 42% for L5V5 was an extreme shift, owing to the merging of two water fronts and a sudden change in chemical potential and stress that resulted in more swelling. Large volume appearance implied that the density reduced, and porosity increased, respectively. The PVA etching process had the samples expand; thus, it should be considered.


  ϕ =  (  1 −  ρ   ρ 0     )  × 100  



(4)







The cross-sectional area of the samples was evaluated by SEM, to observe morphology at the transverse (TD) and flow (FD) directions, and the observed locations are shown in Figure 7. TD and FD morphologies were similar; thus, TD SEM micrographs at the core were selected for discussion, and SEM micrographs at the (I) and (II) locations of TD are shown in Figure 8. It was difficult to observe co-continuous porous L7V3 during the entire experiment because PVA was not etched at the experimental conditions. Co-continuous porous L6V4 could be observed at the etching time of 7 days, and it appeared at the (II) location. Its region is indicated by a white double-arrow in the figure, and its depth from the surface was approximately 150 µm. L5V5 at the (II) location was co-continuous porous at the etching time of 1 day with a 100 µm depth, whereas the co-continuous porous L5V5 at the (III) location shown in Figure 9 was clearly recognized. The co-continuous porous and non-porous border is divided by a dashed line, and the approximate depth was greater than 200 µm. These results indicate that water penetrated the (III) location by three paths (i.e., top, bottom, and side); however, water penetrated the (II) location by two paths (i.e., top and bottom). Thereafter, the depth could not be classified and evaluated, because two water fronts merged; thus, L5V5 became co-continuous porous. However, a sudden change in the chemical properties made the sample more expanded at the merging zone. Cracking morphology appeared at the merging zone, and it was caused by cutting during cryogenic cracking. Swelling and morphology results showed that water uptake penetrated through the blends by the co-continuous PVA phase, allowing the sample to expand along the penetration path and resulting in porous morphology. Water uptake penetration is shown in Figure 10.



The co-continuous porous morphology of L5V5 at high magnification for the etching time of 7 days is shown in Figure 11. An observed black hole was interconnecting porous and was represented the etched PVA. It could be pointed out that PVA formed an island phase and PLA formed a matrix phase. There was sufficient time for PVA etching and water penetration; hence, the samples became co-continuous porous. Pores at the (II) location for both TD and FD had elliptical shapes, owing to the deformation of the PVA phase near the surface. These results were selected to evaluate the pore size by employing the free software (Image-J), and the pore size distribution curve is shown in Figure 12. (II)-TD, (II)-FD, and (I)-FD curves shifted and deviated from the (I)-TD curve, and their mean values were close to 2 µm. The (II)-FD mean was slightly larger than the (II)-TD mean, and the weighted average pore sizes of (II)-FD, (I)-FD, (II)-TD, and (I)-TD were 2.5, 2.3, 2.0, and 1.5 µm, respectively. In addition, the pore size at the (II) location was larger and more distributed than the pore size at the (I) location, because dispersed PVA phase was deformed due to shear and temperature gradients in a melt during the injection mold process [42].




3.2. Thermal Properties


Second heating scan thermograms of pure injected PVA, PLA, and their blends are shown in Figure 13, and thermal data obtained from these thermograms are presented in Table 2. Injected PVA exhibited the glass transition temperature (Tg,PVA) of 57.0 °C and a broadly endothermic curve with the melting temperature (Tm,PVA) of 150.3 °C. The thermal properties of injected PLA were as follows: Tg,PLA of 62.2 °C, cold crystalline temperature (Tcc) of 108.8 °C, and Tm,PLA of 169.0 °C. The blends exhibited solitary Tg, and it was intermediate between Tg,PVA and Tg,PLA. In a miscible blend system, depending on the Tg and composition of the blend material, it appears as a single Tg according to Fox’s equation [43]. On the other hand, in immiscible blend systems that form co-continuous or sea–island structures, the Tg of the blend material appears independently. We plotted the experimentally determined Tg and the calculated Tg by the Fox equation in Figure 14. The Tg of these blends is slightly different from the Fox equation, which may indicate that they are partially miscible in the amorphous phase. When the heating temperature increased, cold crystallization was observed in DSC thermograms. The Tcc of blends slightly decreased from approximately 108 to 102.4 °C when the blended PVA content increased from 30 to 50 wt.%. The melting temperature of the blends clearly exhibited the presence of two peaks corresponding to Tm,PVA and Tm,PLA. To observe an endothermic peak at Tm,PLA, non-smooth curves or multiple endothermic peaks of PLA were monitored; the process involved crystalline phase transition from α’ to α phases [44]. Zhang et al. investigated and characterized the phase transition of poly (L-lactice) (PLLA) by using WAXD and DSC. They reported that phase transition occurred when the crystallization temperature (Tc) of PLLA was in the range of 100–120 °C. The Tc of L7V3, L6V4, and L5V5 were 115.4, 115.1, and 113.6 °C; therefore, phase transition could be observed at the endothermic peak of PLA.



The degree of crystallinity (Xc) of the sheet sample was characterized at the edge and core, to observe the effect of etched PVA on the crystalline content. The injected sheet of pure PLA samples was subjected to the water-etching process at 35 °C for 7 days and denoted as PLA7. PLA7 at the edge (PLA7E) and core (PLA7C) contained the PLA crystalline content of 12.4% and 12.3%, respectively, which did not considerably change by injected PLA (12.6%). Water could not plasticize and induce crystallization in both PLA7E and PLA7C. Similar results have been published by Iñiguez-Franco et al. [45]. They proposed that the crystallization of PLA was induced by pure water, and the crystallinity increased by 3%, while the crystallinity of PLA exposed to ethanol solutions considerably increased from 2.3% to more than 40% at the exposure time of 180 days. After the etching process, water uptake made the samples swell; thus, there were physical and thermal changes in the structure. The degree of swelling was evaluated, to observe physical change, and the degree of crystallinity at the etching time of 0, 1, and 7 days was calculated, to investigate thermal change. According to Equation (2), the weight fraction of the etched blends was calculated from the remaining PLA content after the etching process. Their relationship is shown in Figure 15. The crystalline content of PLA clearly increased with an increase in the swelling by water uptake. The degree of crystallinity of L7V3 remained constant after the etching process; the degree of swelling was determined to be less than 2%. However, more PVA in L6V4 and L5V5 could be removed during the etching process, resulting in high swelling and crystalline content. The degree of crystallinity of L6V4E and L6V4C after 1 day of etching increased from 9% to 12% and 11%, respectively; then, it slightly increased to 13% and 12%, respectively, after 7 days of etching, with an increase in the degree of swelling up to 22%. Moreover, the degree of crystallinity of L5V5E and L5V5C considerably increased after the first day of etching, from 9% to 18% and 16%, respectively. Thereafter, it slightly increased and exhibited the PLA crystalline content of 19% and 16%, respectively, after 7 days of etching. These results can be summarized into three topics: (1) the PLA crystalline structure could not be plasticized by water, but it could be induced by the combination of blending and etching processes, because the blends were miscible in the amorphous phase; hence, water uptake could penetrate through a continuous PVA phase; (2) the PLA crystalline structure was induced, and its content increased at the beginning of etching; with an increase in the etching time, it was insignificantly affected by water uptake; (3) the PLA crystalline structure at the edge was more plasticized and induced by water uptake than the core, owing to transport limitation at the core.




3.3. Mechanical Properties


A change in the morphology of material makes the material exhibit different mechanical properties. The blends were subjected to microhardness, bending, and tensile tests, and the relationship between microstructure change (porosity and degree of swelling) and mechanical properties were characterized. An example of the micro-indenter testing curve of the blends at the etching time of 7 days is shown in Figure 16. Non-porous L7V3 required a shallow depth of approximately 50 µm to reach the applied load of 5000 mN. The depth of L6V4 at the edge and core was less than 150 and 100 µm, while co-continuous porous L5V5 had the depth of more than 250 µm. The co-continuous porous morphology was categorized as a soft material, which could absorb more energy than a rigid material. Therefore, the integration of the applied load and indentation depth curve represents absorption energy, and a relationship between the absorption energy and the degree of swelling is shown in Figure 17. The absorption energy of injected PLA and PVA was almost 0.10 mJ for both the edge and the core. There was low swelling in L7V3; therefore, the absorption energy of L7V3 was in the narrow range of 0.09–0.15 mJ. The absorption energy of L6V4 at the core slightly increased from 0.1 to 0.18 mJ; then, it remained at this value, because the depth of an indenter tip reached approximately 100 µm when it approached through the non-porous morphology. The absorption energy of L6V4 at the edge was more than that at the core, and the depth was up to 150 µm because L6V4 at the edge has a more porous morphology than that at the core. L5V5 exhibited highly co-continuous porous morphology with the degree of swelling of more than 30% and with the maximum absorption energy of 0.46 mJ. However, the co-continuous porous morphology of L5V5 resulted in similar absorption energies at the core and edge regions. These results show that the highly porous morphology had higher absorption energy. The edge region was more porous than the core region; thus, it had higher absorption energy.



Flexural and tensile tests were conducted to evaluate the mechanical properties of injected PLA, PVA, and their blends. The mechanical properties of injected samples with and without PVA etching were summarized and are presented in Table 3. Injected PLA was also etched for 7 days, at the conditions described in Section 2.3, to compare with the etched samples; this sample was denoted as PLA7. Injected PVA exhibited outstanding flexural and tensile strengths compared to injected PLA and their blends. The mechanical properties of the blends were reduced and are related to the strengths of injected PLA, owing to the PLA rich phase. The strengths of the blends considerably decreased, along with an increase in the PVA content, which suggested that the degree of phase separation reached the maximum value [46]. They investigated the miscibility of PVA and PLLA with a composition of 100/0, 90/10, 70/30, 50/50, 30/70, 10/90, and 0/100 (PLLA/PVA). They determined that the tensile strength of PLLA/PVA blends decreased with an increase in the PVA content; it reached a minimum at the composition of 50/50; then, it increased until the composition of PVA of 100 wt.%. After the etching process, the mechanical properties of the blends considerably decreased with an increase in the porosity. The relationship between the mechanical properties and the porosity is shown in Table 4. The mechanical properties of PLA7 were slightly decreased by less than 5% compared with those of injected PLA, owing to hydrolytic degradation [43]. Thus, a decrease in the mechanical properties of the blends was mainly governed by a change in the morphology. The mechanical properties of L6V4 were better than those of L5V5 because the L6V4 morphology was composed of two phases, solid and co-continuous porous phases; the solid phase was covered by the co-continuous porous phase. Hence, the mechanical properties of L6V4 were between those of solid and porous morphologies. L5V5 with the porosity of more than 10% exhibited a considerable decrease in the tensile strength and elongation at break because it contained thin walls and a highly porous morphology. Thus, the sample required low tension force to break. Figure 18 shows a ripped structure of L5V5 with the porosity of 43.4%.





4. Conclusions


Miscible PLA/PVA blends with a composition of 70/30 (L7V3), 60/40 (L6V4), and 50/50 (L5V5) wt.% were prepared by employing the twin-screw extruder and injection molding. A combination of postprocessing by injection molding and an increase in the PVA content improved blend morphology by phase conversion from sea–island to co-continuous morphology. A solitary glass transition temperature was observed that was intermediate between those of pure PLA and PVA. The blends were etched to remove PVA from hot water. L6V4 and L5V5 samples swelled more at the edge than at the core at the beginning of etching; then, the core of the samples swelled more than the edge. The degree of swelling was indicative of the water uptake penetration. The degree of swelling of L5V5 at the core reached the maximum value of 47.5%; thus, L5V5 exhibited the maximum porosity of 43.4% and the etched PVA content of 36.1%. L6V4 had the maximum degree of swelling of 22%, porosity of 25%, and etched PVA content of 13.4%. L7V3 had the maximum degree of swelling of 2%, porosity of 2%, and etched PVA content of 0.5%. L5V5 preferred to have a co-continuous PVA phase; therefore, L5V5 exhibited a co-continuous porous morphology with the weighted average pore size of approximately 2.5 µm. The majority of water uptake was done by PVA during the etching process; however, water also induced the PLA crystalline structure in the amorphous phase. L5V5 obtained the maximum etched PVA content, which was strongly affected by the solvent (water)-induced crystallization; thus, the degree of crystallinity increased from 9% to 18.6%. The advantage of the porous morphology was high absorption energy, which was demonstrated by the micro-indenter testing curve. L5V5 exhibited the maximum absorption energy of 0.46 mJ, while the maximum absorption energy of L6V4 was 0.28 mJ. However, the flexural and tensile properties of porous morphology considerably decreased with an increase in the porosity. The L6V4 structure exhibited heterogeneous morphology and contained porous and solid regions; solid regions were enclosed by porous regions; thus, mechanical properties were intermediate between those of porous and solid regions. These investigations found that the water-etching process made the samples swell at the merging water fronts; thus, the swelling effect due to the water etching process should be considered.







Author Contributions


Conceptualization, H.I.; methodology, N.C. and T.U.; investigation, N.C., T.K., and H.I.; writing—original draft preparation, N.C., A.I., and H.I. All authors have read and agreed to the published version of the manuscript.




Funding


This study was partially supported by JSPS KAKENHI for Scientific Research on Innovative Areas “MFS Materials Science” (Grant Numbers JP18H05483).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Lam, K.H.; Nijenhuis, A.J.; Bartels, H.; Postema, A.R.; Jonkman, M.F.; Pennings, A.J.; Nieuwenhuis, P. Reinforced Poly(L-Lactic Acid) Fibres as Suture Material. J. Appl. Biomater. 1995, 6, 191–197. [Google Scholar] [CrossRef] [PubMed]

	



Shah Mohammadi, M.; Bureau, M.N.; Nazhat, S.N. Polylactic Acid (PLA) Biomedical Foams for Tissue Engineering. In Biomedical Foams for Tissue Engineering Applications; Woodhead Publishing: Cambridge, UK, 2014; pp. 313–334. [Google Scholar] [CrossRef]

	



Gavril, G.-L.; Wrona, M.; Bertella, A.; Świeca, M.; Râpă, M.; Salafranca, J.; Nerín, C. Influence of Medicinal and Aromatic Plants into Risk Assessment of a New Bioactive Packaging Based on Polylactic Acid (PLA). Food Chem. Toxicol. 2019, 132, 110662. [Google Scholar] [CrossRef] [PubMed]

	



Qazi, T.H.; Rai, R.; Boccaccini, A.R. Tissue Engineering of Electrically Responsive Tissues Using Polyaniline Based Polymers: A Review. Biomaterials 2014, 35, 9068–9086. [Google Scholar] [CrossRef] [PubMed]

	



Lowen, J.M.; Leach, J.K. Functionally Graded Biomaterials for Use as Model Systems and Replacement Tissues. Adv. Funct. Mater. 2020, 1909089. [Google Scholar] [CrossRef]

	



Ou, J.; Liu, K.; Jiang, J.; Wilson, D.A.; Liu, L.; Wang, F.; Wang, S.; Tu, Y.; Peng, F. Micro-/Nanomotors toward Biomedical Applications: The Recent Progress in Biocompatibility. Small 2020, 1906184. [Google Scholar] [CrossRef]

	



Furth, M.E.; Atala, A. Tissue Engineering. In Principles of Tissue Engineering; Academic Press: Waltham, MA, USA, 2014; pp. 83–123. [Google Scholar] [CrossRef]

	



Tonelli, F.M.P.; de Cássia Oliveira Paiva, N.; de Medeiros, R.V.B.; Pinto, M.C.X.; Tonelli, F.C.P.; Resende, R.R. Tissue Engineering. In Current Developments in Biotechnology and Bioengineering; Elsevier: Cambridge, MA, USA, 2017; pp. 315–324. [Google Scholar] [CrossRef]

	



Mathieu, L.M.; Montjovent, M.-O.; Bourban, P.-E.; Pioletti, D.P.; Månson, J.-A.E. Bioresorbable Composites Prepared by Supercritical Fluid Foaming. J. Biomed. Mater. Res. A 2005, 75, 89–97. [Google Scholar] [CrossRef]

	



Gregor, A.; Filová, E.; Novák, M.; Kronek, J.; Chlup, H.; Buzgo, M.; Blahnová, V.; Lukášová, V.; Bartoš, M.; Nečas, A.; et al. Designing of PLA Scaffolds for Bone Tissue Replacement Fabricated by Ordinary Commercial 3D Printer. J. Biol. Eng. 2017, 11, 31. [Google Scholar] [CrossRef]

	



Huang, A.; Jiang, Y.; Napiwocki, B.; Mi, H.; Peng, X.; Turng, L.-S. Fabrication of Poly(ε-Caprolactone) Tissue Engineering Scaffolds with Fibrillated and Interconnected Pores Utilizing Microcellular Injection Molding and Polymer Leaching. RSC Adv. 2017, 7, 43432–43444. [Google Scholar] [CrossRef]

	



Izquierdo, R.; Garcia-Giralt, N.; Rodriguez, M.T.; Cáceres, E.; García, S.J.; Gómez Ribelles, J.L.; Monleón, M.; Monllau, J.C.; Suay, J. Biodegradable PCL Scaffolds with an Interconnected Spherical Pore Network for Tissue Engineering. J. Biomed. Mater. Res. A 2008, 85, 25–35. [Google Scholar] [CrossRef]

	



Pan, Z.; Ding, J. Poly(Lactide-Co-Glycolide) Porous Scaffolds for Tissue Engineering and Regenerative Medicine. Interface Focus 2012, 2, 366–377. [Google Scholar] [CrossRef]

	



McKenna, E.; Klein, T.J.; Doran, M.R.; Futrega, K. Integration of an Ultra-Strong Poly(Lactic-Co-Glycolic Acid) (PLGA) Knitted Mesh into a Thermally Induced Phase Separation (TIPS) PLGA Porous Structure to Yield a Thin Biphasic Scaffold Suitable for Dermal Tissue Engineering. Biofabrication 2019, 12, 015015. [Google Scholar] [CrossRef]

	



Zhou, X.-H.; Wei, D.-X.; Ye, H.-M.; Zhang, X.; Meng, X.; Zhou, Q. Development of Poly(Vinyl Alcohol) Porous Scaffold with High Strength and Well Ciprofloxacin Release Efficiency. Mater. Sci. Eng. C 2016, 67, 326–335. [Google Scholar] [CrossRef] [PubMed]

	



Li, G.; Qin, S.; Liu, X.; Zhang, D.; He, M. Structure and Properties of Nano-Hydroxyapatite/Poly(Butylene Succinate) Porous Scaffold for Bone Tissue Engineering Prepared by Using Ethanol as Porogen. J. Biomater. Appl. 2019, 33, 776–791. [Google Scholar] [CrossRef] [PubMed]

	



Senatov, F.; Anisimova, N.; Kiselevskiy, M.; Kopylov, A.; Tcherdyntsev, V.; Maksimkin, A. Polyhydroxybutyrate/Hydroxyapatite Highly Porous Scaffold for Small Bone Defects Replacement in the Nonload-Bearing Parts. J. Bionic Eng. 2017, 14, 648–658. [Google Scholar] [CrossRef]

	



Xiao, L.; Wang, B.; Yang, G.; Gauthier, M. Poly(Lactic Acid)-Based Biomaterials: Synthesis, Modification and Applications. In Biomedical Science, Engineering and Technology; Ghista, D.N., Ed.; IntechOpen: Rijeka, Croatia, 2012. [Google Scholar] [CrossRef]

	



Dhandayuthapani, B.; Yoshida, Y.; Maekawa, T.; Kumar, D.S. Polymeric Scaffolds in Tissue Engineering Application: A Review. Int. J. Polym. Sci. 2011, 2011, 290602. [Google Scholar] [CrossRef]

	



Kramschuster, A.; Turng, L.-S. An Injection Molding Process for Manufacturing Highly Porous and Interconnected Biodegradable Polymer Matrices for Use as Tissue Engineering Scaffolds. J. Biomed. Mater. Res. B Appl. Biomater. 2010, 92, 366–376. [Google Scholar] [CrossRef]

	



Wang, X.; Li, W.; Kumar, V. A Method for Solvent-Free Fabrication of Porous Polymer Using Solid-State Foaming and Ultrasound for Tissue Engineering Applications. Biomaterials 2006, 27, 1924–1929. [Google Scholar] [CrossRef]

	



An, J.; Chua, C.K.; Leong, K.F.; Chen, C.-H.; Chen, J.-P. Solvent-Free Fabrication of Three Dimensionally Aligned Polycaprolactone Microfibers for Engineering of Anisotropic Tissues. Biomed. Microdevices 2012, 14, 863–872. [Google Scholar] [CrossRef]

	



Aramwit, P.; Ratanavaraporn, J.; Ekgasit, S.; Tongsakul, D.; Bang, N. A Green Salt-Leaching Technique to Produce Sericin/PVA/Glycerin Scaffolds with Distinguished Characteristics for Wound-Dressing Applications: Salt-Leached Sericin/PVA/Glycerin Scaffolds as a Wound Dressing. J. Biomed. Mater. Res. B Appl. Biomater. 2015, 103, 915–924. [Google Scholar] [CrossRef]

	



Zhang, K.; Wang, Y.; Jiang, J.; Wang, X.; Hou, J.; Sun, S.; Li, Q. Fabrication of Highly Interconnected Porous Poly(ε-Caprolactone) Scaffolds with Supercritical CO2 Foaming and Polymer Leaching. J. Mater. Sci. 2019, 54, 5112–5126. [Google Scholar] [CrossRef]

	



Thadavirul, N.; Pavasant, P.; Supaphol, P. Development of Polycaprolactone Porous Scaffolds by Combining Solvent Casting, Particulate Leaching, and Polymer Leaching Techniques for Bone Tissue Engineering: Development of Polycaprolactone Porous Scaffolds. J. Biomed. Mater. Res. A 2014, 102, 3379–3392. [Google Scholar] [CrossRef] [PubMed]

	



Kim, H.; Yang, G.H.; Kim, G. Three-Dimensional Gelatin/PVA Scaffold with Nanofibrillated Collagen Surface for Applications in Hard-Tissue Regeneration. Int. J. Biol. Macromol. 2019, 135, 21–28. [Google Scholar] [CrossRef] [PubMed]

	



Sun, X.-R.; Cao, Z.-Q.; Bao, R.-Y.; Liu, Z.; Xie, B.-H.; Yang, M.-B.; Yang, W. A Green and Facile Melt Approach for Hierarchically Porous Polylactide Monoliths Based on Stereocomplex Crystallite Network. ACS Sustain. Chem. Eng. 2017, 5, 8334–8343. [Google Scholar] [CrossRef]

	



Zhang, X.; Wang, X.; Liu, X.; Lv, C.; Wang, Y.; Zheng, G.; Liu, H.; Liu, C.; Guo, Z.; Shen, C. Porous Polyethylene Bundles with Enhanced Hydrophobicity and Pumping Oil-Recovery Ability via Skin-Peeling. ACS Sustain. Chem. Eng. 2018, 6, 12580–12585. [Google Scholar] [CrossRef]

	



Ye, M.; Mohanty, P.; Ghosh, G. Morphology and Properties of Poly Vinyl Alcohol (PVA) Scaffolds: Impact of Process Variables. Mater. Sci. Eng. C 2014, 42, 289–294. [Google Scholar] [CrossRef] [PubMed]

	



Pötschke, P.; Paul, D.R. Formation of Co-Continuous Structures in Melt-Mixed Immiscible Polymer Blends. J. Macromol. Sci.-Polym. Rev. 2003, 43, 87–141. [Google Scholar] [CrossRef]

	



Willemse, R.C.; Posthuma De Boer, A.; Van Dam, J.; Gotsis, A.D. Co-Continuous Morphologies in Polymer Blends: A New Model. Polymer 1998, 39, 5879–5887. [Google Scholar] [CrossRef]

	



Scaffaro, R.; Lopresti, F.; Botta, L.; Rigogliuso, S.; Ghersi, G. Melt Processed PCL/PEG Scaffold with Discrete Pore Size Gradient for Selective Cellular Infiltration. Macromol. Mater. Eng. 2016, 301, 182–190. [Google Scholar] [CrossRef]

	



Ghavidel Mehr, N.; Li, X.; Ariganello, M.B.; Hoemann, C.D.; Favis, B.D. Poly(ε-Caprolactone) Scaffolds of Highly Controlled Porosity and Interconnectivity Derived from Co-Continuous Polymer Blends: Model Bead and Cell Infiltration Behavior. J. Mater. Sci. Mater. Med. 2014, 25, 2083–2093. [Google Scholar] [CrossRef]

	



Salerno, A.; Zeppetelli, S.; Di Maio, E.; Iannace, S.; Netti, P.A. Architecture and Properties of Bi-Modal Porous Scaffolds for Bone Regeneration Prepared via Supercritical CO2 Foaming and Porogen Leaching Combined Process. J. Supercrit. Fluids 2012, 67, 114–122. [Google Scholar] [CrossRef]

	



Gao, M.; Ren, Z.; Yan, S.; Sun, J.; Chen, X. An Optical Microscopy Study on the Phase Structure of Poly(L-Lactide Acid)/Poly(Propylene Carbonate) Blends. J. Phys. Chem. B 2012, 116, 9832–9837. [Google Scholar] [CrossRef] [PubMed]

	



Tsuji, H.; Muramatsu, H. Blends of Aliphatic Polyesters. IV. Morphology, Swelling Behavior, and Surface and Bulk Properties of Blends from Hydrophobic Poly(L-Lactide) and Hydrophilic Poly(Vinyl Alcohol). J. Appl. Polym. Sci. 2001, 81, 2151–2160. [Google Scholar] [CrossRef]

	



Thomas, S.; Harrats, C.; Groeninckx, G. Micro- and Nanostructured Polymer Blends: State of the Art Challenges, and Future Prospects. In Micro- and Nanostructured Multiphase Polymer Blend Systems: Phase Morphology and Interfaces; CRC Press: Boca Raton, FL, USA, 2006; pp. 1–33. [Google Scholar] [CrossRef]

	



Kappert, E.J.; Raaijmakers, M.J.T.; Tempelman, K.; Cuperus, F.P.; Ogieglo, W.; Benes, N.E. Swelling of 9 Polymers Commonly Employed for Solvent-Resistant Nanofiltration Membranes: A Comprehensive Dataset. J. Membr. Sci. 2019, 569, 177–199. [Google Scholar] [CrossRef]

	



Alfrey, T., Jr.; Gurnee, E.F.; Lloyd, W.G. Diffusion in Glassy Polymers. J. Polym. Sci. Part C Polym. Symp. 1966, 12, 249–261. [Google Scholar] [CrossRef]

	



Silberberg, A. The Role of Matrix Mechanical Stress in Swelling Equilibrium and Transport through Networks. Macromolecules 1980, 13, 742–748. [Google Scholar] [CrossRef]

	



Ouyang, H.; Lee, W.H.; Shih, M.C. Three Stages of Crystallization in Poly(Ethylene Terephthalate) during Mass Transport. Macromolecules 2002, 35, 8428–8432. [Google Scholar] [CrossRef]

	



Bärwinkel, S.; Seidel, A.; Hobeika, S.; Hufen, R.; Mörl, M.; Altstädt, V. Morphology Formation in PC/ABS Blends during Thermal Processing and the Effect of the Viscosity Ratio of Blend Partners. Materials 2016, 9, 659. [Google Scholar] [CrossRef] [PubMed]

	



Fox, T.G. Influence of Diluent and of Copolymer Composition on the Glass Temperature of a Polymer System. Bull. Am. Phys. Soc. 1956, 1, 123. [Google Scholar]

	



Zhang, J.; Tashiro, K.; Tsuji, H.; Domb, A.J. Disorder-to-Order Phase Transition and Multiple Melting Behavior of Poly(L-Lactide) Investigated by Simultaneous Measurements of WAXD and DSC. Macromolecules 2008, 41, 1352–1357. [Google Scholar] [CrossRef]

	



Iñiguez-Franco, F.; Auras, R.; Burgess, G.; Holmes, D.; Fang, X.; Rubino, M.; Soto-Valdez, H. Concurrent Solvent Induced Crystallization and Hydrolytic Degradation of PLA by Water-Ethanol Solutions. Polymer 2016, 99, 315–323. [Google Scholar] [CrossRef]

	



Shuai, X.; He, Y.; Asakawa, N.; Inoue, Y. Miscibility and Phase Structure of Binary Blends of Poly(L-Lactide) and Poly(Vinyl Alcohol). J. Appl. Polym. Sci. 2001, 81, 762–772. [Google Scholar] [CrossRef]








[image: Polymers 12 01083 g001 550] 





Figure 1. Dimensional samples (unit: mm): (a) sheet sample; (b) dumbbell sample. 
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Figure 2. SEM micrographs of PLA/PVA blends at magnification of 5000x: (a) extruded L7V3; (b) extruded L6V4; (c) extruded L5V5; (d) injected L7V3; (e) injected L6V4; and (f) injected L5V5. 
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Figure 3. Melt viscosity of pure PLA and PVA at 170 and 180 °C. 
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Figure 4. Degree of swelling in ND of PLA/PVA blends, along with etching time. 
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Figure 5. The etched PVA content of PLA/PVA blends, along with etching times. 
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Figure 6. Porosity as a function of the etched PVA content of the blends. 
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Figure 7. Observed SEM morphology location of sheet sample: (a) transverse direction (TD) and (b) flow direction (FD). 
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Figure 8. SEM micrographs of the blends in transverse direction (TD) at (I) and (II) locations. 
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Figure 9. SEM micrograph observed at (III) location of L5V5 in TD at etching time of 1 day. 
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Figure 10. Swelling of a sheet sample during PVA etching time (t) in hot water. 
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Figure 11. Co-continuous porous of L5V5 at different location at etching time of 7 days: (a) (I) location in TD; (b) (II) location in TD; (c) (I) location in FD; and (d) (II) location in FD. 
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Figure 12. Pore size distribution curves of L5V5 at etching time of 7 days. 
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Figure 13. Second heating scan DSC thermograms of injected samples. 
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Figure 14. Relation between PVA weight fraction and Tg of PLA, PVA, and their blends. 






Figure 14. Relation between PVA weight fraction and Tg of PLA, PVA, and their blends.



[image: Polymers 12 01083 g014]







[image: Polymers 12 01083 g015 550] 





Figure 15. Relationship between the degree of crystallinity and degree of swelling. 






Figure 15. Relationship between the degree of crystallinity and degree of swelling.



[image: Polymers 12 01083 g015]







[image: Polymers 12 01083 g016 550] 





Figure 16. Micro-indenter testing curve of the blends at etching time of 7 days. 
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Figure 17. Relationship between the absorption energy and the degree of swelling. 
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Figure 18. Tensile cracking morphology of L5V5 at the porosity of 43.4%. 
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Table 1. PLA and PVA blending composition.
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	Code
	PLA (wt.%)
	PVA (wt.%)





	L7V3
	70
	30



	L6V4
	60
	40



	L5V5
	50
	50
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Table 2. Thermal data obtained from the second scanning DSC thermograms.






Table 2. Thermal data obtained from the second scanning DSC thermograms.





	Code
	Tg (°C)
	Tcc (°C)
	Tm,PVA (°C)
	Tm,PLA (°C)
	Xc (%)





	PLA
	62.2
	108.8
	-
	169.0
	12.6



	PLA7E 1
	62.0
	110.3
	-
	168.6
	12.4



	PLA7C 1
	61.8
	109.6
	-
	168.7
	12.3



	PVA
	57.0
	-
	150.3
	-
	9.6



	L7V3
	61.4
	106.0
	152.0
	167.4
	9.3



	L6V4
	61.3
	108.2
	153.2
	167.2
	9.2



	L5V5
	60.7
	102.4
	152.1
	165.9
	9.7







1 Injected PLA was immersed in hot water (35 °C) for 7 days.
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Table 3. Mechanical properties of injected PLA, PVA, and their blends.
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Code

	
Flexural Properties

	
Tensile Properties




	
Modulus (GPa)

	
Strength (MPa)

	
Displacement (mm)

	
Modulus (GPa)

	
Strength (MPa)

	
Elongation at Break (%)






	
PLA

	
2.7

	
100.9

	
10.1

	
2.9

	
68.8

	
10.1




	
PLA7 1

	
2.5

	
95.7

	
8.4

	
3.0

	
69.5

	
7.3




	
PVA

	
5.2

	
120.8

	
9.9

	
3.0

	
116.1

	
45.9




	
L7V3

	
2.7

	
75.9

	
3.8

	
2.6

	
66.1

	
3.8




	
L6V4

	
2.6

	
73.7

	
4.1

	
2.9

	
67.0

	
3.9




	
L5V5

	
2.7

	
67.5

	
3.1

	
3.1

	
62.3

	
3.3








1 Injected PLA was immersed in hot water (35 °C) for 7 days.
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Table 4. The relationship between the mechanical properties and the porosity.
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Code

	
Porosity (%)

	
Flexural Properties

	
Tensile Properties




	
Modulus (GPa)

	
Strength (MPa)

	
Modulus (GPa)

	
Strength (MPa)

	
Elongation at Break (%)






	
L7V3

	
0.0

	
2.7

	
75.9

	
2.6

	
66.0

	
3.8




	
0.5

	
2.5

	
73.7

	
2.8

	
64.4

	
3.7




	
0.3

	
2.2

	
64.5

	
2.7

	
66.9

	
3.7




	
0.7

	
1.9

	
54.1

	
2.6

	
61.9

	
3.6




	
1.6

	
1.7

	
51.3

	
2.6

	
66.2

	
3.7




	
L6V4

	
0.0

	
2.6

	
73.7

	
2.9

	
67.0

	
3.9




	
6.8

	
1.5

	
41.5

	
2.9

	
68.1

	
3.6




	
13.4

	
1.3

	
42.0

	
2.7

	
60.9

	
3.4




	
19.0

	
1.4

	
35.6

	
2.3

	
47.2

	
3.3




	
25.0

	
1.3

	
29.1

	
2.2

	
48.9

	
3.3




	
L5V5

	
0.0

	
2.7

	
67.5

	
3.1

	
62.3

	
3.3




	
13.8

	
0.9

	
28.6

	
2.0

	
40.0

	
2.4




	
32.0

	
0.6

	
16.1

	
0.8

	
10.2

	
1.9




	
42.4

	
0.5

	
15.5

	
0.8

	
11.4

	
2.2




	
43.4

	
0.3

	
12.4

	
0.6

	
8.2

	
2












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
ND

Lo

[ [}
(1) [0} o //
@ (b)






media/file4.png





media/file30.png
Degree of crystallinity (%)

—8— L7V3-C
—O-- L7V3-E
—v— L6V4-C
—V-- L6V4-E
—i— L5V5-C
—LF- L5V5-E

10 20 30 40
Degree of swelling (%)

50





media/file18.png
/
I
I
I
I






media/file35.jpg





media/file21.jpg





media/file26.png
Exo
g - PLA
2 IR L7V3
o
uE T L6V4
cu \ —
) L5V5
n

40 60 80 100 120 140 160 180 200

Temperature (°C)





media/file27.jpg
Glass transition temperature (°C)

3

N
&

Y
S

o
a

@
S

®  Experimental data
——- Fox equation

*-_

0 20 40 60 80

PVA weight fraction (%)

100





media/file3.jpg





media/file22.png





media/file19.jpg
Edge ® core () q Edge (E) _Core(C)
s

% Water molecules

t>0 t5>0





media/file7.jpg
@
S

—— L7V3-C
—O-- L7V3-E
—¥— L6V4-C
~v- L6V4-E
—&— L5V5-C
—CF- L5V5-E

'y
S

W
S

N
S

Degree of swelling (%)

=
15

Etching time (day)





media/file28.png
Glass transition temperature (°C)

® Experimental data
— —- Fox equation

™ —
™ —
—

—
—
——
—
—
—
—
——
—
—
——
—
—
—

20 40 60 80 100
PVA weight fraction (%)





media/file10.png
®
N
\
// \
N \
N
N <H LD N \
2 % & S
— ~ )
| I . | ‘*‘
® > u \\
. A\
_ _ _ &
S () () () ()
) N (@ v

(%) FU3IU0d VAd P3Y>31d

Etching time (day)





media/file33.jpg
0.6

0.4

Absorption energy (m])

—8— L7V3-C
—O-- L7V3-E
—¥— L6V4-C P
~v- L6V4-E I
—#— L5V5-C }j

—0-- L5V5-E

0 10 20 30
Degree of swelling (%)

40

50





media/file32.png
Applied load (mN)

5000

4000 H

3000 -

2000 -

ol
-
-
-’

— L7V3-C
——- L7V3-E
— L6V4-C
——- L6V4-E
— L5V5-C
——- L5V5-E

100 150 200
Indentation depth (um)

250 300





media/file14.png
ND
Lo

(1)

(IIL) D

(a)

AR

(1)
(I)

(b)





media/file11.jpg
50

—e- L7V3
—v- L6V4 -
40 | —=- L5V5 7
/
S 30 /‘/
2 g
E » -
s
g 20 -
[ =
~ A
P
Wy Lo
/
0
0 10 20 30 40

Etched PVA content (%)





media/file6.png
Viscosity (Pa.s)

10°

—@-- PLA (170 °C)
A —A-- PVA (170 °C)
10* - \\i\ R —® - PLA (180 °C)
:. ~a A —A- - PVA (180 °C)
A
103 T ~ \
\*\*L\A
\c\ A}
102 - %
101 ! T T T
109 101 10?2 103 10* 10°

Shear rate (1/s)





media/file36.png





media/file15.jpg





nav.xhtml


  polymers-12-01083


  
    		
      polymers-12-01083
    


  




  





media/file16.png
g

!
f
[






media/file2.png
| —] 2 |—

50
15

D
ND'—I

:

23

i

60

oo

TD
T—'FD

(b)

(a)





media/file20.png
Oq?ooooooooooooooooogpo
O 9

Q
00
057000000000 000000000

80
OQO

t>0

2o Water molecules

t>>0





media/file23.jpg
Frequency

100

80

60

40

20

—o— (D-FD
—O-- (I-FD
—=— ()-TD

—0-- (ID-TD

4 6 8 10
Pore size (um)





media/file5.jpg
10°
—@-- PLA (170°C)
—A-- PVA (170 °C)
Ros, —@-- PLA (180 °C)
\:\A —A-- PVA (180 °C)

Viscosity (Pa.s)
g

102

10!
10° 10 10* 10° 10*
Shear rate (1/s)





media/file24.png
Frequency

100

80 -

60 -

40

20 -

4 6
Pore size (um)

—o— (I)-FD
—O-- (I)-FD
—i— (I)-TD
—C+- (I)-TD






media/file29.jpg
Degree of crystallinity (%)

N
S

N
@

=
5

@

—&— L7V3-C
—O-- L7V3-E
—v— L6V4-C
—v- L6V4-E
—=&— L5V5-C
—0r- LSVS-E

0 10 20 30 40

Degree of swelling (%)

50





media/file1.jpg
L
gl (e
. e
L2
!
[
g5 pd





media/file31.jpg
Applied load (mN)

5000

4000

3000

2000

o
=)
=3
=3

— L7V3-C
——- L7V3-E
—— L6V4-C
——- L6V4-E
— L5V5-C
=== L5V5-E

100 150 200
Indentation depth (um)

250 300





media/file25.jpg
“Ex0!

Heat flow (W/g)

PVA

0 60 8 100 120 140 160 180
Temperature (°C)

200





media/file12.png
Porosity (%)

50

—@-- L7V3
—wv- L6V4 F_____-———I
40 1 —m- L5V5 /
/
-
30 - -7
) AP ad
S -
20 )///
r/:J
/-
10 | L
N
/
0@ . . .
10 20 30 40

Etched PV A content (%)





media/file9.jpg
5
\
/// \

N 3
oxe S~
mmu ///
T ke
L ] &Y
T \

&
e o o o o
s 2 & =

(%) YuUU0d YAJ pay2g

Etching time (day)





media/file0.png





media/file8.png
g1
)

o=
)

Degree of swelling (%)

—8— L7V3-C
—O-- L7V3-E
1 —%— L6V4-C
—V-- L6V4-E
—i— L5V5-C
—0LF- L5V5-E

-—_’——
e
e
e

Etching time (day)






media/file34.png
Absorption energy (m]})

0.6

0.4 -

0.2 -

—&— L7V3-C
—O-- L7V3-E
—w— L6V4-C
—v - L6V4-E I
—m— L5V5-C &
—F- L5V5-E

0 10 20 30
Degree of swelling (%)

40

50





media/file17.jpg
Co-continuous porous

1
]
1
[}
1






