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Abstract

:

In this work, two commercial extruded filaments for 3D printing obtained from different NatureWorks PLA resins (Ingeo™ Biopolymer 3D850 and Ingeo™ Biopolymer 4043D) were solid-state drawn at varying temperatures and subsequently heat treated by annealing. The aim was to analyze the effect of post-processing of industrial fibers (solid-state drawing and annealing treatment) with varied composition (PLA grades with different contents of D-isomer) on the mechanical performance and thermal stability of the obtained PLA fibers. Morphological, thermal, and mechanical characterizations were performed for the undrawn filaments and drawn fibers, both before and after heat treatment. Drawn fibers presented a fibrillar core–shell structure, and their mechanical properties were greatly improved with respect to undrawn filaments in accordance with their higher crystallinity. The resin with the higher content of D-isomer (4043D) resulted in lower crystallinities with a subsequent decrease in mechanical properties. After heat treatment, drawn fibers exhibited completely different behaviors depending on the PLA resin, with 3D850 fibers being much more stable than 4043D fibers, which underwent molecular orientation upon drawing rather than crystallization. The solid-state drawn fibers obtained herein are comparable to commercial fibers in terms of mechanical properties.
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1. Introduction


Poly(lactic acid) (PLA) is a compostable polymer obtained from renewable sources. It belongs to the family of aliphatic polyesters derived from the simplest of the α-hydroxy acids, namely lactic acid. This molecule can exist as two optically active enantiomers, l-and d-lactic acid. After polymerization, PLA has stereoisomers such as poly(l-lactic acid) (PLLA), poly(d-lactic acid) (PDLA), and poly(DL-lactic acid) (PDLLA). The isomer proportion leads to different material properties, allowing the production of a wide spectrum of PLA polymers [1]. PLA can be processed in most polymer processing equipment and can also be formed into transparent films, fibers, or injection molded into blow-moldable preforms for bottles [2]. It has good optical, physical, mechanical, and barrier properties compared to existing petroleum-based thermoplastics. Mechanically, unoriented PLA is quite brittle but has a good combination of strength and stiffness, while the oriented polymer provides better performance [3].



Quite extensive research has been carried out on the crystallization process of PLA and the effects of molecular weight, d-isomer content, and thermal history. The optimal temperature to crystallize PLA is very sensitive to the d-isomer content [4] and molecular weight [5], and it can crystallize in different polymorphs depending on the processing conditions [6].



The influence of the processing conditions on the morphology and thermal and mechanical behavior of melt-spun PLA filaments has been investigated in the literature [7]. It was found that the melt draw ratio (ratio of extrusion speed and take-up speed during spinning), solid-state draw ratio, and drawing temperature were the major determining factors of the PLA fibers mechanical properties. Their orientation and crystallinity were observed to increase with the solid-state draw ratio, which was related to the melt draw ratio. To obtain highly oriented and crystalline PLA fibers that exhibit high tenacity, a higher solid-state draw ratio and a lower melt draw ratio are required.



To promote crystallization and improve its properties, PLA can be annealed after processing [5,8,9]. Some authors have studied the influence of annealing time and temperature on fully amorphous samples of PLLA of different molecular weights. They have found that the process is fastest when higher temperatures are employed, and most of the crystallization process happens in the first 20 min. Nevertheless, severe degradation takes place during the annealing process, even under a nitrogen atmosphere, and consequently, treatment times should be as short as possible [5]. The annealing process has also been studied in samples where the α’ crystalline form was already present. In this case, both annealing time and temperature have significant effects on the α’ to α transition, which is faster when higher temperatures are employed. Relevant changes were seen after heat treating α’ crystalline form at sufficiently high temperatures for 10 min [6].



It is also worth noting that synthetic fibers find a huge number of applications in different sectors, such as medicine, sports goods, textiles, etc. Among them, polymeric fibers such as those produced from polyamides, polyester, and polypropylene are the most used for textile applications [10]. Over recent decades, there has been a growing interest in both academia and industry in the development of biodegradable fibers, with those obtained from PLA being the most preferred ones [11].



Commercial PLA fibers are generally produced by a two-stage process: melt extrusion, followed by solid-state drawing. In this way, stiff, strong, and highly oriented fibers can be obtained [12]. Since many processes in the textile industry [13] and in the manufacture of composite materials are performed at high temperatures [14], the study of the dimensional stability and properties of fibers after heat treatments is of significant importance [15]. Some works focused on the effect of thermal treatments on solid-state filaments drawn under different mild conditions. Thermal and mechanical properties were also analyzed both before and after a stabilization treatment was employed, with thermal shrinkage measured under both wet and dry conditions and under taut and free conditions, respectively [16,17].



The aim of this work was to analyze the effect of post-processing of industrial fibers (solid-state drawing and subsequent thermal treatment of annealing) with varied composition (PLA grades) on the mechanical performance and thermal stability of the PLA fibers. Two commercial extruded filaments for 3D printing obtained from different PLA resins were solid-state drawn. The effect of the drawing temperature and the subsequent annealing applied to PLA fibers with different D-isomer contents was analyzed. The obtained fibers were investigated through morphological, thermal, and mechanical characterizations. These fibers have potential applications as reinforcement in biodegradable, self-reinforced PLA composites; hence, their mechanical properties and thermal stability are of major importance.




2. Materials and Methods


2.1. Materials


Two different commercial extruded 1.75 mm filaments for 3D printing manufactured by Kaviflex S.R.L. from NatureWorks LLC (Plymouth, MN, United States) resins were used in this work. Ingeo™ Biopolymer 4043D is a multi-purpose extrusion grade recommended for biaxially oriented films and 3D printing filaments. On the other hand, Ingeo™ Biopolymer 3D850 is a commercial grade specifically developed for 3D printing with an improved crystallization rate. The characteristics of both resins are presented in Table 1.



Commercial fibers of PLA kindly provided by Noyfil (Radici Group. Bergamo, Italy) S.p.A (144 continuous filaments, each with a diameter of 20.5 ± 0.8 µm [22]) were also used in this work for comparison purposes.




2.2. Filament Drawing


The commercial filaments were solid-state drawn in a fit-for-purpose in-lab machine (Figure 1), similar to the one described in [23], after storage under vacuum at RT, and hence, no significant effect of water molecules on plasticization or on the rate of hydrolysis was expected [24]. The filament was preheated in a 50 mm in diameter and 1 m long tubular furnace set to 65 °C and then drawn in another similar furnace set at 170 °C and 180 °C for the 3D850 resin and at 140 °C, 150 °C, and 160 °C for the 4043D resin. At each end of the drawing furnace, there are two pulley trains driven by three-phase asynchronous motors controlled by independent frequency converters in an open-loop control system. A former version of this machine, with a different furnace temperature profile and filament feeding mechanism, has already been described in a previous paper [23].



Speeds were varied until a stable operating condition was reached. Due to motor limitations, only an idle 29 mm/s entrance speed and 204 mm/s exit speed resulted in a stable operating condition. Actual processing speeds depend on the machine’s load state. High-speed recordings taken with a Samsung Galaxy S10 phone camera at 120 fps show speed changes of up to 10% in both entrance and exit pulley trains when compared to idle speeds. The filament draw ratio (DR) can be defined as the quotient between the entrance and exit speeds of the drawing furnace, or analogously as the relationship between the filaments initial and final cross-sectional areas.


  D R =     V   e x i t       V   e n t r a n c e     =     A   i n i t i a l       A   f i n a l     =         D   i n i t i a l       D   f i n a l         2   ,  



(1)







The tubular drawing furnace has a parabolic temperature profile (Figure 2): the furnace set temperature (FST) is reached in the middle section while it decreases on both sides. The filament’s drawing concentrates in a small region near the machine’s center, where the furnace temperature reaches a maximum. The filament progressively heats up until it yields and deformation begins. In the deformation process, molecules become axially aligned, and the material’s elongational viscosity decreases rapidly due to strain thinning. This leads to fast deformation and diameter reduction, which, in turn, increase the stress level and further induce deformation in a small region, forming a “neck”. When high molecular orientation is reached, freedom of motion is lost due to crystal formation. The partially crystalline material behaves like rubber and shows a strain-hardening behavior that arrests any further deformation, as described in [25]. A cross-section profile measured from a cooled-down filament is also shown in Figure 2.



Filament temperatures were controlled at the exit of the furnace using a Testo 882 infrared camera (320 × 240 pixels resolution, 0.2 m focus distance, 1.7 mrad IFOV, and ±2 °C or 2% accuracy). When the FST was 180 °C, the filament at the exit was at 100 °C, thus suggesting that it did not reach the material’s melting temperature during the drawing process.




2.3. Post-Drawing Heat Treatment


To investigate the filaments’ thermal stability and the effect of annealing, unrestricted solid-state drawn filaments (310 ± 2 mm long) were subjected to a heat treatment after storage under vacuum at RT. Both resins used in this work were annealed at 120 °C, since it is in the recommended range for Ingeo™ Biopolymer 3D850 (NatureWorks LLC, Plymouth, MN, USA) resin (post-processing annealing treatment in the range of 80–130 °C to promote crystallization of 3D printed parts [9]) and it is very close to the cold-crystallization peak temperature of the Ingeo™ Biopolymer 4043D resin, as it will be shown in Section 3.2. In the 4043D resin, the presence of D-isomer limits the maximum crystallinity attainable when crystallized under stress and hinders the quiescent crystallization process, but given sufficient time and temperature, the material can still crystallize [3]. All samples were annealed for 20 min to limit material degradation since it has been shown in the literature that most of the cold crystallization process takes place during this period and treatment times should be as short as possible, as already mentioned [5].




2.4. Filaments Characterization


Drawn filaments were axially cut to extract the middle section and observe the cores’ structure using bright field microscopy. Two cuts were performed using a sharp blade to remove the fiber’s outer surface so that it did not interfere with the observations and white light could go through the sample. Additionally, fiber surfaces were sputter coated with a thin layer of gold before scanning electron microscopy (SEM) observation in a Quanta 200 microscope (FEI, Hillsboro, OR, USA) using a voltage of 5 kV.



Filaments diameters were measured at least four times at different sections using a digital comparator (Asimeto, Mooresville, NC, USA, Series 450, accuracy ±0.01 mm), and their lengths before and after heat treatment were measured with a metallic ruler.



Molecular weight was determined by size exclusion chromatography (SEC) on a system built with a Waters 515 HPLC pump and a Waters model 2414 refractive index detector, equipped with four PLGel® columns with 10 µm bead size and 500, 104, 105, and 106 Å porosity, respectively. Solutions of PLA in tetrahydrofuran with concentrations between 1 and 2 mg/mL were prepared at room temperature, and measurements were made from 200 µL samples injected at a rate of 1 mL/min. Polystyrene (PS) standards were used for calibration. Molecular mass distributions and average molecular weights were calculated using the corresponding Mark–Houwink calibration constants (KPS = 1.28 × 10−4 dL/g, KPLA = 1.74 × 10−4 dL/g, αPS = 0.695 and αPLA = 0.740).



Differential scanning calorimetry (DSC) analysis was performed using a Shimadzu DSC-60. A single heating scan was analyzed to evaluate the processing effects using a heating rate of 10 °C/min from room temperature to 200 °C under a continuous 30 mL/min flow of nitrogen. The crystallinity percentage Xc was calculated according to Equation (2) relating the measured melting enthalpy ΔHm, the cold crystallization enthalpy ΔHcc and the melting enthalpy for 100% crystalline PLA ΔHm0 (93.6 J/g [4]).


    X   c   =     Δ H   m   −   Δ H   c c       Δ H   m 0      



(2)







Uniaxial tensile tests were carried out in an Instron 5985 dynamometer at room temperature following ISO 527-1:2019 standard [26] recommendations. The material was stored at room temperature for at least a week prior to mechanical testing to allow for proper physical aging [27]. Four or more samples from each condition were tested using a gripping distance of 30 mm at a 10 mm/min displacement speed. Tensile apparent modulus, yield strength, and stress and strain at break were determined from the stress–strain curves obtained.





3. Results and Discussion


3.1. Morphological and Dimensional Analysis


Both undrawn filaments (3D850 and 4043D) are transparent and colorless. After drawing, a severe reduction of the fiber’s diameter was observed, and they became white and opaque. After heat treatment, the undrawn filaments turned opaque, which can be attributed to crystal formation [28], while the drawn filaments remained unchanged.



Drawn fibers obtained from 3D850 resin have a very thin white skin and a transparent core that becomes slightly opaque near the center (Figure 3). On the other hand, fibers drawn from 4043D resin had a similar structure to those made from 3D850 resin, but they displayed a well-defined second opaque core at the center (Figure 4). The change in color on the fiber’s skin has been attributed in the literature to the formation of surface crazes as a result of the high stresses developed upon drawing [29]. Likewise, the opaque zones on the fiber core could be due to crazing or the formation of micro-voids during crystal formation caused by over-drawing, as reported in [17,19]. Since fibers were heated from the outside, the core was expected to be colder. The conditions on the core might have limited solid-state drawing, and a greater number of micro-voids could have formed. No significant morphological differences were observed among fibers drawn at different temperatures, and in all cases, microfibrils detached from the cut surfaces, which were better appreciated on the lateral views of Figure 3 and Figure 4.



While handling the drawn fibers, microfibrils were pulled out from the surface, and a structure resembling a spider’s web was generated. A closer inspection using SEM of the microfibrils detached from the surface showed that they were composed of even smaller structures aligned in the fiber’s direction, as shown in Figure 5 for a 3D850 fiber drawn at a FST of 170 °C as an example. A highly fibrillar morphology of PLA fibers has already been reported in the literature [29]. It develops from the chain alignment in the direction of the orienting force upon drawing and has been related to the morphology observed in PET, where each microfibril is composed of alternating lamellae of crystalline and amorphous regions and where interfibrillar domains consist of aligned but noncrystalline molecules referred to as interfibrillar tie molecules. These molecules are unrestricted by the microfibrils and are able to freely deform. If the area of interfibrillar tie molecules is large enough, the microfibrils will slip past each other as a result of the weak interactions between them [29], as observed on the surface of the drawn PLA filaments investigated in this work.



After heat treatment, all fibers still displayed the same core–shell structures they had exhibited before (Figure 3 and Figure 4). In addition, dark and light bands perpendicular to the fiber axis were observed in the treated 4043D fiber, indicating areas where crazing was occurring [29]. Microfibrils were still observed to detach from the 3D850 cut surfaces after heat treatment, while no microfibrils were found on the cuts of the 4043D fibers.



It has been reported in the literature that annealing induces changes in the lamellar and fibrillar structures of PET fibers, including the thickening and broadening of crystalline lamellae, the decrease in lamellar inclination, and the increase in interlamellar amorphous thickness. Also, amorphous chain coiling and loss of orientation after treatment occur. If the annealing temperature is high enough, chain mobility will be significant, and crystallization is possible at either end of the fibrils, which grow longer and become more oriented along the fiber axis. It is also possible that smaller fibrils link together through molecular movement and crystallization [30]. Similar to what happens in PET fibers after annealing, the fibrillar structure of 4043D fibers investigated here would have experienced significant changes during treatment, which would have been higher than those of 3D850 fibers due to their relatively higher annealing temperature.



Average diameters and their errors are shown in Table 2. Drawn fibers made from the 3D850 resin showed no significant differences in their dimensions when the processing temperature was changed. Conversely, the diameters of fibers drawn from 4043D resin were dependent on the processing temperature. Even though the machine´s setup was not varied, the force required to draw the filaments changed with temperature, which in turn affected the speed of the machine’s asynchronous motors and consequently the applied draw ratio. After heat treatment, all samples increased their diameter and became shorter, except the undrawn 3D850 filament, which remained unchanged. No significant volume changes were observed since, in all cases, they were within the experimental error.



It is important to note that the change in length after heat treatment (ΔL) of the 4043D filament was found to be much more significant than that of the 3D850 filament under all conditions. This can be attributed to the lower ability of that resin to crystallize due to its higher content of D-isomer. Hence, in contrast to what happens in the 3D850 filaments, molecular orientation in the 4043D filaments can mostly occur upon drawing rather than crystal formation.



In addition, average molecular weights in number (Mn) and weight (Mw) and the corresponding polydispersity index (PDI) values were measured before and after the solid-state drawing process to assess if any degradation took place during processing (Table 3). Mn and Mw of the 3D850 resin decreased after drawing an average of 8.5% and 4.5%, respectively, showing similar results to those reported by other authors [31]. On the other hand, 4043D resin did not show a significant change in molecular weights after processing.




3.2. Thermal Behavior


DSC heating thermograms for the original and drawn filaments both before and after heat treatment are presented in Figure 6. Both original filaments before treatment exhibited a glass transition, a cold crystallization peak, and a melting peak. The cold crystallization peak of the 3D850 resin was well defined and at quite low temperatures, whereas in the 4043D resin it was very broad, small, and at high temperatures due to the relatively high content of D-isomer, which restricted the material’s ability to crystalize as already mentioned. A second exothermic peak was also observed on the undrawn 3D850 filament, which has been associated in the literature with the reorganization of the α’ crystalline structure into the α form immediately before melting starts [32]. As expected, the 4043D resin melted at lower temperatures and achieved a lower crystallinity, which is consistent with the higher D-isomer content and explains why this resin had to be solid-state drawn at lower temperatures. The average values of the glass transition onset temperature (Tg), cold crystallization (Tcc1), melting peak temperatures (Tm), and crystallinity (Xc) are presented in Table 4.



An endothermic peak attributed to physical aging was also present in the region where the glass transition occurred for both untreated filaments. The amorphous regions of the polymer are in a metastable state when rapidly cooled after processing, having an excess of enthalpy, entropy, and free volume that act as a driving force for the aging process. Given sufficient time, these regions tend to reorganize into ordered domains that need more energy to undergo the glass transition, which manifests as the endothermic peak seen on the thermograms [33].



After heat treating the undrawn filaments, the cold crystallization peaks were no longer present, and the glass transition became less pronounced. During heat treatment, crystals were formed, and they hindered molecular movement in the amorphous phase, which resulted in the fainter glass transition seen on the thermograms in Figure 6 and turned the material opaque, as pointed out in Section 3.1. After the heat treatment, the peak associated with the α’-α transformation of the 3D850 resin also disappeared, implying that during heat treatment the material had enough time to fully develop the α crystalline structure. The glass transition onset temperature, melting peak temperature, and crystallinity values after the heat treatment are also reported in Table 4.



A great increase in crystallinity was seen after heat treating both undrawn filaments, but, as expected, the resin with more D-isomer content reached lower values since the presence of the second isomer hindered crystallization. The peak melting temperature of the 3D850 undrawn filament was not affected by the heat treatment, but in the 4043D undrawn filament, it increased after annealing. Undrawn, untreated 4043D fiber was almost completely amorphous and crystallized during the DSC scans. Since it was heated at high speeds, there was insufficient time for the α crystalline form to fully develop, and instead, the distorted α’ form was generated. When the crystallization process was carried out in an oven, the sample remained at high temperatures for longer without melting, enabling the formation of bigger and more perfect crystallites that are expected to melt at higher temperatures [8]. Finally, there were also significant differences in the effect of annealing on the glass transition temperatures of both materials. While the undrawn 4043D filament presented similar Tg values irrespective of the heat treatment, in the 3D850 filament, the annealing led to an increase in Tg. This could be attributed to the more restricted movement of the amorphous phase in this case.



The solid-state drawn fibers presented a much higher crystallinity than the undrawn filaments. High molecular orientation is derived from drawing, which subsequently leads to crystal formation. These fibers showed a similar thermal behavior to the undrawn, heat-treated samples. The glass transition became fainter and took place at higher temperatures, and no cold crystallization peaks were observed on the thermograms. All drawn fibers of both resins presented their melting peaks at the same temperature as the undrawn, untreated filaments. This result suggests that the crystals formed in the 4043D resin were of the distorted α’ form. In addition, there were no significant differences in the melting temperatures or crystallinity of fibers of the same resin drawn at different temperatures. The thermal properties for all drawing conditions of the 3D850 and 4043D resins are reported in Table 5 and Table 6, respectively. Additionally, as an example, the thermograms of 3D850 filament drawn at a FST of 180 °C and of 4034D filament drawn at a FST of 160 °C are presented in Figure 6a,b, respectively.



After heat treatment, all drawn fibers exhibited the glass transition at lower temperatures, indicating that the amorphous regions were more relaxed and molecules in this region found it easier to move. This result is consistent with the diameter increase and length reduction described in Section 3.1. It is worth noting that the 3D850 drawn fibers had no other significant changes in their thermal behavior, peak melting temperature, or crystallinity, as reported in Table 5 and shown in Figure 6a. On the other hand, 4043D-drawn filaments were affected by the heat treatment (Table 6 and Figure 6b). Not only did the crystallinity of all the fibers increase by about 2% after annealing, but a second endothermic peak also appeared at the beginning of the melting region. This peak has been attributed to the simultaneous α’ to α transition that takes place during the DSC scan and the melt-recrystallization of the α-crystals formed during the previous heat treatment. The endothermic peak becomes sharper in the thermogram when the contribution of the second process is enhanced [6].




3.3. Mechanical Behavior


Typical stress–strain curves for the filaments before drawing (full lines) and after drawing (dashed lines) are presented in Figure 7. Black lines correspond to the untreated filaments, while grey lines correspond to the heat-treated ones. The undrawn filaments showed a defined yield point, followed by strain softening and a plateau until fracture occurred. The materials´ tensile behavior significantly changed upon drawing, showing strong strain hardening after yielding and much greater strains until sample fracture. Tensile parameter values relative to the corresponding values of the original filaments are listed in Table 7.



Both 3D850 and 4043D filaments exhibited significant improvements in their mechanical properties after solid-state drawing. The material´s modulus for both resins significantly increased due to strain-induced crystallization; yield strength increased as a result of the restrictions to the molecular movement generated on the amorphous regions during drawing; and stress and strain at break were also greatly improved by the preferential orientation of the molecules in the drawing direction.



Drawing temperature showed no significant effects on the mechanical properties of the fibers obtained from the 3D850 resin. On the other hand, although the modulus and strain at break of the 4043D-drawn filaments displayed no statistically significant differences when drawn at different temperatures, an ANOVA analysis showed that the yield strength and stress at break of these filaments were affected by the applied draw ratio. It was pointed out in Section 3.1 that the draw ratio applied to the 4043D filaments depended on the drawing temperature. When the furnace was set at lower temperatures, heat transfer was more difficult and temperature distribution was less homogeneous on the fiber’s section, resulting in hotter surfaces and colder cores. Therefore, the deformation of these filaments became more difficult. As revealed from morphological examinations, fibers drawn from 4043D resin presented a well-defined second opaque core at the center, which could be attributed to crazing or the formation of micro-voids during crystal formation caused by over-drawing [16,17].



It should also be noted that the mechanical properties of the solid-state drawn fibers obtained in this work are comparable to those of the commercial fibers studied in [22] (Yield strength = 102.4 (5.8) MPa; Stress at break = 258.3 (16.6) and Strain at break = 44.6 (4.1) %), being the ones of the 3D850 resin even slightly better in all studied properties.



The mechanical properties of the filaments after heat treatment are also summarized in Table 7. In 3D850 resin, which was specially designed to promote cold crystallization [9], annealing of the undrawn filament increased its crystallinity, therefore increasing the modulus. The presence of crystals also restricted molecular movement in the amorphous regions, causing a slight increase in the yield strength. On the other hand, 4043D resin was formulated to hinder cold crystallization and obtain transparent films [19]. Even though the undrawn filament became opaque and its dimensions changed after heat treatment, no significant variations were observed in their tensile parameters, indicating a limited effect of the cold crystallization in this case. However, a decrease in strain at break was promoted by annealing as a result of the already mentioned restriction imposed by crystals on the amorphous phase.



When drawn filaments of the 3D850 resin were heat treated, the material’s tensile behavior remained unchanged (similar stress–strain curves), but there were significant variations in their mechanical properties (Figure 7a). Yield strength and stress at break decreased, and elongation at break increased due to the relaxation that took place during heat treatment, while modulus increased. Similar changes in stiffness have been reported in the literature for PLA filaments treated under taut conditions [16]. On the other hand, when drawn fibers of the 4043D resin were annealed, their tensile behavior was severely affected (Figure 7b). Heat-treated fibers still exhibited strain hardening after yielding, but their yield strength and stress at break were much lower after heat treatment. They also displayed much more strain softening after yielding, and strain at break was greatly improved. Before annealing, there were no statistically significant differences in the modulus of fibers drawn at different temperatures, but after heat treatment, this was no longer valid. Samples drawn at a FST of 150 °C exhibited no statistically significant differences before and after heat treating, whereas the other two temperature conditions led to a slight modulus reduction on treated samples, which is consistent with the molecular relaxation induced by annealing. Even after drawing, 4043D filaments displayed comparatively lower crystallinity values than 3D850-drawn filaments or commercial fibers. Molecular orientation in the 4043D filaments could mostly occur upon drawing rather than crystal formation. As a result, significant shrinkage (about 30% of the original deformation) took place after treatment. This behavior has been attributed in the literature to locked-in stresses derived from stretched tie molecules spanning different crystallites [34].



It is worth noting that in all cases, even if any detrimental effect of heat treatment existed, the fibers obtained herein presented much better mechanical properties than the undrawn filaments.





4. Conclusions


In the present work, two commercial extruded filaments for 3D printing obtained from different NatureWorks PLA resins (different contents of D-isomer) were solid-state drawn and subsequently heat treated by annealing.



The thermal and mechanical properties obtained demonstrate that the drawing process used in this work is comparable to the processing techniques reported in the literature for PLA fiber production.



Heat treatment applied to drawn fibers has a completely different effect depending on the type of PLA resin. 3D850 fibers were much more stable than 4043D fibers after annealing since these fibers underwent molecular orientation upon drawing rather than crystallization, which was hindered by the higher content of D-ionomer in this resin.



Finally, it is worth noting that in all cases, even if any detrimental effect of heat treatment existed, the fibers obtained herein presented much better mechanical properties than the undrawn filaments, and these properties are in the same range as those of commercial fibers.
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Figure 1. Solid-state drawing machine schematics. 
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Figure 2. Temperature and section profile inside the drawing furnace at different set temperatures. 
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Figure 3. Core of a 3D850 fiber drawn at FST 180 °C (a) before heat treatment, (b) after heat treatment, and (c) lateral view of the section of the fiber before heat treatment. 
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Figure 4. Core of a 4043D fiber drawn at FST 160 °C (a) before heat treatment, (b) after heat treatment, and (c) lateral view of the section of the fiber before heat treatment. 
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Figure 5. SEM micrograph of a microfibril partially detached from a 3D850 fiber drawn at a FST of 170 °C. 






Figure 5. SEM micrograph of a microfibril partially detached from a 3D850 fiber drawn at a FST of 170 °C.



[image: Textiles 03 00023 g005]







[image: Textiles 03 00023 g006] 





Figure 6. Heating thermograms obtained by DSC for original and drawn filaments before and after heat treatment: (a) 3D850 undrawn filament and fiber drawn at a FST of 180 °C and (b) 4034D undrawn filament and fiber drawn at 160 °C. 
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Figure 7. Typical stress (σ)- strain (ε) curves for the filaments before and after drawing at different FST (full and dotted lines, respectively) and before and after heat treatment (black and gray lines, respectively) for the (a) 3D850 and (b) 4043D resins. 
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Table 1. Characteristics of the studied materials.
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	Resin
	Melt Flow Index MFI

(210 °C/2.16 kg)
	Density

δ (g/cm3)
	D-Isomer Content

(wt.%)





	3D850
	7–9 [9]
	1.24 [9]
	0.5 [18]



	4043D
	7–9 [19]
	1.24 [19]
	2–5 [20,21]










 





Table 2. Fiber average diameters and their errors, mean draw ratio, and change in length after heat treatment (ΔL) for all studied conditions.






Table 2. Fiber average diameters and their errors, mean draw ratio, and change in length after heat treatment (ΔL) for all studied conditions.





	
Resin

	
Condition

	
DR

	
ΔL

	
Fiber Diameter




	
Not Treated

	
Heat Treated




	
(mm)

	
(mm)






	
3D850

	
Undrawn

	
-

	
1%

	
1.74 ± 0.02

	
1.72 ± 0.01




	
FST 170 °C

	
5.5

	
−12%

	
0.74 ± 0.01

	
0.78 ± 0.02




	
FST 180 °C

	
5.4

	
−10%

	
0.75 ± 0.01

	
0.78 ± 0.01




	
4043D

	
Undrawn

	
-

	
−8%

	
1.73 ± 0.03

	
1.79 ± 0.01




	
FST 140 °C

	
5.6

	
−36%

	
0.73 ± 0.02

	
0.93 ± 0.03




	
FST 150 °C

	
5.3

	
−35%

	
0.75 ± 0.01

	
0.86 ± 0.03




	
FST 160 °C

	
5.9

	
−35%

	
0.71 ± 0.01

	
0.88 ± 0.03











 





Table 3. Average molecular weights measured before and after solid-state drawing.






Table 3. Average molecular weights measured before and after solid-state drawing.





	
Resin

	
Condition

	
Mn

(kg/mol)

	
Mw

(kg/mol)

	
PDI

(Mw/Mn)






	
3D850

	
Undrawn

	
69.7 ± 1.9

	
113.4 ± 2.7

	
1.6 ± 0.1




	
Drawn

	
63.8 ± 1.2

	
108.4 ± 2.7

	
1.7 ± 0.1




	
4043D

	
Undrawn

	
74.8 ± 1.6

	
122.4 ± 1.8

	
1.6 ± 0.1




	
Drawn

	
75.5 ± 2.3

	
119.4 ± 1.5

	
1.6 ± 0.1











 





Table 4. Thermal parameters of the undrawn 3D850 and 4043D filaments both before and after heat treatment.
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Resin

	
Condition

	
Tg (°C)

	
Tcc1 (°C)

	
Texo * (°C)

	
Tm (°C)

	
Xc (%)






	
3D850

	
Undrawn

	
57.1 ± 0.8

	
98.2 ± 0.8

	
160.2 ± 0.3

	
175.4 ± 0.2

	
18.7 ± 2.7




	
Undrawn-HT

	
70.6 ± 1.1

	
-

	
-

	
175.5 ± 0.1

	
51.3 ± 0.9




	
4043D

	
Undrawn

	
57.5 ± 0.4

	
117.5 ± 0.3

	
-

	
149.6 ± 0.2

	
4.2 ± 2.0




	
Undrawn-HT

	
55.6 ± 0.6

	
-

	
-

	
153.7 ± 0.3

	
41.8 ± 1.1








* Peak temperature of the second exothermic peak.













 





Table 5. Thermal parameters of the drawn 3D850 filaments both before and after heat treatment.
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	Condition
	Tg (°C)
	Tm (°C)
	Xc (%)





	FST 170 °C
	76.3 ± 0.2
	175.5 ± 0.2
	65.1 ± 0.4



	FST 170 °C-HT
	75.3 ± 0.2
	175.1 ± 0.2
	64.0 ± 0.3



	FST 180 °C
	76.4 ± 0.5
	175.5 ± 0.2
	62.9 ± 1.4



	FST 180 °C-HT
	75.1 ± 0.4
	175.8 ± 0.2
	62.7 ± 1.3










 





Table 6. Thermal parameters of the drawn 4043D filaments both before and after heat treatment.
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	Condition
	Tg (°C)
	Tendo * (°C)
	Tm (°C)
	Xc (%)





	FST 140 °C
	60.7 ± 0.5
	-
	149.4 ± 0.1
	36.6 ± 0.5



	FST 140 °C-HT
	56.6 ± 0.2
	127.3 ± 0.1
	149.4 ± 0.1
	37.9 ± 1.3



	FST 150 °C
	59.5 ± 0.1
	-
	149.6 ± 0.1
	36.1 ± 0.1



	FST 150 °C-HT
	56.8 ± 0.7
	127.2 ± 0.1
	149.6 ± 0.1
	38.0 ± 1.1



	FST 160 °C
	60.6 ± 0.7
	-
	149.7 ± 0.1
	34.2 ± 0.1



	FST 160 °C-HT
	56.9 ± 0.1
	127.0 ± 0.2
	149.6 ± 0.2
	36.9 ± 1.0







* Peak temperature of the first endothermic peak.













 





Table 7. Mechanical properties of fibers drawn at different temperatures before (NT) and after heat-treating (HT) relative to corresponding values of original filaments.
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Resin

	
Condition

	
Relative Tensile Apparent Modulus

(%)

	
Relative Yield Strength

(%)

	
Relative Stress at Break

(%)

	
Relative Strain at Break

(%)




	

	
NT

	
HT

	
NT

	
HT

	
NT

	
HT

	
NT

	
HT






	
3D850

	
Undrawn

	
0

	
68.3

	
0

	
7.3

	
0

	
10.9

	
0

	
−13.6




	
FST 170 °C

	
