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Abstract

:

Poly(lactic acid) (PLA) is a biodegradable polymer material used for the fabrication of objects by fused filament fabrication (FFF) 3D printing. FFF 3D printing technology has been quickly spreading over the past few years. An FFF-3D-printed object is formed from melted polymer extruded from a nozzle layer-by-layer. The mechanical properties of the object, and the changes in those properties as the object degrades, differ from the properties and changes observed in bulk objects. In this study we evaluated FFF-3D-printed objects by uniaxial tensile tests and four-point flexural tests to characterize the changes of three mechanical properties, namely, the maximum stress, elastic modulus, and breaking energy. Eight types of test pieces printed directly by an FFF 3D printer using two scan patterns and two interior fill percentages (IFPs) were tested by the aforesaid methods. The test pieces were immersed in saline and kept in an incubator at 37 °C for 30, 60, or 90 days before the mechanical testing. The changes in the mechanical properties differed largely between the test piece types. In some of the test pieces, transient increases in strength were observed before the immersion degraded the strength. Several of the test piece types were found to have superior specific strength in the tests. The results obtained in this research will be helpful for the design of PLA structures fabricated by FFF 3D printing.
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1. Introduction


Poly(lactic acid) (PLA), a biodegradable polymer derived from plants such as corn and cassava, is one of the most widely applied materials in its class [1,2,3,4,5,6]. PLA can be formed into decomposable products such as packaging materials or medical devices [2,3,7,8,9,10,11,12,13,14,15]. The mechanical properties of PLA structures processed by injection molding (IM) deteriorate by hydrolysis when exposed to moisture [5,7,16,17,18]. Though PLA is now widely adopted as a filamentary material for fused filament fabrication (FFF) 3D printers [19,20,21,22,23,24,25,26,27], few studies have examined how the mechanical properties of FFF-3D-printed PLA structures deteriorate [28,29].



An FFF 3D printer builds up objects by depositing melted polymer extruded from a fine nozzle. The 3D objects printed by this method are designed using computer-aided design (CAD) systems [30,31]. The nozzle of the 3D printer traces an XY plane based on slice data, and repeats layer-by-layer. The structure is built up by a filament of a uniform diameter, with some clearance left between neighboring filaments. The mechanical properties of the structure are therefore partly determined by an internal structure that can vary according to the nozzle scan pattern used for the fabrication [31,32,33,34,35,36,37].



Understanding the mechanical properties of a material is important for the design of objects. Tensile tests, flexural tests, and compression tests have been used to evaluate the strengths of PLA structures fabricated both by IM [16] and by 3D-printing [32,33,34,35,36,37]. The deterioration of the mechanical properties is an essential factor to consider in the design of a structure, if the strength is to be adequately maintained or controlled during the structure’s lifetime. The strength deterioration of PLA formed by IM has been evaluated by tensile tests [10,12,18,38] and flexural tests [10,39] for medical applications. While FFF-3D-printed PLA structures are becoming essential components of medical devices and environment-friendly products, the mechanical properties of 3D-printed structures so far reported have yet to form a sufficient basis for design guidelines [28,29].



The deterioration rate of PLA depends on several immersion conditions, such as the buffer used, the pH of the buffer solution, and the immersion temperature [29,40,41,42]. These conditions are difficult to compare in published studies, as they have varied among test pieces and have only been partially described [40]. As a consequence, scanty data have been obtained from tensile and flexural testing of test pieces prepared under uniform fabrication and immersion conditions.



Our group previously performed uniaxial tensile tests on FFF-3D-printed PLA test pieces to evaluate how the mechanical properties deteriorated after the test pieces were immersed in saline for certain periods [28]. The tests evaluated test pieces printed using four nozzle scan patterns with interior fill percentages (IFPs) set at 100%, for comparison with data obtained on control test pieces produced by IM. The deterioration observed in the tests varied according to the nozzle scan pattern used to print the test pieces. Flexural testing is another important method for the mechanical testing of materials, along with assessments of test piece failure. Yet few data have been reported on flexural tests to evaluate the deterioration of FFF-3D-printed PLA structures. The IFP is a major fabrication parameter, alongside the nozzle scan pattern, in FFF 3D printing. Experiments to compare the mechanical properties of test pieces produced by different IFPs and nozzle scan patterns are also furnishing useful data on how the responses of structures differ according to the load direction.



In this study we used uniaxial tensile tests and four-point flexural tests to evaluate the mechanical properties of a series of FFF-3D-printed test pieces formed from PLA. Most of the conditions used to prepare the test pieces were the same, the exceptions being the shapes, nozzle scan patterns, and IFPs. The structures were printed out using two different scan patterns, namely, in parallel with the longitudinal direction (P.) and cross-hatched at opposing diagonal angles to the longitudinal direction (C.) The IFPs were set at 100% and 80% for the test pieces printed by each scan pattern. The test pieces were immersed in saline for 30, 60, or 90 days. The following mechanical properties were examined: the maximum tensile or flexural stress, the tensile or flexural modulus, and the tensile or flexural breaking energy.




2. Materials and Methods


2.1. Test Piece Preparation


Two kinds of test pieces were prepared, one for tensile testing and the other for flexural testing. Figure 1a,b shows the shapes and dimensions of the test pieces. The tensile test piece (a) was formed in a flat-dumbbell shape and the flexural test piece (b) was rectangular. Both were designed with a square section (3 × 3 mm) around the breakage section. The dimensions of the tensile test piece were based on the ASTM D638 Type V standard, with two modifications: reduction of the width from 3.18 to 3.0 mm to unify the cross section with the flexural test piece, and reduction of the overall length from 63.5 mm to 30.0 mm to reduce the volume of the immersion solution. The model test pieces were designed on a three-dimensional computer-aided design (3D-CAD) system (AutoCAD, Autodesk Inc., Mill Valley, CA, USA) and the model data were output in a standard triangulated language (STL) format. All of the test pieces were composed of white, translucent, commercially available PLA (Waves, Osaka, Japan) with a filament diameter of 1.75 mm, and printed with an FFF 3D printer (Lepton2, MagnaRecta Inc., Tokyo, Japan) using slicing and controlling software (Simplify3D, Simplify3D LLC, Cincinnati, OH, USA). The nozzle diameter, nozzle scan speed, nozzle temperature, modeling stage temperature, test piece IFP, and layer thickness were set at φ0.4 mm, 480 mm/min, 200 °C, 70 °C, 100% or 80%, and 0.2 mm, respectively.



Figure 2 shows the two nozzle scan patterns used for the 3D printing. The first was a unidirectional pattern running in parallel with the longitudinal direction, and the second was a bidirectional pattern cross-hatched at opposing diagonal angles to the longitudinal direction [28]. In this paper we define P.100% as the P. test piece printed with an IFP of 100%, and apply corresponding definitions to P.80%, C.100%, and C.80%. The test pieces were fabricated in a room maintained at room temperature (R.T.) (22–25 °C) and then weighed with an electronic balance.




2.2. Test Piece Immersion in Saline Solution


All of the test pieces but those used for the non-immersed test were immersed in solution before the strength tests. Each test piece was immersed in a small styrene case containing 8 mL of saline (0.9% NaCl) set within an incubator at a constant temperature of 37 °C for 30, 60, or 90 days. After incubation, the test piece was wiped free of moisture and dried in a vacuum pump for 5 min. to obtain a stable dry condition [28].




2.3. Strength Test


The mechanical properties of interest were examined by two test methods, a uniaxial tensile test and a four-point flexural test, using a universal testing machine (EZ-Graph, Shimadzu Corp., Kyoto, Japan) (Appendix A). The loads were measured with a 5 kN load cell (Teada-Huntleigh, Model 615, VPG Transducers, Hampshire, UK). Figure 3 shows the shapes of the testing jigs, both of which were specially manufactured by our group. L and L′ in Figure 3b represent the fulcrum distance (28 mm) and indenter distance (8 mm) of the flexural test jig, respectively, and R is the radius of curvature (2 mm). The crosshead moving speed in the tensile test and flexural test was set at 1.2 mm/min. for each load direction. A moving limit of 7 mm was set for the head of the 3 mm thick test piece in the flexural test jig. The tensile test and flexural test were both performed at R.T. The strength of the non-immersed test piece was measured within 12 h of the test piece printing.



The mechanical properties of each test piece were calculated by the following formulas [43,44,45].


   σ T  =  P A  ,  
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where σT is the tensile stress (MPa), P is the test load (N), A is the outer cross-sectional area of the test piece (mm2), b and h are the width (mm) and thickness (mm) of the tensile test piece measured before the strength test, ET is the tensile elastic modulus (GPa), εT is the strain in the tensile test (−), δ is the displacement of the crosshead (mm), l0 is the gauge length (10 mm), UT is the tensile breaking energy (MJ/m3), εTb is the breaking strain in the tensile test (−), σF is the flexural stress (MPa), b’ and h’ are the width (mm) and thickness (mm) of the flexural test piece measured before the strength test, EF is the flexural elastic modulus (GPa), εF is the deflection rate in the flexural test (−), UF is the flexural breaking energy (MJ/m3), and εTσmax is the deflection rate at maximum flexural stress. For the flexural tests, we defined a deflection rate, εF, as Equation (7). The breaking energy of the flexural test was calculated by integrating the flexural stress with respect to the deflection rate from zero to the maximum stress at which structurally stable deformation is maintained in the region [44,45]. The deflection rate expresses a slope of the test piece deflection, or the steepness of the deflection, in response to loading.



The dimensions of the test piece were measured immediately before the strength test to derive accurate values of the mechanical properties. The b and h were measured at three points within the gauge length, and the cross-sectional area of the outer shape was calculated from the width and thickness closest to the fractured part. The b’ and h’ were measured at the central portion, and the cross-sectional area of the outer shape was calculated from the measured values. The maximum tensile and flexural stresses were the highest points on the stress–strain curve and stress–deflection rate curve, respectively. The maximum stress was considered to be the strength determined by the test method. ET was calculated from the slope by the least-squares approximation in the strain range of 2.2–2.5% of the stress–strain curve. For the testing of the immersed test piece, the maximum stresses in the tensile and flexural tests were compared by the values divided by the averaged maximum tensile and flexural stresses of the non-immersed test pieces, respectively. ET and EF were compared by the values divided by the ET and EF of the non-immersed test pieces of the same test piece type, respectively.





3. Results


3.1. Test Pieces


Figure 4 shows photographs of the tensile test pieces (upper row (a)) and flexural test pieces (lower row (b)). The convex patterns on the test piece surfaces vary according to the nozzle scanning direction and IFP. Figure 5 compares the average masses of non-immersed test pieces. The average masses of the tensile test pieces were P.100%, 0.748 [28]; P.80%, 0.653; C.100%, 0.750 [28]; and C.80%, 0.644 g. When the IFP was decreased from 100% to 80%, the masses of the tensile test pieces P. and C. decreased by 21.8% and 13.0%, respectively. The average masses of the flexural test pieces were P.100%, 0.410; P.80%, 0.321; C.100%, 0.445; and C.80%, 0.388 g. With same reduction in the IFP, from 100% to 80%, the masses of the flexural test pieces P. and C. decreased by 12.7% and 14.1%, respectively.




3.2. Stress-Strain Curves and Stress-Deflection Rate Curves


Figure 6 shows representative changes in the stress–strain curves obtained from the tensile tests in saline. The curves of the non-immersed (0 days) test pieces reached the maximum stress with increased strain, then decreased gradually (a–d). The non-immersed P. test pieces broke at large strain (P.100%; 236% and P.80%; 45.8%) (e). In the non-immersed tests, the breaking energies of the P. test pieces were larger than those of the C. test pieces (ab–cd). The breaking energies of test pieces P. and C. changed differently in response to the immersion, with that of P. decreasing sharply as the immersion period increased, and that of C. hardly changing (a–d).



Figure 7 shows representative changes of the stress–deflection rate curves obtained in the flexural tests in response to immersion. The curves of the non-immersed test piece increased to the maximum stress with increased deflection, then slowly decreased (a–d). The non-immersed test pieces did not reach breaking point at a deflection rate of 50%, a level of deflection corresponding to a moving range of 7 mm (a–d). The maximum flexural stress of the P. test pieces decreased sharply as the immersion period increased (a,b). The non-immersed C.80% test piece showed the smallest maximum flexural stress among the four non-immersed test pieces examined (a–d). The C. test pieces showed greater declines in both maximum flexural stress and breaking energy than the P. test pieces (a–d).




3.3. Non-Immersion Test


Figure 8 shows the maximum tensile stresses and tensile elastic moduli of the four types of non-immersed test pieces examined. The average maximum tensile stresses were P.100%, 56.1 [28]; P.80%, 56.4; C.100%, 51.3 [28]; and C.80%, 34.5 MPa. The maximum stress of P.80% was almost equal to that P.100%. C.80% had the smallest maximum stress among the non-immersed test pieces. The maximum stress of C.80% was 32.7% lower than that of C.100%. The average tensile elastic moduli were P.100%, 1.22 [28]; P.80%, 1.24; C.100%, 1.22 [28]; and C.80%, 0.97 GPa. The elastic modulus of P.80% was almost equal to that P.100%. The elastic modulus of C.80% was 20.5% lower than that of C.100%.



Figure 9 shows the maximum flexural stresses and flexural elastic moduli of the four types of non-immersed test pieces examined. The average maximum stresses were P.100%, 81.2; P.80%, 78.1; C.100%, 80.7; and C.80%, 69.9 MPa. The maximum stress of P.80% was almost equal to that of P.100%. The maximum stress of C.80% was 13.4% lower than that C.100%. The average flexural elastic moduli were P.100%, 2.87; P.80%, 2.77; C.100%, 2.48; and C.80%, 2.28 GPa. The elastic modulus of P.80% was nearly equal to that of P.100%. The elastic modulus of C.80% was 7.85% lower than that of C.100%.




3.4. Immersion Test


Figure 10 compares the changes of the average maximum tensile stresses of the four test piece types after immersion for sequentially increased periods. After 30 days of immersion, the changes of the maximum tensile stresses were P.100%, −17.6%; P.80%, −21.7%; C.100%, −3.47%; and C.80% +11.5%. After 60 days, the changes of the maximum stresses were P.100%, −20.6%; P.80%, −37.8%; C.100%, −9.67%; and C.80%, +5.82%. After 90 days, the changes were P.100%, −44.8%; P.80%, −58.5%; C.100%, −5.07%; and C.80%, −1.28%. The maximum stresses of the P. test pieces gradually decreased over the 90 days of immersion, while the maximum stress of the C. test pieces hardly changed.



Figure 11 compares the changes of the average maximum flexural stresses of the four test piece types after immersion for sequentially increased periods. After 30 days of immersion, the changes of the maximum flexural stresses were P.100%, −1.50%; P.80%, −10.9%; C.100%, −0.18%; and C.80%, +14.7%. After 60 days, the changes were P.100%, −18.5%; P.80%, −22.1%; C.100%, −8.68%; and C.80%, −9.04%. After 90 days, the changes were P.100%, −39.7%; P.80%, −60.8%; C.100%, −19.2%; and C.80%, −16.6%. The maximum flexural stresses of all of the test piece types declined after 90 days of immersion, with those of the P. test pieces dropping steeply.



Figure 12 compares the changes of the average tensile elastic moduli of the four test piece types after immersion for sequentially increased periods. After 30 days of immersion, the changes of the elastic moduli were P.100%, +3.77%; P.80%, −4.27%; C.100%, −3.77%; and C.80%, +20.2%. After 60 days, the changes were P.100%, +1.64%; P.80%, +33.6%; C.100%, +0.41%; and C.80% +12.2%. After 90 days, the changes were P.100%, −35.8%; P.80%, −17.8%; C.100%, +5.58%; and C.80%, +0.13%. The elastic moduli of the P. test pieces decreased over the 90 days of immersion, while the moduli of the C. test pieces hardly changed. The tensile elastic modulus of the C.80% test piece temporally rose after 30 days of immersion.



Figure 13 compares the changes of the average flexural elastic moduli of the four test piece types after immersion for sequentially increased periods. After 30 days of immersion, the changes of the elastic moduli were P.100%, +26.6%; P.80%, +5.67%; C.100%, +15.8%; and C.80% +1.40%. After 60 days, the changes were P.100%, +14.9%; P.80%, +7.71%; C.100%, −0.62%; and C.80%, −0.85%. After 90 days, the changes were P.100%, +10.1%; P.80%, −5.48%; C.100%, +8.93%; and C.80%, +3.43%. The flexural elastic moduli fluctuated within a range of about 27%.



Figure 14 shows the average tensile breaking energies and flexural breaking energies of the non-immersed test pieces. The tensile breaking energies were P.100%, 70.90; P.80%, 10.84; C.100%, 2.72; and C.80%, 1.87 MJ/m3. The flexural breaking energies were P.100%, 10.99, P.80%, 8.53; C.100%, 16.10; and C.80%, 18.37 MJ/m3.



Figure 15 compares the changes of the tensile breaking energies of the four test piece types after immersion for sequentially increased periods. After 30 days of immersion, the changes of the breaking energies were P.100%, −96.3%; P.80%, −76.5%; C.100%, −45.6%; and C.80%, −45.8%. After 60 days, the changes were P.100%, −94.5%; P.80%, −82.5%; C.100%, −45.5%; and C.80%, −49.1%. After 90 days, the changes were P.100%, −99.3%; P.80%, −94.8%; C.100%, −65.6%; and C.80% −53.1%. The breaking energies of the P. test pieces showed more pronounced changes than the breaking energies of the C. test pieces.



Figure 16 compares the changes of the flexural breaking energies of the four test piece types after immersion for sequentially increased periods. After 30 days of immersion, the changes of the breaking energies were P.100%, −35.5%; P.80%, −46.1%; C.100%, −57.5%; and C.80%, −32.4%. After 60 days, the changes were P.100%, −56.2%; P.80%, −50.9%; C.100% −52.1%; and C.80%, −66.7%. After 90 days, the changes were P.100%, −75.5%; P.80%, −82.8%; C.100%, −77.9%; and C.80%, −74.2%. The immersion reduced the breaking energies of all of the test piece types in the flexural stress test.





4. Discussion


In this research we analyzed how the mechanical properties of FFF-3D-printed PLA structures deteriorated by immersion in solution, and how the deterioration evaluated by tensile testing differed from that evaluated by flexural testing. We did so by printing comparable test pieces for evaluation by the two testing tests and treated them by identical methods. We then investigated how major fabrication parameters such as the nozzle scan pattern and IFP affected the differences found in the mechanical properties. To our knowledge, no earlier reports comparing the abovementioned conditions have been published. In this discussion we focus on the details of the data obtained from the two mechanical tests.



4.1. Analysis of Mechanical Properties by Tensile Testing and Flexural Testing


Tensile and flexural testing are basic test methods to assess mechanical properties such as maximum stress, elastic modulus, yield stress, breaking strain, and breaking energy. We know that flexural testing data form an unreliable basis for decisions on design parameters with polymeric materials, as the mechanical equations require distinct geometric assumptions that easily compromise accuracy. The flexural test, however, is an important step to determine the relative relation of the flexural parameter itself and the relation between the flexural parameter and parameter obtained by the tensile test. In this research we printed two types of test pieces with cross sections of the same size (3 × 3 mm), one for the tensile testing (Figure 1a; Figure 4, row(a)) and the other for the flexural testing (Figure 1b; Figure 4, row(b)), to keep the test conditions as similar as possible for better comparability.




4.2. Mechanical Properties of the Non-Immersed Test Pieces


The maximum tensile stress of the P.100% test piece shown in Figure 8 (56 MPa) agreed well with the maximum tensile stresses of the FFF-3D-printed test pieces [28,33] and IM test pieces [7,16,17]. The maximum flexural stress of the P.100% test pieces shown in Figure 9 (81 MPa) was within a proper range compared with the maximum flexural stresses of previously reported test pieces formed by IM [16].



The average maximum stress of the P.80% test piece was almost equal to that of P.100% in both tensile and flexural testing (Figure 8 and Figure 9). In contrast, the maximum stress of C.80% was clearly lower than that of C.100% in tensile testing and slightly lower than that of C.100% in flexural testing. On the other hand, the masses of the both the scan pattern P. and C. test pieces shown in Figure 5 decreased by at least 12.7%. From the masses of the test pieces shown in Figure 5, we can surmise that the actual IFPs almost matched the values set in the software, 100% and 80%. These findings indicate, for reasons that have yet to be explained, that we can obtain equal strength with 20% less material in structures printed by scan pattern P.



The average maximum tensile stress of C.80% was 32.7% lower than that of C.100% (Figure 8), while the average flexural strength of C.80% was 13.4% lower than that of C.100% (Figure 9). We can infer that the decreased IFP reduced the tensile strength more than it reduced the flexural strength in the C. test pieces.



From the stress–strain curves shown in Figure 6a–e, we see that the tensile breaking strain of P.100% (>200%) far exceeded the tensile breaking strains of the other test piece types. The large deformation was caused by the tensile force acting in parallel to the longitudinal direction of the filament constructed. No test piece breakage occurred when the styluses were displaced by 7 mm, a distance equivalent to a 50% deflection rate, in our four-point flexural test. This finding was explained by a movement limitation in the structure of the jigs (Section 2.3 and Figure 7).



The tensile elastic modulus obtained in this work (P.100% and P.80%) was considerably lower (1.2 GPa) than that reported in a previous paper (3.4 GPa) [33]. The flexural elastic modulus of P.100% almost agreed with a previously reported value (2.4 GPa) using IM test pieces [14], though we can only surmise that the value was obtained from a four-point flexural test (no description of the flexural test was offered). On the contrary, our scores were considerably lower than those reported in previous studies [16] using three-point flexural tests using IM test pieces.




4.3. Mechanical Properties after Immersion in Saline


The maximum stresses of the P. test pieces dropped remarkably over 90 days of immersion in saline (Figure 10 and Figure 11). The strength reduction rates of the P.80% test piece were the largest, reaching 58.5% in the tensile test and 60.8% in the flexural test. The deterioration rates were larger in the P. test pieces than in the C. test pieces in both types of testing. From these results, we can infer that the differences in the deterioration rates stemmed from the internal structures fabricated by the nozzle scan patterns. The chief difference between the two internal structures was the shape of the gaps between the filaments. While the P. structure was formed with straight gaps between the extruded lines of the material, resulting in a capillary-like structure, the C. structure was formed with zigzag-shaped gaps. In comparing the 100% and 80% IFPs in this research, we found that the structure formed by the IFP of 80% had larger gaps between the extruded lines. These larger gaps may have accelerated the water uptake into the structure. We can surmise from the different deterioration rates observed that water was more readily taken up by the P. test pieces than by the C. test pieces at both the 100% and 80% IFPs.



We can also find distinctive changes. The tensile stress and flexural stress of C.80% increased temporarily after 30 days of immersion, as can be seen in Figure 10 and Figure 11 (described in 4.4). The tensile elastic modulus ratio ranged between −35.8% and +20.2% (Figure 12). The flexural elastic modulus ratio ranged between −5.48% and +26.6% (Figure 13). The 90 days of immersion decreased the tensile elastic modulus of the P. test pieces (Figure 12). The tensile elastic modulus of P.80%, however, rose from 60 days to 90 days, for reasons that remain unclear.



The tensile breaking energies of the non-immersed test pieces varied largely between the test pieces types, and the breaking energies of the P. test pieces were remarkably larger than those of the C. test pieces (Figure 14). On the contrary, the flexural breaking energies of the non-immersed C. test pieces were larger than those of the non-immersed P. test pieces.



The first 30 days of immersion greatly reduced the breaking energies of both test piece types (Figure 15 and Figure 16). In particular, the tensile breaking energies of the P.100% test pieces declined by more than 90% versus the extremely large breaking energies of the non-immersed test pieces. From the comparisons of the changes observed between the tensile tests and flexural tests (see Figure 10, Figure 11, Figure 12 and Figure 13), we can report that the breaking energies of the test pieces declined in the first 30 days of immersion, while the maximum tensile and flexural stresses showed no notable changes in the same period.



We evaluated the deformation in the flexural tests by calculating the steepness of the deflection induced by loading and defining it as a deflection rate (Equation (7)). We estimated a flexural breaking energy from the range of structurally stable deformation based on the Drucker stability postulates [44,45]. This range corresponded to the area below the stress-deformation rate curve between zero to the deformation rate at the maximum stress.




4.4. Temporary Strength Increase Brought about by Immersion


The maximum strengths of the C.80% test pieces were temporarily increased by 30- and 60-day immersion in the tensile tests (Figure 10) and by 30 days of immersion in the flexural tests (Figure 11). These temporary increases were observed only in the C.80% structures. Meanwhile, the tensile elastic moduli of the C.80% structures were temporarily increased by 30 days of immersion, and gradually decreased thereafter (Figure 12). The flexural elastic moduli of all the test piece types increased over the first 30 days of immersion. We can infer that the permeation of water into the material induced a transient hardening, as PLA has a slow degradation rate [9,12,13,15,46]. We can also report that the permeation rate was larger than the deterioration rate of the material. The deterioration may have reached a notable level after 30 days of immersion, resulting in the subsequent strength decline.



We have not seen many reports on the transient hardening of PLA. PLA and PLA/wood composites prepared by injection molding and 3D printing have been evaluated for their mechanical properties [47]. Studies have also been done to determine how the water absorption characteristics of polymer materials affect the base resins of dentures [48,49]. In flexural testing, six months of water immersion significantly increased the elastic moduli of resins treated by various methods [48].




4.5. Test Methods


Our test pieces (Figure 1 and Figure 4) were smaller than those usually applied for evaluations of the tensile [28] and flexural properties of polymer materials. The smaller size allowed us to immerse each test piece in the solution separately from the other test pieces, and thus to maintain the same immersion condition for all of the pieces immersed. A uniform immersion is preferable, considering the self-catalysis effect of the water-soluble oligomers [42]. We would have had difficulty collecting data from a large number of test pieces if the test pieces had been larger in size, as fewer of them would have fit inside the incubator used for the immersion. Square sections of the same size (3 × 3 mm) were designed for both test piece types to ensure that the immersion solution permeated into and diffused within the material and structures under similar conditions. For the purposes above mentioned, we chose to adopt an ASTM standard, with some modifications.



We adopted a four-point flexural test instead of a three-point flexural test in this research. While the four-point flexural test can give uniform bending moment to the test piece between the inner loading styluses, the structure reaches the point of breakage under conditions similar to those in practical use.



As mentioned earlier, the tensile elastic modulus taken from this work was considerably lower than that reported in a previous paper. This difference may have stemmed from the difference in the method used to deliver the strain. We derived the strain in our tensile tests from the moving distance of the test piece head, as the test piece was too small to accept the insertion of a strain gauge with high precision [28].



We decided to select saline as the immersion solution for this work instead of phosphate buffer saline (PBS) or distilled water (DW), two other solutions that might have served the same purpose [28,40,41]. PBS would have more reliably maintained the pH value of the solution, a factor that influences the deterioration rate of PLA. According to another group, sodium chloride buffer proved to be the optimal degradation medium in an investigation of the influence of the degradation medium on the changes of mechanical behavior [29].



We continued the immersion test for up to 90 days in this work, and the maximum stress dropped by approximately 60% (Figure 10 and Figure 11). Our 90-day test period brought about the degree of deterioration we were seeking to use for the design data.



The test pieces were printed using a white translucent PLA filament containing no dye, as dye is reported to decrease the maximum tensile strength of PLA by accelerating the crystallinity [50].




4.6. Future Prospects


We found a peculiarity in the deterioration of the PLA structures fabricated by the FFF 3D printer. The structures had inner gaps between neighboring lines that varied according to the scan pattern and IFP settings in the control software. The true surface area of an FFF-3D-printed structure is generally larger than that of an IM structure with the same outer volume, as the curved surfaces of the filament composing the former have a larger surface area than the plane surface of the latter. The different interaction between the inner surface of the gap and solution can be expected to result in different deterioration profiles of the structure. Structures printed with other scan patterns in combination with different IFPs should be evaluated in the future.





5. Conclusions


PLA test pieces prepared with an FFF 3D printer were immersed in saline and evaluated by tensile and flexural tests to characterize the deterioration of their mechanical properties. The maximum strengths, elastic moduli, and breaking energies of four test piece types printed using different nozzle scan patterns and IFPs were examined by two test methods and compared. The immersion in saline substantially changed the mechanical properties of the FFF-3D-printed structures. The patterns and degrees of change were influenced by the fabrication parameters used to print the structures. In comparing between the tensile and flexural tests, the immersion was found to bring about different effects on the mechanical properties of the structure. The strengths of the test pieces tended to decrease over the 90 days of immersion, though some of the test pieces fabricated under specific conditions exhibited temporary increases in strength after 30 days of immersion. Some of the test piece types exhibited comparable levels of strength with smaller quantities of material. We expect the knowledge obtained in this research to be applied to the design of FFF-3D-printed structures.
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Appendix A


The photographs in Figure A1 show the test pieces in their jigs (partially shown) while being tested.
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Figure A1. Photographs of the P.100% test pieces in their jigs during loading for the (a) uniaxial tensile test (εT = 0.05) and (b) four-point flexural test (εF = 0.2). Bar: 10 mm. 
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Figure 1. Shapes and dimensions of (a) the tensile test piece [28] and (b) the flexural test piece. 
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Figure 2. Nozzle scan patterns for the test pieces fabricated with the FFF 3D printer. (a) Parallel, P.; (b) Cross-hatched at opposing diagonal angles, C. 
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Figure 3. Schematics of the jigs for the (a) uniaxial tensile test and (b) four-point flexural test. 
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Figure 4. Photographs of the exteriors of the test pieces fabricated with the 3D printer. (a) Tensile test piece and (b) Flexural test piece. (i) P.100%, (ii) P.80%, (iii) C.100%, and (iv) C.80%. Bar: 5 mm. 
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Figure 5. Comparison of the masses of the non-immersed test pieces. Average ± S.D., N = 5. 
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Figure 6. Representative changes of the stress–strain curves of the tensile test pieces after immersion for certain periods. (a) P.100%, (b) P.80%, (c) C.100%, and (d) C.80%. (e) Full curves of P.100% and P.80%. 
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Figure 7. Representative changes of the stress–deflection rate curves of the flexural test pieces after immersion for certain periods. (a) P.100%, (b) P.80%, (c) C.100%, and (d) C.80%. The arrow indicates that the test piece has not reached breakage. 
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Figure 8. Maximum tensile stresses and tensile elastic moduli of the non-immersed test pieces. Average ± S.D., N = 5. 
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Figure 9. Maximum flexural stresses and flexural elastic moduli of the non-immersed test pieces. Average ± S.D., N = 5. 
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Figure 10. Comparison of the changes in the maximum tensile stresses of the four test piece types brought about by the immersion. Each value was divided by the average value of the non-immersed test pieces (0 days). The plot points were straggled to avoid overlapping. Average ± S.D., N = 5. 
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Figure 11. Comparison of the changes of the maximum flexural stresses of the four test piece types brought about by the immersion. Average ± S.D., N = 5. 
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Figure 12. Comparison of the changes of the tensile elastic moduli of the four test piece types brought about by the immersion. Average ± S.D., N = 5. 
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Figure 13. Comparison of the changes of the flexural elastic moduli of the four test piece types brought about by the immersion. Average ± S.D., N = 5. 
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Figure 14. Tensile and flexural breaking energies of the non-immersed test pieces. Average ± S.D., N = 5. 






Figure 14. Tensile and flexural breaking energies of the non-immersed test pieces. Average ± S.D., N = 5.



[image: Inventions 06 00001 g014]







[image: Inventions 06 00001 g015 550] 





Figure 15. Comparison of the changes of the tensile breaking energies of the four test piece types brought about by the immersion. Average ± S.D., N = 5. 
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Figure 16. Comparison of the changes of the flexural breaking energies of the four test piece types brought about by the immersion. Average ± S.D., N = 5. 
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