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Abstract

:

3D printing, an additive manufacturing process, draws particular attention due to its ability to produce components directly from a 3D model; however, the mechanical properties of the produced pieces are limited. In this paper, we present, from the experimental aspect, the fatigue behavior and damage analysis of polylactic acid (PLA)-Graphene manufactured using 3D printing. The main purpose of this paper is to analyze the combined effect of process parameters, loading amplitude, and frequency on fatigue behavior of the 3D-printed PLA-Graphene specimens. Firstly, a specific case study (single printed filament) was analyzed and compared with spool material for understanding the nature of 3D printing of the material. Specific experiments of quasi-static tensile tests are performed. A strong variation of fatigue strength as a function of the loading amplitude, frequency, and process parameters is also presented. The obtained experimental results highlight that fatigue lifetime clearly depends on the process parameters as well as the loading amplitude and frequency. Moreover, when the frequency is 80 Hz, the coupling effect of thermal and mechanical fatigue causes self-heating, which decreases the fatigue lifetime. This paper comprises useful data regarding the mechanical behavior and fatigue lifetime of 3D-printed PLA-Graphene specimens. In fact, it evaluates the effect of process parameters based on the nature of this process, which is classified as a thermally-driven process.
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1. Introduction


Additive manufacturing (AM) is a family of processes enabling the layer-upon-layer production of an object from three-dimensional (3D) model data [1,2]. This process has shown significant potential and alternative methods to process materials for use in different industries [3,4,5]. One of the many benefits of AM is the production of functional parts with complex geometries that are difficult to manufacture by subtractive manufacturing methodologies [6,7].



Thanks to its ease of use and lower investment and operating costs, fused filament fabrication (FFF) is an extensively used AM technology [8]. In this method, the thermoplastic filament is fed into a heated nozzle, melted, and subsequently extruded and deposited layer by layer onto a build plate forming the desired 3D part [9,10]. Various thermoplastics and composites are currently used to produce 3D parts satisfactorily by the FFF process [11,12,13]. In the latter, multiple controllable printing parameters, such as liquefier and platform temperature, print speed, raster angle, and layer thickness, are accounted to produce highly qualified 3D-printed parts. Most studies reported the dependence between the mechanical properties and the selected printing parameters [14,15,16,17,18,19,20]. Besides, there are numerous research projects on thermoplastics such as polycarbonate (PC), acrylonitrile butadiene styrene (ABS), and polylactic acid (PLA) to estimate and analyze their mechanical properties and especially fatigue analysis.



Accordingly, several studies were performed in consideration of the effect of process parameters on the 3D-printed structures [21,22,23]. El Magri et al. investigated the effect of liquefier temperature and infill orientation on tensile properties and crystallinity of 3D-printed virgin polylactic acid (PLA) and short carbon fiber (CF)-reinforced PLA. For both materials, the maximum tensile properties have been attained for TLiq = 230 °C and (0/15/−15°) infill orientations. In another study, researchers found that the liquefier temperature, print speed, raster angle, and layer thickness parameters need to be taken into serious consideration. They found that these printing parameters impact directly the tensile properties and crystallinity of FFF printed materials [2,8,11]. Another study performed to determine the tensile properties and surface roughness of ABS to optimize the process parameters of FFF [24]. Similarly, a work on PC specimens was implemented to analyze the tensile strength of the 3D-printed parts. Compared with the extruded PC, they observed approximately 75% enhancement in tensile properties [25].



With reference to the mentioned works, FFF could offer enhanced fatigue lifetime of the final part in comparison with the traditional manufacturing processes [26,27,28]. The effect of print orientation on fatigue lifetime of 3D-printed ABS samples has been considered by Lee and Huang [29]. In addition, PLA, as a known material in the 3D printing process with a high mechanical strength, is stronger than ABS but with a lower ductility [29]. Its elevated mechanical properties make this material to be applicable in the 3D printing process [30]. In addition, besides the work performed on the mechanical properties of PLA as a composite [31,32], several studies investigated the mechanical performance of PLA considering FFF parameters [33,34,35,36,37].



Graphene’s addition to polymer matrices is currently under investigation as a promising method to improve their service conditions. Its excellent mechanical, electrical, and thermal properties make it an appropriate candidate for the reinforcement of several polymers [38,39]. Recently, PLA-Graphene nanocomposites have been fabricated using 3D printing process due to attractive features offered by both materials. However, in composites, the main challenge is to understand the graphene properties’ transfer from the nanoscale to the macroscale. Caminero et al. [38] reported that the printed PLA-Graphene composite samples showed the best performance in terms of surface texture, tensile, and flexural stress compared with un-reinforced PLA. However, the impact strength of the PLA-Graphene composite samples has been reduced by 1.2–1.3 times compared with that of un-reinforced PLA. By using central composite design, Camargo et al. [40] studied the effect of the variation of the infill and layer thickness parameters on the mechanical properties of 3D-printed PLA-Graphene. The results showed that the mechanical properties increase by the enhancement of the layer thickness and infill density parameters, while impact energy decreases as infill increases. Moreover, the coupled effect of the cyclic loading amplitude and frequency on the fatigue behavior of materials (especially composites) and the induced self-heating phenomenon have been studied [41,42]. It has been shown that, at high values of frequency and applied stress during the first stage of low cycles fatigue, composites exhibit an overall fatigue response mainly governed by the induced thermal fatigue (ITF). Accordingly, the mechanical fatigue (MF) nature becomes predominant during the second stage before the failure. For low frequency and applied amplitude, no significant self-heating phenomenon has been observed.



To conclude, there is still a lack of research on the development of this material. In this work, at the outset, the nature of the mechanical strength of 3D-printed specimens is discussed. Then, their fatigue behavior is evaluated by considering the condition of printing during the process. Finally, the relative Young’s modulus evolution and self-heating phenomenon are presented in order to have a better point of view through the fatigue lifetime of the 3D-printed specimens.




2. Material Description and Experimental Methods


2.1. PLA-Graphene Filament


In our study, we used a commercial PLA-Graphene filament (d = 1.75 mm). Some physico-chemical properties are presented in Table 1.




2.2. 3D Printer Device


An INTAMSYS (intelligent additive manufacturing systems), FunMAT HT (Shanghai, China) was used for processing PLA-Graphene. This FFF system, equipped with both a heated bed and build chamber, has a build volume of 260 × 260 × 260 mm3. Tensile test specimens were printed directly on the heated glass bed. The infill parameter was set to 100% to obtain solid-like samples. The major printing parameters evaluated are summarized in Table 2. All specimens were printed flat on the build platform (XY surface). Slicing of the 3D-model into individual layers was performed using the INTAM-suite software v3.5.2 (Shanghai, China).




2.3. Characterization Methods and Experimental Procedure


2.3.1. Microscopic Observation


To investigate the material microstructure in 3D-printed samples, we implemented microscopic observations using a scanning electronic microscope (HITACHI 4800 SEM, Tokyo, Japan).




2.3.2. Quasi-Static Tensile Test


Tensile tests until failure were carried out following ASTM D638–14 “Standard Test Method for tensile Properties of Plastics” (American technical standard) at room temperature on MTS 830 hydraulic machine (Eden Prairie, MN, USA) equipped with a 10 kN load cell and self-tightening jaws, which was used for all series of specimens.



Firstly, the quasi-static tensile specimens were cut from the printed solid blocks (Figure 1a) using a proper standard mold and a press machine. Then, tensile test with a velocity of 5 mm/min was applied on the printed sample (based on ASTM D638 type IV in Figure 1b). Notably, a contactless technique (using a camera) is used to measure the local deformation parallel to the tensile test. Displacement (mm) and force (N) were collected and processed by the MTS Test Suite software (Eden Prairie, MN, USA) to establish tensile strain–stress curves and calculate the tensile properties (Young’s modulus; tensile strength and strain at break). Young’s modulus was determined from the slope of the obtained stress–strain curves. The tensile strength was calculated by dividing the maximum applied load by the cross-sectional area of the specimen. The strain at break was measured using non-contact extensometer. All the reported values were calculated as averages over five specimens. Additionally, tensile tests on spool material and single printed filament were proposed (Figure 1c). The objective of this step is to understand the effect of bonding and filament deposition on tensile behavior of the printed samples.




2.3.3. Fatigue Test


Fatigue test (tension–tension mode) was carried out at different applied maximum stresses on MTS 830 hydraulic fatigue machine using the same standard as indicated in Figure 1 (ASTM D638 type IV). We chose the minimum applied stress to be equal to 10% of the maximum applied stress (Rσ = 0.1). In this paper, the results of the experimental tests at different frequencies of 10, 40, and 80 Hz are presented. During cyclic loading, as the temperature rises (due to the composite self-heating), the temperature variation was measured using an infrared camera (Optris PI450) in a specific area (maximum temperature). Material emissivity (ε) was obtained by calibrating the absolute difference of the tracks obtained by IR-camera and a thermocouple.





2.4. Condition of Printing


In this paper, we defined three conditions by considering platform temperature and print speed, as shown in Table 3. Five samples were tested for each condition of tensile tests.





3. Results and Discussion


In this section, the results of tensile test and tension–tension fatigue test were presented. During the sample preparation, the liquefier temperature was fixed at 200 °C for all conditions, and the samples were printed following the mentioned conditions. Furthermore, during the fatigue test, efforts were made to measure the evolution of Young’s modulus and also the self-heating caused during the fatigue test.



3.1. Quasi-Static Tensile Test


3.1.1. PLA-Graphene Filament


Based on Figure 2, to show the effect of layer-by-layer deposition, the results of tensile tests for the set of specimens were presented. Regardless of the variation in failure strain for the two specimens (PLA-Graphene spool material and one printed filament), there were no differences in Young’s modulus. However, the remarkable failure strain in the case of spool material is a notable issue in determination of the mechanical behavior of 3D-printed parts. It appears that, by extruding a filament through the extruder and consequently printing a single filament, the failure strain was decreased about 75%. In addition, regarding the brittle behavior of the material, the failure strain of PLA-Graphene spool filament (~7.5%) is almost 4 times greater than that of single printed filaments (~2%). This fact could be considered as a confirmation of the underlying assumption that in 3D printing and by extrusion of the filament through a liquefier, the mechanical behavior and particularly the elongation were markedly affected after deposition and printing. Moreover, in order to show the ductility of the PLA-Graphene spool material, cross-sectional morphology of the filament was observed right after the failure of the material, as included in Figure 2.




3.1.2. Influence of Process Parameters on the Tensile Behavior of Printed Vertical Walls


Tensile behaviors of the set of samples cut from the vertical wall are illustrated in Figure 3, including the tensile behavior at different values of platform temperature and print speed. The results indicate that the ultimate strength increases when both platform temperature and print speed increase, in which case the influence of print speed is more significance. The highest ultimate strength refers to the samples of the printed solid blocks at V = 40 mm s−1, whereas the highest Young’s modulus belongs to those printed at Tplatfrom = 60 °C. These observations refer to the fact that the decrease in cooling rate of PLA-Graphene by the increase in the platform temperature allows the material to have sufficient time for crystallization (above crystallization temperature) and re-arrangement of the polymer chains [36]. The same point exists for the variation of the print speed by which it helps again the deposited filaments not to be cooled down rapidly. Given the above-mentioned results and also the curves presented in Figure 3, the following statements are summarized:




	
The influence of Tplatform on ultimate strength is limited. When platform temperature is increased, the ultimate strength varies around 24%, whereas the increase in print speed causes approximately a 38% variation.



	
Average failure strain occurs around 6% by variation of platform temperature, which is around 7% in the case of changing of print speed.



	
In general, the variation of Young’s modulus in the case of the samples printed at different platform temperature is higher than that of a different print speed.



	
Overall, print speed has more influence on the enhancement of the bonding and strength of the deposited filaments.









3.1.3. Influence of Process Parameters on the Tensile Behavior of Printed Tensile Samples


Figure 4 illustrates the results of quasi-static tensile test on printed samples according to Condition I including the samples printed at various platform temperature as Tplatform = 40, 50, and 60 °C. The value of Young’s modulus of the sample printed at Tplatform = 40 °C is about 1.8 GPa, which is lower than those samples printed at Tplatform = 50 °C and Tplatform = 60 °C; however, the effect platform temperature variation is limited. On the other hand, the ultimate stress and consequently its strain gradually increase, and by increasing the platform temperature from 40 to 60 °C, a ~5% increase in ultimate stress was observed. Seemingly, these variations could be negligible; however, platform temperature has its own effect and causes a heat transfer through the deposited filaments. Another convincing point is the repeatability of the set of specimens by the occurrence of rupture at one edge of the samples as well as the fact that the failure mode was due to the material departure in a plane almost normal to the tensile stress. As expressed in Section 3.1.1, the failure strain of the material and brittle failure could be accordingly accomplished by the printed samples, which consist of deposition sequences of filaments (layer-by-layer deposition of filament). Notably, the mentioned deposition sequences contributed to a failure strain ~2.5 times higher than that of the printed single filament, which confirms the dependency of strength of the printed structures on the deposited layers.



In order to have a better presentation on the characterization of the specimens, tensile tests were applied at least five times for each condition. Following the presented results in Figure 4, the accompanying graphs in Figure 5 and data collected in Table 4 indicate the tensile behavior for the set of five specimens assessed according to the defined conditions by investigating the influence of platform temperature (TPlatform = 40, 50, 60 °C) and print speed (Vliq = 20, 30, 40 mm/s). In these curves, the strong effect of the process parameters, samples cut from a vertical wall including single layers deposited on top of each other, as discussed in Section 3.1.2, is clearly emphasized in terms of Young’s modulus and inelastic behavior until failure. One can note that the tensile test, for each kind of specimen, has similar Young’s modulus in the first linear period. Moreover, except for the samples printed in the conditions with the highest platform temperature (conditions I-3, II-3, and III-3), tensile behavior appears to be similar until failure. As mentioned, the higher the platform temperature is, the better the crystallization occurs, resulting in a better bonding between deposited layers. According to the presented results in Figure 5, these overall results could be taken into account thus far:




	
By increasing the print speed in the range of 20 mm/s–40 mm/s (e.g., conditions I-1 and III-1), the tensile strength of the PLA-Graphene increased by 5%.



	
By increasing the print speed in the range of 20 mm/s–40 mm/s (e.g., conditions I-3 and III-3), the failure strain increased by 20%.



	
By increasing the platform temperature from 40 °C to 60 °C in each condition group (e.g., condition I), Young’s modulus and tensile strength increased by 17% and 5%, respectively.



	
By increasing the platform temperature from 40 °C to 60 °C in each condition group (e.g., condition II), the failure strain increased by 12%.








Figure 6 shows the SEM micrographs of a fractured sample of condition III-1 and condition III-3. According to the observations from tensile results and by considering the fact that there was a variation in the ductility of the material, it seems that the ductility is observable based on Figure 6b. As high platform temperature produces more energy and makes the deposited material difficult to solidify, by raising the temperature profile of the filaments during deposition, the adequate infiltration and diffusion among filaments could improve the inter-layer bonding through the deposited filaments [16].





3.2. Fatigue Behavior Analysis


Following the tensile behavior of the spool material (as-received filament), with reference to Figure 2, efforts were made to perform a tension-tension stress-controlled fatigue test on the as-received filament by defining a length equal to the printed dog-bone sample tests at the frequency of 1 Hz (see Figure 7). The Wöhler curve shows that, at the high amplitudes (~35 MPa), the fatigue life time is about 100 cycles, whereas a variation of 15% and then 40% in applied stress leads to fatigue life of 5000 and 2 × 104 cycles, respectively. It could be established that the ductility observed for the spool material could lead to high life cycle, although at low strength.



In what follows, the life cycle, fatigue behavior, and the evolution of relative Young’s modulus as well as the self-heating of the printed dog-bone samples are discussed. It is worth mentioning to say that these samples were printed according to the conditions presented in Table 3.



3.2.1. Influence of Process Parameters


Figure 8 shows the Wöhler curves obtained in tension–tension stress-controlled fatigue tests, including the results of: (a) conditions I at f = 10 Hz; (b) conditions II at f = 10 Hz; (c) conditions I at f = 40 Hz; (d) conditions III at f = 80 Hz. The obtained results show that by variation of platform temperature, at both high and low amplitudes, there is a variation in the life cycle of the material. Based on the samples printed according to condition I (Figure 8a), a variation of 20 °C in platform temperature causes a fatigue lifetime of two times greater. In addition, the same observation was conducted in the case of samples printed according to condition II; however, the overall fatigue lifetime for these samples was raised by 10 times. It is worth mentioning to say that the effect of print speed on these comparisons is inevitable.



Comparing the samples printed as shown in Figure 8a,b, one can note that a variation of 10 mm s−1 of print speed (e.g., condition I-3 and II-3) leads to a fatigue lifetime four times greater. These observations affirm the influence of process parameters on the strength of the 3D-printed parts and thus their fatigue lifetime.



Following Figure 8c,d, the influence of frequency was taken into account by performing the tension–tension fatigue test at elevated frequencies. It has a determinant influence, independently of the loading amplitudes, on the fatigue lifetime of the material and particularly at high loading amplitudes. The main reason for this issue is the self-heating occurred during fatigue test. For the samples of condition I at the same amplitudes, tension–tension fatigue test at f = 40 Hz was carried out, and the corresponding Wöhler curves are shown in Figure 8c.




3.2.2. Relative Young’s Modulus Evolution


Following the results of the fatigue test, the evolution of the relative Young’s modulus for three different conditions (in each amplitude) was illustrated in Figure 9 for the frequencies of 10, 10, and 80 Hz, respectively. Almost all samples exhibit a fatigue behavior mostly governed by the MF nature due to the damage phenomenon. However, the ITF is a predominant nature of the PLA-Graphene fatigue behavior at high amplitude. From these curves, at high loading amplitudes, the dynamic modulus decreases rapidly in a non-linear logarithmic regime until fracture of the sample. For low applied amplitudes, the dynamic modulus exhibits two decreasing regimes: a linear one during the initial cycles, and a drastic decrease just before the fracture. The following observations could be extracted:




	
The higher the platform temperature, the lower the damage caused during fatigue test.



	
The significance of kinetic damage is observed for the samples printed with the lowest platform temperature and print speed (in a same frequency).



	
The higher the applied frequency, the higher the damage appeared during the fatigue test.








Given the above statements, one can mention that the mechanism of inter-layer bonding through the deposited layers improves with variation of parameters. In this case, it was mentioned that both high platform temperature and print speed decrease the cooling rate of the deposited filaments and allow the material to form a better bonding at the interface of the deposited layers.




3.2.3. Self-Heating Phenomenon


The fatigue behavior of PLA-Graphene induces self-heating as a result of variation in loading conditions caused by implementation of different amplitude and frequency. The viscous behavior of the polymer as a function of the temperature enhancement depends on the material transition temperatures. Accordingly, the coupled effect of high loading amplitude and high frequencies generates more intensive self-healing and damage phenomena.



Figure 10 illustrates the temperature variation at different amplitudes for samples printed according to condition III-3. As can be seen, the temperature enhancement was shown from the start of the test until the failure of the sample. These illustrations clearly show how induced temperature during the fatigue test increased until the failure of the material. In the case of other conditions, Figure 11 shows the induced temperature at some instances during the tension–tension fatigue test. From the thermogram indicated in Figure 11, one can note that the influence of process parameters is evident. As mentioned in the previous sections, keeping the temperature profile of filaments around or above crystallization temperature allows the material to have more time to be crystallized, and this issue causes better strength between the interface of filaments [16].



Considering temperature evolution as a critical parameter in fatigue lifetime, maximum induced temperature can be a factor in predicting the fatigue behavior of the material. Figure 12 illustrates the maximum induced temperature (just before failure). The effect of frequency shows that, at 10 Hz, temperature increased around the glass transition temperature, while for 80 Hz, temperature increased around crystallization temperature of the material. One can conclude that both fatigue behavior and fatigue life of PLA-Graphene 3D-printed composites are influenced by a coupled effect of loading amplitude and frequency, which induced thermal effect and progressive damage. In fact, the analysis of the self-heating phenomenon together with the evolution of the relative Young’s modulus can be a good way to separate thermal fatigue and MF.



For emphasizing the coupled effect of loading amplitude and frequency at microscopic scale fracture, surface observations were performed. Figure 13 compares the fracture surfaces of printed samples obtained for two applied stresses at the frequencies of 10 and 80 Hz. The analysis on the SEM images highlights the following remarks:




	
The fracture surface observed in the case of low frequency (Figure 13a,b) shows that the enhancement of the induced temperature until glass transition temperature at low amplitude tends to increase the ductility of the sample, whereas the brittle fracture is more obvious at a high amplitude.



	
SEM observations on the samples tested at 80 Hz highlight ductile fracture (Figure 13c,d). In fact, self-heating provides more deformation at low amplitude; however, the influence of high frequency and the ductile behavior of the sample is inevitable.



	
In general, the higher the self-heating, the more the ductility of the material.











4. Conclusions


The mechanical behavior of 3D-printed PLA-Graphene specimens under both quasi-static and fatigue loadings is influenced mainly by the different sources of temperature and printing speeds.



In this paper, the mechanical properties of PLA-Graphene specimens were investigated by considering the effect of platform temperature and print speed (liquefier temperature was fixed at T = 200 °C). A strong variation of fatigue lifetime, as a function of the loading amplitude, frequency, and the mentioned parameters, is presented. As observed from the obtained results, fatigue lifetime clearly depends on the mentioned process parameters. Moreover, when the frequency is 80 Hz, self-heating decreases the fatigue lifetime, which also depends on the coupling effect of thermal and mechanical fatigue. SEM micrographs demonstrated that ductile behavior was observed for the samples tested at frequency of 80 Hz, whereas the polymer remained almost brittle during the fatigue tests at 10 Hz.







Author Contributions


Conceptualization, A.E.M., S.V. (Saeedeh VANAEI), M.S., S.V. (Sébastien Vaudreuil) and A.T.; methodology, A.E.M.; software, A.E.M., S.V. (Sébastien Vaudreuil) and M.S.; validation, A.E.M., S.V. (Saeedeh VANAEI), M.S., S.V. (Sébastien Vaudreuil) and A.T.; formal analysis, A.E.M., S.V. (Saeedeh VANAEI), M.S., S.V. (Sébastien Vaudreuil) and A.T.; investigation, A.E.M., S.V. (Saeedeh VANAEI), M.S., S.V. (Sébastien Vaudreuil) and A.T.; resources, A.E.M., S.V. (Saeedeh VANAEI), M.S., S.V. (Sébastien Vaudreuil) and A.T.; data curation, A.E.M., S.V. (Sébastien Vaudreuil) and A.T.; writing—original draft preparation, A.E.M. and S.V. (Saeedeh VANAEI); writing—review and editing, A.E.M., S.V. (Saeedeh VANAEI), M.S., S.V. (Sébastien Vaudreuil) and A.T.; visualization, A.E.M., S.V. (Saeedeh VANAEI), M.S., S.V. (Sébastien Vaudreuil) and A.T.; supervision, S.V. (Saeedeh VANAEI) and A.T.; project administration, S.V. (Sébastien Vaudreuil) and A.T.; funding acquisition, S.V. (Sébastien Vaudreuil) and A.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Gao, W.; Zhang, Y.; Ramanujan, D.; Ramani, K.; Chen, Y.; Williams, C.B.; Wang, C.C.; Shin, Y.C.; Zhang, S.; Zavattieri, P.D. The status, challenges, and future of additive manufacturing in engineering. Comput.-Aided Des. 2015, 69, 65–89. [Google Scholar] [CrossRef]

	



el Magri, A.; Vaudreuil, S.; el Mabrouk, K.; Touhami, M.E. Printing temperature effects on the structural and mechanical performances of 3D printed Poly-(phenylene sulfide) material. IOP Conf. Ser. Mater. Sci. Eng. 2020, 783, 012001. [Google Scholar] [CrossRef]

	



Sohrabian, M.; Vaseghi, M.; Khaleghi, H.; Dehrooyeh, S.; Kohan, M.S.A. Structural Investigation of Delicate-Geometry Fused Deposition Modeling Additive Manufacturing Scaffolds: Experiment and Analytics. J. Mater. Eng. Perform. 2021, 1–13. [Google Scholar]

	



Vanaei, S.; Parizi, M.; Salemizadehparizi, F.; Vanaei, H.R. An overview on materials and techniques in 3d bioprinting toward biomedical application. Eng. Regen. 2021, 2, 1–18. [Google Scholar]

	



Iftikhar, A.; Khan, M.; Alam, K.; Imran Jaffery, S.H.; Ali, L.; Ayaz, Y.; Khan, A. Turbine blade manufacturing through rapid tooling (RT) process and its quality inspection. Mater. Manuf. Process. 2013, 28, 534–538. [Google Scholar] [CrossRef]

	



Noorani, R. Rapid Prototyping: Principles and Applications; John Wiley & Sons Incorporated: Hoboken, NJ, USA, 2006. [Google Scholar]

	



Wong, K.V.; Hernandez, A. A review of additive manufacturing. Int. Sch. Res. Not. 2012, 2012, 208760. [Google Scholar] [CrossRef]

	



el Magri, A.; el Mabrouk, K.; Vaudreuil, S.; Chibane, H.; Touhami, M.E. Optimization of printing parameters for improvement of mechanical and thermal performances of 3D printed poly (ether ether ketone) parts. J. Appl. Polym. Sci. 2020, 137, 49087. [Google Scholar] [CrossRef]

	



Vanaei, H.R.; Shirinbayan, M.; Costa, S.F.; Duarte, F.M.; Covas, J.A.; Deligant, M.; Khelladi, S.; Tcharkhtchi, A. Experimental study of PLA thermal behavior during fused filament fabrication. J. Appl. Polym. Sci. 2021, 138, 49747. [Google Scholar] [CrossRef]

	



Vanaei, H.R.; Deligant, M.; Shirinbayan, M.; Raissi, K.; Fitoussi, J.; Khelladi, S.; Tcharkhtchi, A. A comparative in-process monitoring of temperature profile in fused filament fabrication. Polym. Eng. Sci. 2021, 61, 68–76. [Google Scholar] [CrossRef]

	



el Magri, A.; el Mabrouk, K.; Vaudreuil, S.; Touhami, M.E. Experimental investigation and optimization of printing parameters of 3D printed polyphenylene sulfide through response surface methodology. J. Appl. Polym. Sci. 2021, 138, 49625. [Google Scholar] [CrossRef]

	



Vanaei, H.R.; Shirinbayan, M.; Deligant, M.; Raissi, K.; Fitoussi, J.; Khelladi, S.; Tcharkhtchi, A. Influence of process parameters on thermal and mechanical properties of polylactic acid fabricated by fused filament fabrication. Polym. Eng. Sci. 2020, 60, 1822–1831. [Google Scholar] [CrossRef]

	



Lyu, Y.; Yin, H.; Chen, Y.; Zhang, Q.; Shi, X. Structure and evolution of multiphase composites for 3D printing. J. Mater. Sci. 2020, 55, 6861–6874. [Google Scholar] [CrossRef]

	



Sun, Q.; Rizvi, G.; Bellehumeur, C.; Gu, P. Effect of processing conditions on the bonding quality of FDM polymer filaments. Rapid Prototyp. J. 2008, 14, 72–80. [Google Scholar] [CrossRef]

	



Torres, J.; Cotelo, J.; Karl, J.; Gordon, A.P. Mechanical property optimization of FDM PLA in shear with multiple objectives. JOM 2015, 67, 1183–1193. [Google Scholar] [CrossRef]

	



Ahn, S.H.; Montero, M.; Odell, D.; Roundy, S.; Wright, P.K. Anisotropic material properties of fused deposition modeling ABS. Rapid Prototyp. J. 2002, 8, 248–257. [Google Scholar] [CrossRef]

	



Magri, A.E.; el Mabrouk, K.; Vaudreuil, S.; Touhami, M.E. Mechanical properties of CF-reinforced PLA parts manufactured by fused deposition modeling. J. Thermoplast. Compos. Mater. 2021, 34, 581–595. [Google Scholar] [CrossRef]

	



Raissi, H.R.V.K.; Deligant, M.; Shirinbayan, M.; Fitoussi, J.; Khelladi, S.; Tcharkhtchi, A. Toward the understanding of temperature effect on bonding strength, dimensions and geometry of 3D-printed parts. J. Mater. Sci. 2020, 55, 14677–14689. [Google Scholar]

	



Vanaei, H.R.; Shirinbayan, M.; Vanaei, S.; Fitoussi, J.; Khelladi, S.; Tcharkhtchi, A. Multi-scale damage analysis and fatigue behavior of PLA manufactured by fused deposition modeling (FDM). Rapid Prototyp. J. 2021, 27, 371–378. [Google Scholar] [CrossRef]

	



Khayamian, M.A.; Shalileh, S.; Vanaei, S.; Parizi, M.S. Electrochemical generation of microbubbles by carbon nanotube interdigital electrodes to increase the permeability and material uptakes of cancer cells. Drug Deliv. 2019, 26, 928–934. [Google Scholar] [CrossRef]

	



Terekhina, S.; Tarasova, T.; Egorov, S.; Skornyakov, I.; Guillaumat, L.; Hattali, M. The effect of build orientation on both flexural quasi-static and fatigue behaviours of filament deposited PA6 polymer. Int. J. Fatigue 2020, 140, 105825. [Google Scholar] [CrossRef]

	



el Magri, A.; Vanaei, S.; Vaudreuil, S. An overview on the influence of process parameters through the characteristic of 3D-printed PEEK and PEI parts. High Perform. Polym. 2021. [Google Scholar] [CrossRef]

	



el Magri, A.; el Mabrouk, K.; Vaudreuil, S. Preparation and characterization of poly (ether ether ketone)/poly (ether imide)[PEEK/PEI] blends for fused filament fabrication. J. Mater. Sci. 2021, 56, 14348–14367. [Google Scholar] [CrossRef]

	



Alhubail, M.; Alenezi, D.; Aldousiri, B. Taguchi-based optimisation of process parameters of fused deposition modelling for improved part quality. Int. J. Eng. Res. Technol. 2013, 2, 2519. [Google Scholar]

	



Masood, S.H.; Mau, K.; Song, W. Tensile properties of processed FDM polycarbonate material. Mater. Sci. Forum 2010, 654, 2556–2559. [Google Scholar] [CrossRef]

	



Blattmeier, M.; Witt, G.; Wortberg, J.; Eggert, J.; Toepker, J. Influence of surface characteristics on fatigue behaviour of laser sintered plastics. Rapid Prototyp. J. 2012, 18, 161–171. [Google Scholar] [CrossRef]

	



Ezeh, O.; Susmel, L. On the notch fatigue strength of additively manufactured polylactide (PLA). Int. J. Fatigue 2020, 136, 105583. [Google Scholar] [CrossRef]

	



Shanmugam, V.; Das, O.; Babu, K.; Marimuthu, U.; Veerasimman, A.; Johnson, D.J.; Neisiany, R.E.; Hedenqvist, M.S.; Ramakrishna, S.; Berto, F. Fatigue behaviour of FDM-3D printed polymers, polymeric composites and architected cellular materials. Int. J. Fatigue 2021, 143, 106007. [Google Scholar] [CrossRef]

	



Jap, N.S.; Pearce, G.M.; Hellier, A.K.; Russell, N.; Parr, W.C.; Walsh, W.R. The effect of raster orientation on the static and fatigue properties of filament deposited ABS polymer. Int. J. Fatigue 2019, 124, 328–337. [Google Scholar] [CrossRef]

	



Stephens, B.; Azimi, P.; el Orch, Z.; Ramos, T. Ultrafine particle emissions from desktop 3D printers. Atmos. Environ. 2013, 79, 334–339. [Google Scholar] [CrossRef]

	



Dong, Y.; Milentis, J.; Pramanik, A. Additive manufacturing of mechanical testing samples based on virgin poly (lactic acid)(PLA) and PLA/wood fibre composites. Adv. Manuf. 2018, 6, 71–82. [Google Scholar] [CrossRef]

	



Kasuga, T.; Ota, Y.; Nogami, M.; Abe, Y. Preparation and mechanical properties of polylactic acid composites containing hydroxyapatite fibers. Biomaterials 2000, 22, 19–23. [Google Scholar] [CrossRef]

	



Jerez-Mesa, R.; Travieso-Rodriguez, J.A.; Llumà-Fuentes, J.; Gomez-Gras, G.; Puig, D. Fatigue lifespan study of PLA parts obtained by additive manufacturing. Procedia Manuf. 2017, 13, 872–879. [Google Scholar] [CrossRef]

	



Mirkhalaf, S.; Fagerström, M. The mechanical behavior of polylactic acid (PLA) films: Fabrication, experiments and modelling. Mech. Time-Depend. Mater. 2019, 25, 119–131. [Google Scholar] [CrossRef]

	



Letcher, T.; Waytashek, M. Material property testing of 3D-printed specimen in PLA on an entry-level 3D printer. ASME Int. Mech. Eng. Congr. Expo. 2014, 46438, V02AT02A014. [Google Scholar]

	



Afrose, M.F.; Masood, S.; Iovenitti, P.; Nikzad, M.; Sbarski, I. Effects of part build orientations on fatigue behaviour of FDM-processed PLA material. Prog. Addit. Manuf. 2016, 1, 21–28. [Google Scholar] [CrossRef]

	



Ezeh, O.; Susmel, L. Fatigue strength of additively manufactured polylactide (PLA): Effect of raster angle and non-zero mean stresses. Int. J. Fatigue 2019, 126, 319–326. [Google Scholar] [CrossRef]

	



Caminero, M.Á.; Chacón, J.M.; García-Plaza, E.; Núñez, P.J.; Reverte, J.M.; Becar, J.P. Additive manufacturing of PLA-based composites using fused filament fabrication: Effect of graphene nanoplatelet reinforcement on mechanical properties, dimensional accuracy and texture. Polymers 2019, 11, 799. [Google Scholar] [CrossRef]

	



Plaza, E.G.; López, P.J.N.; Torija, M.Á.C.; Muñoz, J.M.C. Analysis of PLA geometric properties processed by FFF additive manufacturing: Effects of process parameters and plate-extruder precision motion. Polymers 2019, 11, 1581. [Google Scholar] [CrossRef]

	



Camargo, J.C.; Machado, Á.R.; Almeida, E.C.; Sousa, S.E.F.M. Mechanical properties of PLA-graphene filament for FDM 3D printing. Int. J. Adv. Manuf. Technol. 2019, 103, 2423–2443. [Google Scholar] [CrossRef]

	



Shirinbayan, M.; Fitoussi, J.; Meraghni, F.; Surowiec, B.; Laribi, M.; Tcharkhtchi, A. Coupled effect of loading frequency and amplitude on the fatigue behavior of advanced sheet molding compound (A-SMC). J. Reinf. Plast. Compos. 2017, 36, 271–282. [Google Scholar] [CrossRef]

	



McIlroy, C.; Olmsted, P. Disentanglement effects on welding behaviour of polymer melts during the fused-filament-fabrication method for additive manufacturing. Polymer 2017, 123, 376–391. [Google Scholar] [CrossRef]








[image: Polymers 13 03218 g001a 550][image: Polymers 13 03218 g001b 550] 





Figure 1. Representation of (a) location of samples on the printed solid blocks, (b) printed samples based on ASTM D638 type IV, and (c) proposed printed filaments to perform tensile test. 
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Figure 2. Tensile curves of spool material and single printed filament. 






Figure 2. Tensile curves of spool material and single printed filament.



[image: Polymers 13 03218 g002]







[image: Polymers 13 03218 g003 550] 





Figure 3. Tensile behavior for the set of samples cut from the printed solid blocks according to (a) conditions I-1, I-2, and I-3, representing the variation of platform temperature and (b) conditions I-1, II-1, and III-1, representing the variation of print speed. 
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Figure 4. Tensile behavior for the set of printed samples according to conditions (a) I-1, (b) I-2, and (c) I-3, representing the variation of platform temperature. (The dash-lines show how the slope of the tensile curve varies). 
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Figure 5. Tensile behavior for the set of samples according to the conditions (a) I, (b) II, and (c) III representing the variation platform temperature and print speed. 
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Figure 6. SEM micrograph for tensile fracture surface of the specimen in (a) condition III-1 and (b) condition III-3. 
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Figure 7. Wöhler curve for PLA-Graphene spool material (as-received filament). 
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Figure 8. Wöhler curves for printed samples in tension–tension fatigue tests according to (a) condition I at f = 10 Hz, (b) condition II at f = 10 Hz, (c) condition I at f = 40 Hz, and (d) condition III at f = 80 Hz. 
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Figure 9. Evolution of the relative Young’s modulus (E/E0) during tension–tension fatigue tests: (a) condition I-1; (b) condition I-2, (c) condition I-3 at frequency of 10 Hz, (d) condition II-1, (e) condition II-2, (f) condition II-3 at frequency of 10 Hz, (g) condition III-1, (h) condition III-2, and (i) condition III-3 at frequency of 80 Hz. 
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Figure 10. Induced temperature under tension–tension fatigue test for condition III-3 at frequency of 80 Hz: (a) low amplitude, (b) medium amplitude, and (c) high amplitude. 
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Figure 11. Induced temperature under tension–tension fatigue test for condition III-1 at (a) σ = 24 MPa, (b) σ = 40 MPa, and (c) σ = 52 MPa; and condition III-2 at (d) σ = 24 MPa, (e) σ = 40 MPa, and (f) σ = 52 MPa for frequency of 80 Hz. 
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Figure 12. Maximum induced temperature evolution versus number of cycles according to (a) condition I at frequency of 10 Hz and (b) condition III at frequency of 80 Hz. 
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Figure 13. SEM micrograph for fracture surface during fatigue test of the specimen in condition I-1: (a) σ = 24 MPa–f = 10 Hz and (b) σ = 52 MPa–f = 10 Hz; and in condition III-1: (c) σ = 24 MPa–f = 80 Hz and (d) σ = 52 MPa–f = 80 Hz. 
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Table 1. Characteristics of the applied PLA-Graphene filament (adapted from manufacturer datasheet, FILOALFA, Italy).
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	Properties
	Typical Value





	Material Density
	1.24 g/cm3



	Diameter (Tolerance)
	1.75 mm (± 0.01 mm)



	Glass Transition Temperature
	72 °C



	Melting Temperature
	158 °C
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Table 2. Representation of chosen parameters for 3D printing of PLA-Graphene samples.
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	Printing Parameters
	Value





	Nozzle temperature (°C)
	200



	Platform temperature (°C)
	40–50–60



	Chamber temperature (°C)
	30



	Print speed (mm/s)
	20–30–40



	Layer height (mm)
	0.15



	Infill density (%)
	100



	Infill pattern
	line



	Number of bottom/top layers
	2/2



	Number of contours (wall)
	2



	Infill line directions (relative to the long axis of the test bar) (°)
	(45/−45)
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Table 3. Various conditions of printing.
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Condition

	
Liquefier Temperature (°C)

	
Platform Temperature (°C)

	
Print Speed (mm/s)






	
I

	
1

	
200

	
40

	
20




	
2

	
50




	
3

	
60




	
II

	
1

	
200

	
40

	
30




	
2

	
50




	
3

	
60




	
III

	
1

	
200

	
40

	
40




	
2

	
50




	
3

	
60
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Table 4. Results of the tensile behavior of printed samples according to conditions I, II, and III.
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Condition

	
E (GPa)

	
     σ  m a x     ( MPa )    

	
    ε   a t    σ  m a x     ( % )    






	
I

	
1

	
1.8 ± 0.1

	
59 ± 1

	
3.8 ± 0.2




	
2

	
2.1 ± 0.1

	
60 ± 1

	
3.9 ± 0.2




	
3

	
2.1 ± 0.1

	
62 ± 1

	
4 ± 0.2




	
II

	
1

	
2.1 ± 0.1

	
61 ± 1

	
3.9 ± 0.2




	
2

	
2.2 ± 0.1

	
61 ± 1

	
3.9 ± 0.2




	
3

	
2.2 ± 0.1

	
63 ± 1

	
4.2 ± 0.2




	
III

	
1

	
2.2 ± 0.1

	
62 ± 1

	
4.1 ± 0.2




	
2

	
2.3 ± 0.1

	
63 ± 1

	
4.2 ± 0.2




	
3

	
2.4 ± 0.1

	
65 ± 1

	
4.4 ± 0.2
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