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Abstract

:

Additive manufacturing of polymers via material extrusion and its future applications are gaining interest. Supporting the evolution from prototype to serial applications, additional testing conditions are needed. The additively manufactured and anisotropic polymers often show a weak point in the interlayer contact area in the manufacturing direction. Different process parameters, such as layer height, play a key role for generating the interlayer contact area. Since the manufacturing productivity depends on the layer height as well, a special focus is placed on this process parameter. A small layer height has the objective of achieving better material performance, whereas a larger layer height is characterized by better economy. Therefore, the capability- and economy-oriented variation was investigated for strain rates between 2.5 and 250 s−1 under tensile and shear load conditions. The test series with dynamic loadings were designed monitoring future applications. The interlayer tensile tests were performed with a special specimen geometry, which enables a correction of the force measurement. By using a small specimen geometry with a force measurement directly on the specimen, the influence of travelling stress waves, which occur due to the impact at high strain rates, is reduced. The interlayer tensile tests indicate a strain rate dependency of additively manufactured polymers. The capability-oriented variation achieves a higher ultimate tensile and shear strength compared to the economy-oriented variation. The external and internal quality assessment indicates an increasing primary surface profile and void volume content for increasing the layer height.
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1. Introduction


The application fields for extrusion-based additive manufacturing (AM) technologies are changing. The beginnings were dominated by prototyping or tooling, while the manufacturing of serial components has become a focus. In general, polymers and composites are used for their benefits, including being lightweight, corrosion resistant and economical [1]. Nevertheless, layer-based AM presents several challenges that must be addressed for a sophisticated manufacturing technology. This includes poorer mechanical properties and surface quality, and slow manufacturing speed compared to reference systems like injection molding [2,3,4]. Processing the same feedstock material results in reduced mechanical properties [5]. The material properties of the filament itself are less important, and the process–structure–property relationship results in the AM material properties. The layer-based structure yields anisotropic material behavior [6,7], while different effects of anisotropy are recognizable under quasi-static [8] and cyclic [9] loading. Compared to single-batched injection molded polymers, the fracture behavior is also highly anisotropic [10,11]. This strong dependency of AM polymers is due to the porosity and weld-lines [5], as well as the alignment of polymer molecules in an extrusion direction [12]. Therefore, the weakest point of an AM polymer—the interlayer area in manufacturing direction z—needs to be focused on in order to improve the overall mechanical properties [13,14]. For realistic application in series production, the surface quality is a major limiting factor, especially for functionality [15,16,17]. Therefore, the surface quality shows the same anisotropic behavior as the mechanical properties [18] and has a predictable shape, which is influenced by process parameters [2]. The process parameters nozzle diameter (ND) and layer height (LH) play a significant role in the surface quality, manufacturing time and part costs [19]. Combining these two process parameters with the extrusion velocity results in the manufacturing productivity [20]. Based on both experimental and simulated data, the relationship between ND, LH and manufacturing time is shown in Figure 1. In general, the ND serves as the limiting factor for the largest LH to be generated. An increase of LH leads to a substantial reduction in manufacturing time [21] and to rougher surfaces [22]. Therefore, the process–structure–property relationship of ND and LH merges conflicting goals and significant potential for process optimization. Unfortunately, the interactions of these process parameters are not fully understood, although the changes lead to multiple modifications of microstructure, mechanical properties and failure mechanism [23].



The interlayer material behavior of AM polymers is extremely brittle compared to the material behavior in other manufacturing directions or injection molding [24]. The mechanical properties for the interlayer contact area are improved by heating [25] or post-processing such as annealing [26]. In general, a smaller LH results in higher ultimate tensile strength and Young’s modulus [27]. In addition, the surface quality is optimized by smaller LH in terms of the staircase-effect and dimensional accuracy [28,29]. A larger LH leads to lower mechanical properties [27] and coarse surface qualities like increased waviness [28] or the staircase effect [2], but reduces the manufacturing time [19]. In this study, a classification is made from a capability- and economy-oriented variation. Within this work, a small LH of 0.2 mm, representing improved material performance, and a large LH of 0.3 mm, representing better productivity, are used.



These two application-oriented process variations were combined with application-driven testing conditions. Thus, the as-built surface texture, without post-processing, was tested. For monitoring future applications like crash-relevant components, the strain rate dependency of the interlayer contact area was investigated [30]. Under quasi-static loading, polymers are often subjected to a ductile failure, whereas a brittle failure occurs under dynamic loading [31]. The brittle failure for the interlayer contact area under quasi-static loading leads to the research demand of the material behavior under high strain rates. Therefore, investigation of the capability- and economy-oriented variation under different strain rates is necessary.




2. Materials and Methods


The experimental investigations were executed with single batch feedstock material. The short carbon fiber-reinforced polyamide (SCFRP) (CarbonX™ Nylon Gen.3, 3DXTECH, Grand Rapids, MI, USA) has a fiber weight content of approx. 12.5 wt.%, a carbon fiber diameter of 7 µm and a fiber length distribution between 150 and 400 µm. The extrusion-based additive manufacturing was done by a commercial system (Ultimaker 2+ Extended, Ultimaker, Geldermalsen, The Netherlands). The manufacturing orientation of specimens is visualized in Figure 2. Selected manufacturing parameters are given in Table 1. Variation is achieved by changing the LH, while the overall process parameters are kept constant. These modifications of LH lead to different macroscopic surface textures. Because of the application-oriented testing environment, no post processed surface treatment was performed. The manufacturing was done in standard atmosphere according to DIN 527-1 at 23 ± 2 °C and 50 ± 10% relative humidity.



2.1. Experimental Setup


The experiments with dynamic tensile loading were done with the specimen geometry displayed in Figure 3a. This specimen geometry, based on DIN EN ISO 26203-2, was adapted with a one-sided extension of the clamping area in order to enable two sections for strain measurement. A combination of these two sections allows a correction of the measured force data due to retrospective recalculation. As given in the experimental setup in Figure 4a, the strain behavior was observed in the gage section (1) and the dynamometer section (2). The high-speed tensile tests were carried out on the servo-hydraulic high-speed testing system (HTM 5020, ZwickRoell, Ulm, Germany) achieving strain rates of 2.5, 25 and 250 s−1. The strain measurement was realized with the high-speed camera system (3D HHS, GOM, Braunschweig, Germany) with a recording rate of 64,000 fps at an image resolution of 256 × 256 pixels and a subsequent digital image correlation (DIC). The calibration of the high-speed camera system resulted in an error of 0.023 pixels, by an angle between the cameras of 25.2°. The high-speed shear tests were done with a high-speed testing system (HITS-TX 10, Shimadzu, Kyoto, Japan) while reaching a strain rate of 250 s−1. The displacement was monitored with a grip displacement sensor, which excludes non-specimen deformations from the measurement. The specimen geometry for shear tests is visualized in Figure 3b.



Detecting internal defects, the non-destructive quality assessment was carried out by a universal micro-computed tomography (µCT) inspection system (XT H 160, Nikon, Tokyo, Japan). The voxel size was set to 9 µm and thus detecting voids up to a minimum of 18 µm was possible. The external quality assessment in terms of surface texture was performed by 3D laser scanning confocal microscopy (VK-X100, Keyence, Osaka, Japan). The optical measurements were executed with a 10× lens and tilt correction by software application. No additional filters were used to further modify the visualization of surface texture. The resulting primary surface profiles were calculated using an averaged profile based on 100 measurements.




2.2. Data Processing


With the initial evaluation of high-speed tensile tests, stress-strain curves were obtained based on the measurements of global raw force data via load cell and local strain using DIC. When attaining high strain rates, stress waves within the load path often occur, which result in the system ringing effect, and thus superimposing the raw force data [32]. Therefore, the global force data have to be corrected to ensure comparable results for different strain rates. As shown in Figure 4, two local strain measurements at the gage section (1) and the dynamometer section (2) are realized. The dynamometer section (2) is specially designed for limiting the maximum strain to 0.25%. With the following assumptions, the global force data is corrected:




	
No oscillations present at the beginning of the test since the stress wave travels a certain amount of time from the impact location until reaching the load cell.



	
Identical stress-strain behavior in gage section (1) and dynamometer section (2).








Figure 5 visualizes the data processing in schematic diagrams. At the beginning, no oscillations affect the testing system and the force data. As the test time increases, the force signal is continuously distorted by oscillations. Therefore, the calculation of stiffness within the gage section (1) is performed within the limits εt = 0.05 and 0.40% at the beginning of the tensile test with an unaltered force signal. In Figure 5b, the stiffness c, calculated via Hooke´s law, is presented.


c1(ε1) = σ1/ε1



(1)




The special design of the dynamometer section allows the recalculation of the force based on the stiffness c1 and local strain ε2 within the dynamometer section.


Fcorrected = c1(ε1) × ε2 × A2



(2)







Assuming the influence of specimen geometry is negligible, test forces do not change in load direction. This applies to gage and dynamometer section as well as mounting and adapter components equally. Therefore, a retrospective recalculation of the stress distribution on the specimen, leading to corrected force Fcorrected, is possible. The corresponding cross section of gage section A1 is used to obtain the corrected stress in the gage section according to Equation (3).


σ1, corrected = Fcorrected/A1



(3)









3. Results and Discussion


The results for the quality assessment are summarized in Figure 6. The non-destructive testing by µCT gives the internal defects of AM polymers. Manufacturing with higher LH leads to higher internal void volume content, which is consistent with previous studies [33]. The external quality assessment was executed using a 3D laser scanning microscope within the gage section (1). The results indicate an increasing primary surface profile by increasing LH. This finding confirms the current literature, in which the layer height has a direct influence on the surface quality in terms of waviness and roughness [2,28]. In order to specify the manufacturing quality, Figure 7 illustrates the original as built surface of the specimens for different LHs. The combination of the quantitative results of the primary surface profile and the visualization clarifies the difference in manufacturing quality for LH 0.2 mm and LH 0.3 mm.



The raw data of high-speed tensile tests are processed according to the procedure in Figure 5. This data processing is exemplified on a representative test for LH 0.2 mm at a strain rate of 250 s−1 in Figure 8. The raw data of the experimental setup consists of synchronized stress-strain curves. Starting with a force signal, two stress-strain curves result for the gage section (1) and dynamometer section (2). The difference in slope in Figure 8a is in contradiction to Hooke´s law. The very beginning of the test is assumed to be unaffected by oscillations and stress waves and is therefore the basis for correction. The stiffness in the gage section (1) is calculated between 0.05% and 0.40% strain, resulting in Figure 8b. Combining this strain-resolved stiffness with the time-resolved stress in the dynamometer section (2) results in a corrected force of the entire test in Figure 8c. Using the corresponding cross sections, a corrected stress signal is calculated, as shown in Figure 8d.



The correction by two local strain measurements as described above combines benefits and challenges. The time-resolved, corrected force is based on idealized material behavior and an unaltered force signal at the beginning of the test, since there is no precise determination of the time when the stress waves start to influence the force signal. The maximum strain in the dynamometer section (2) in Figure 8 is about 0.40%. The correction of the total time-resolved force signal has to be done with the total strain-resolved signal in the dynamometer section. Thus, in this example, the assessment of stiffness must take place between 0.05% and 0.40% strain. Therefore, the correction procedure only serves as an approximation and the force signal is still affected. Optimization of the ratio between gage section (1) and dynamometer section (2) depending on the mechanical properties improves this error source. Enlarging the dynamometer section (2) for a lower maximum strain within this area can be described as an advantage for future experiments, since the determination of the curve in Figure 5b can be assigned to a reduced test time, thus excluding further oscillations.



The results for all variations after the data processing are summarized in Figure 9. The diagram gives the ultimate tensile strength subjected to the nominal strain rate. Both LHs exhibit a positive strain rate dependency by an increase of ultimate tensile strength of 42% for LH 0.2 and 44% for LH 0.3 within the range of the examined strain rates. This material behavior is consistent with previous literature [34]. However, the increase in ultimate tensile strength is often accompanied by a decrease in strain [31]. The experimental study with dynamic tensile loading was designed for testing the interlayer tensile strength of the AM polymer. This type of loading behaves brittle under quasi-static conditions [24]. Therefore, the decrease in strain is less significant compared to the increase in ultimate tensile strength.



Within the test series, the smaller LH 0.2 achieves the higher ultimate tensile strength over the entire range of strain rates. The degradation of material capability with increasing LH under quasi-static loading conditions is well known [35], the material behavior with increasing strain rate is introduced with this work. The strength reinforcement tendency due to higher strain rates is considered as almost identical between 2.5 and 250 s−1 for LH 0.2 and LH 0.3.



The investigations of fracture behavior indicate the main failure mechanisms within the test series under tensile loading. Figure 10 shows an exemplary fracture surface of the specimen with LH 0.3 mm tested at a strain rate of 250 s−1. The fracture surface with low magnification indicates matrix cracking and interlayer debonding. The matrix cracking occurs both between and within extrusion beads. Failure between extrusion beads in manufacturing direction z is equivalent to an interlayer debonding. The fracture surface with high magnification demonstrates the additional failure mechanism of fiber pull-out. These failure mechanisms under high strain rates are consistent with current literature [36]. Furthermore, the internal quality is represented by visible voids.



The high-speed tests with shear loadings were performed at a strain rate of 250 s−1. The exemplary strain rate was chosen for a first comparison of different LHs under dynamic shear loadings. The specimen geometry in Figure 3b, using the high-speed testing system Shimadzu HITS-TX, enables a displacement measurement via a grip sensor. Therefore, no retrospective data processing for this experimental setup was necessary. The force vs. displacement curves in Figure 11 show no obvious oscillations. Furthermore, the tests provide the shear strength τuts of 11.1 MPa for LH 0.2 and 7.4 MPa for LH 0.3. This indicates a reduction of shear strength under dynamic loading of about 30% due to the increasing LH, which is equal to the reduction of shear strength under quasi-static loading [33]. Thus, it can be said that the strain rate is not affecting LHs differently, but instead affects the overall strength. This applies to the tests under tensile and shear loading equally.




4. Conclusions


For the successful advancement of the material extrusion to a serial production process, application-oriented testing conditions are required. Additive manufacturing by material extrusion results in layer-based and highly anisotropic material with an obvious weakness in the interlayer contact area. This interlayer material behavior is defined by process–structure–property relationships. Due to the significant influence of the process parameter layer height (LH) on the material performance and the manufacturing productivity, the interlayer bonding capability was focused on in this study. Based on the LH, two conflicting goals for serial production are affected. The small LH results in better material capability, the larger LH leads to decreasing manufacturing time. Therefore, the capability- and economy-oriented variation is considered under application-oriented conditions.



For this, a short carbon fiber-reinforced polyamide (SCFRP) was investigated with strain rates between 2.5 and 250 s−1. The experimental setups were designed for focusing on the interlayer contact area with tensile and shear loadings. The special design of the dynamic tests under tensile loading ensures a retrospective recalculation of force data. Micro-computed tomography and 3D laser scanning confocal microscopy were used for quality assessment for the capability- and economy-oriented variation.



The quality assessment highlights that the void volume content and the primary surface profile increase with higher LH. The results of dynamic tests under tensile loading show a strain rate dependency of SCFRP. A smaller LH leads to higher ultimate tensile strength for all strain rates. The trend of strength reinforcement due to higher strain rates is almost the same for LH 0.2 and 0.3. The results with dynamic shear loading highlight an increased shear strength with decreasing LH. The test series expands the process knowledge for material extrusion, in particular the process–structure–property relationship based on the LH. Regarding future applications, these findings are valuable for the design of serial components manufactured by material extrusion.



In further investigations, the test series will be intensified with additional strain rates and LHs. In consideration of nozzle diameter, an additional process parameter will be included in the process–structure–property relationship. This enables a more precise characterization of the capability- and the economy-oriented variation. Furthermore, with extended testing conditions, monitoring for applications will be in a wider range. The experimental setup for dynamic tensile tests will be adapted through additional design iterations. Modifying the specimen geometry will reduce the maximum strain in the dynamometer section (2) and the corresponding error for the retrospective calculated force data.







Author Contributions


Specimen manufacturing, mechanical investigations and writing the original manuscript was done by P.S. and L.G.; the conceptualization and the methodology of the experimental setup was supported by L.G. and D.H.; M.N. and F.W. supervised the research project and reviewed the original manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


The article processing charge was funded by the Baden-Württemberg Ministry of Science, Research and Culture and the University of Applied Science Ravensburg-Weingarten in the funding program Open Access Publishing.




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.




Acknowledgments


The authors thank the German Research Foundation (Deutsche Forschungsgemeinschaft, DFG) and the Ministry of Innovation, Science and Research respectively the Ministry of Culture and Science of NorthRhine-Westphalia (Ministerium für Innovation, Wissenschaft und Forschung bzw. Ministerium für Kultur und Wissenschaft des Landes Nordrhein-Westfalen, NRW) for their financial support within the Major Research Instrumentation Program for the servohydraulic high-speed testing system (INST 212/371-1 FUGG) and the high-speed camera system (INST 212/ 428-1 FUGG). Furthermore, the authors thank Olesia Khafizova for excellent support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Eftekhari, M.; Fatemi, A. Tensile, creep and fatigue behaviours of short fibre reinforced polymer composites at elevated temperatures: A literature survey. Fatigue Fract. Eng. Mater. Struct. 2015, 38, 1395–1418. [Google Scholar] [CrossRef]

	



Kaji, F.; Barari, A. Evaluation of the surface roughness of additive manufacturing parts based on the modelling of cusp geometry. Int. Fed. Autom. Control 2015, 48, 658–663. [Google Scholar] [CrossRef]

	



Pertuz, A.D.; Díaz-Cardona, S.; González-Estrada, O.A. Static and fatigue behaviour of continuous fibre reinforced thermoplastic composites manufactured by fused deposition modelling technique. Int. J. Fatigue 2020, 130, 105275. [Google Scholar] [CrossRef]

	



Eiliat, H.; Urbanic, J. Determining the relationships between the build orientation, process parameters and voids in additive manufacturing material extrusion processes. Int. J. Adv. Manuf. Technol. 2019, 100, 683–705. [Google Scholar] [CrossRef]

	



Hart, K.R.; Wetzel, E.D. Fracture behavior of additively manufactured acrylonitrile butadiene styrene (ABS) materials. Eng. Fract. Mech. 2017, 177, 1–13. [Google Scholar] [CrossRef]

	



Zaldivar, R.J.; Witkin, D.B.; McLouth, T.; Patel, D.N.; Schmitt, K.; Nokes, J.P. Influence of processing and orientation print effects on the mechanical and thermal behavior of 3D-printed ULTEM® 9085 Material. Addit. Manuf. 2017, 13, 71–80. [Google Scholar] [CrossRef]

	



Koch, C.; van Hulle, L.; Rudolph, N. Investigation of mechanical anisotropy of the fused filament fabrication process via customized tool path generation. Addit. Manuf. 2017, 16, 138–145. [Google Scholar] [CrossRef]

	



Striemann, P.; Huelsbusch, D.; Niedermeier, M.; Walther, F. Quasi-static characterization of polyamide-based discontinuous CFRP manufactured by additive manufacturing and injection molding. Key Eng. Mater. 2019, 809, 386–391. [Google Scholar] [CrossRef]

	



Striemann, P.; Hülsbusch, D.; Mrzljak, S.; Niedermeier, M.; Walther, F. Systematic approach for the characterization of additive manufactured and injection molded short carbon fiber-reinforced polymers under tensile loading. Mater. Test. 2020, 62, 561–567. [Google Scholar] [CrossRef]

	



Arbeiter, F.; Spoerk, M.; Wiener, J.; Gosch, A.; Pinter, G. Fracture mechanical characterization and lifetime estimation of near-homogeneous components produced by fused filament fabrication. Polym. Test. 2018, 66, 105–113. [Google Scholar] [CrossRef]

	



Song, Y.; Li, Y.; Song, W.; Yee, K.; Lee, K.-Y.; Tagarielli, V.L. Measurements of the mechanical response of unidirectional 3D-printed PLA. Mater. Des. 2017, 123, 154–164. [Google Scholar] [CrossRef]

	



Sood, A.K.; Ohdar, R.K.; Mahapatra, S.S. Experimental investigation and empirical modelling of FDM process for compressive strength improvement. J. Adv. Res. 2012, 3, 81–90. [Google Scholar] [CrossRef]

	



Bartolai, J.; Simpson, T.W.; Xie, R. Predicting strength of additively manufactured thermoplastic polymer parts produced using material extrusion. Rapid Prototyp. J. 2018, 24, 321–332. [Google Scholar] [CrossRef]

	



Kuznetsov, V.; Solonin, A.; Urzhumtsev, O.; Schilling, R.; Tavitov, A. Strength of PLA components fabricated with fused deposition technology using a desktop 3D printer as a function of geometrical parameters of the process. Polymers 2018, 10, 313. [Google Scholar] [CrossRef]

	



Boschetto, A.; Bottini, L.; Veniali, F. Finishing of fused deposition modeling parts by CNC machining. Rob. Comput. Integr. Manuf. 2016, 41, 92–101. [Google Scholar] [CrossRef]

	



Pandey, P.M.; Reddy, V.; Dhande, S.G. Improvement of surface finish by staircase machining in fused deposition modeling. J. Mater. Process. Technol. 2003, 132, 323–331. [Google Scholar] [CrossRef]

	



Chohan, J.S.; Singh, R.; Boparai, K.S. Mathematical modelling of surface roughness for vapour processing of ABS parts fabricated with fused deposition modelling. J. Manuf. Processes 2016, 24, 161–169. [Google Scholar] [CrossRef]

	



Garg, A.; Bhattacharya, A.; Batish, A. Chemical vapor treatment of ABS parts built by FDM: Analysis of surface finish and mechanical strength. Int. J. Adv. Manuf. Technol. 2017, 89, 2175–2191. [Google Scholar] [CrossRef]

	



Alsoufi, M.S.; Elsayed, A.E. How surface roughness performance of printed parts manufactured by desktop FDM 3D printer with PLA+ is influenced by measuring direction. Am. J. Mech. Eng. 2017, 5, 211–222. [Google Scholar]

	



Valerga, A.P.; Batista, M.; Fernandez, S.R.; Gomez-Parra, A.; Barcena, M. Preliminary study of the influence of manufacturing parameters in fused deposition modeling. In Proceedings of the 26th DAAAM International Symposium, Zadar, Croatia, 18–25 October 2015; pp. 1004–1008. [Google Scholar]

	



Mohamed, O.A.; Masood, S.H.; Bhowmik, J.L. Mathematical modeling and FDM process parameters optimization using response surface methodology based on Q-optimal design. Appl. Math. Modell. 2016, 40, 10052–10073. [Google Scholar] [CrossRef]

	



Thrimurthulu, K.; Pandey, P.M.; Venkata Reddy, N. Optimum part deposition orientation in fused deposition modeling. Int. J. Mach. Tools Manuf. 2004, 44, 585–594. [Google Scholar] [CrossRef]

	



Terekhina, S.; Tarasova, T.; Egorov, S.; Skornyakov, I.; Guillaumat, L.; Hattali, M.L. 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] [PubMed]

	



Faes, M.; Ferraris, E.; Moens, D. Influence of inter-layer cooling time on the quasi-static properties of ABS components produced via fused deposition modelling. Procedia CIRP 2016, 42, 748–753. [Google Scholar] [CrossRef]

	



Striemann, P.; Hülsbusch, D.; Niedermeier, M.; Walther, F. Optimization and quality evaluation of the interlayer bonding performance of additively manufactured polymer structures. Polymers 2020, 12, 1166. [Google Scholar] [CrossRef] [PubMed]

	



Bhandari, S.; Lopez-Anido, R.A.; Gardner, D.J. Enhancing the interlayer tensile strength of 3D printed short carbon fiber reinforced PETG and PLA composites via annealing. Addit. Manuf. 2019, 30, 100922. [Google Scholar] [CrossRef]

	



Tymrak, B.M.; Kreiger, M.; Pearce, J.M. Mechanical properties of components fabricated with open-source 3-D printers under realistic environmental conditions. Mater. Des. 2014, 58, 242–246. [Google Scholar] [CrossRef]

	



García Plaza, E.; 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] [PubMed]

	



Armillotta, A.; Bianchi, S.; Cavallaro, M.; Minnella, S. Edge quality in fused deposition modeling: II. experimental verification. Rapid Prototyp. J. 2017, 23, 686–695. [Google Scholar] [CrossRef]

	



Zrida, M.; Laurent, H.; Grolleau, V.; Rio, G.; Khlif, M.; Guines, D.; Masmoudi, N.; Bradai, C. High-speed tensile tests on a polypropylene material. Polym. Test. 2010, 29, 685–692. [Google Scholar] [CrossRef]

	



Chen, W.; Lu, F.; Cheng, M. Tension and compression tests of two polymers under quasi-static and dynamic loading. Polym. Test. 2002, 21, 113–121. [Google Scholar] [CrossRef]

	



Fang, X. A one-dimensional stress wave model for analytical design and optimization of oscillation-free force measurement in high-speed tensile test specimens. Int. J. Impact Eng. 2021, 149, 103770. [Google Scholar] [CrossRef]

	



Striemann, P.; Bulach, S.; Hülsbusch, D.; Niedermeier, M.; Walther, F. Shear characterization of additively manufactured short carbon fiber-reinforced polymer. Macromol. Symp. 2021, 395, 2000247. [Google Scholar] [CrossRef]

	



Schoßig, M.; Bierögel, C.; Grellmann, W.; Mecklenburg, T. Mechanical behavior of glass-fiber reinforced thermoplastic materials under high strain rates. Polym. Test. 2008, 27, 893–900. [Google Scholar] [CrossRef]

	



Rankouhi, B.; Javadpour, S.; Delfanian, F.; Letcher, T. Failure analysis and mechanical characterization of 3D printed ABS with respect to layer thickness and orientation. J. Fail. Anal. Prev. 2016, 16, 467–481. [Google Scholar] [CrossRef]

	



Cui, J.; Wang, S.; Wang, S.; Li, G.; Wang, P.; Liang, C. The effects of strain rates on mechanical properties and failure behavior of long glass fiber reinforced thermoplastic composites. Polymers 2019, 11, 2019. [Google Scholar] [CrossRef] [PubMed]








[image: Polymers 13 01301 g001 550] 





Figure 1. Manufacturing time vs. layer height depending on the nozzle diameter. 
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Figure 2. Manufacturing orientation and scheme for as built surface texture. 
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Figure 3. Specimen geometry for: (a) tensile tests and; (b) shear tests. 
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Figure 4. Experimental setup for high-speed tests: (a) HTM 5020 for tensile loading; (b) HITS-TX 10 for shear loading. 
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Figure 5. Schematic data processing for high-speed tensile testing: (a) stress vs. strain diagram based on raw data for gage and dynamometer section; (b) stiffness vs. strain within the gage section; (c) corrected force vs. entire test time; (d) corrected stress vs. strain in the gage section. 
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Figure 6. Results for the external and internal quality assessment via 3D laser scanning microscope and µCT. 
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Figure 7. Macroscopic visualization of the manufacturing quality. (a) LH 0.2; (b) LH 0.3. 
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Figure 8. Exemplary data processing for high-speed tensile tests on representative data for LH 0.2 mm at a strain rate of 250 s−1: (a) stress vs. strain diagram with raw data including oscillations for testing and dynamometer section; (b) stiffness vs. strain out of the testing area; (c) corrected force vs. time for the entire test; (d) corrected stress vs. strain diagram in the testing area. 
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Figure 9. Ultimate tensile strength vs. strain rate for LH 0.2 and LH 0.3. 
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Figure 10. The fracture surfaces for LH 0.3 at a strain rate of 250 s−1. 
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Figure 11. Force vs. grip displacement for LH 0.2 and LH 0.3 at a strain rate of 250 s−1. 
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Table 1. Selected manufacturing parameters for material extrusion process in Simplify 3D.






Table 1. Selected manufacturing parameters for material extrusion process in Simplify 3D.





	Parameter
	Unit
	CarbonX™





	Nozzle diameter (ND)
	mm
	0.4



	Extrusion bead
	mm
	0.5



	Layer height (LH)
	mm
	0.2 and 0.3



	Extrusion temperature
	°C
	260



	Printing bed temperature
	°C
	80



	Extrusion velocity
	mm·s−1
	10



	Specimen orientation
	-
	ZYX



	Infill percentage
	%
	100



	Raster pattern
	-
	unidirectional 0°



	Number of contours
	-
	1
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