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Abstract

:

Large structural parts manufactured by Extrusion Additive Manufacturing (EAM) are limited by strong anisotropy due to insufficient bond formation and reduced molecular entanglement along the layer interface. To understand the correlation between process and material parameters and to enable digital modeling of EAM, the effect of different substrate temperatures and layer heights on tensile strength was investigated. A simple testing methodology for pelletized carbon fiber-filled polyamide 6 was developed. Tensile tests were performed in a full factorial Design of Experiments (DoE) to determine the tensile properties. For bulk simulation, the nominal strength and modulus were also determined based on contact width obtained by optical microscopy. The results demonstrated high anisotropy, with the maximum transverse tensile strength reaching only 27% of the corresponding longitudinal results and the transverse tensile modulus reaching only 20% of its longitudinal value. The effects of varying layer height were less significant than varying substrate temperature. The results support the hypothesis that sufficient transverse tensile strength is achieved between the extrapolated crystallization onset and melt temperature. The methodology of this study can be used as a benchmark method to qualify new thermoplastic polymers for EAM processes and to determine optimal process parameters for improved fusion bonding.
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1. Introduction


The rapid growth in the use of Additive Manufacturing (AM) in industrial applications has led to increased demand in structural AM applications. To enable Extrusion Additive Manufacturing (EAM) for large-scale industrial applications, the BMW Group has developed the Freeform Extrusion Additive Manufacturing (FEAM) technology. FEAM is a robot-based large-format deposition system with significantly higher deposition rates and strand dimensions than in conventional Fused Filament Fabrication (FFF) printers. To overcome limits of FFF build rates due to limited material heating, positioning and extrusion [1,2], the feedstock was changed to pellet form, which significantly reduced material costs. Instead of a filament feeding system as used in FFF, EAM relies on single-screw extruders to melt the pelletized feedstock and to convey the melt to the deposition nozzle, as presented in the conceptual illustration in Figure 1. This study relates the material and process parameters of FEAM to the challenges of layer-by-layer manufacturing and mechanical part performance. Since the interlayer strength and the corresponding anisotropy are the main drawback of extrusion additive manufacturing, it is also a promising lever for optimization.



Researchers have found the directional bias of mechanical properties to be significant for all types of layer-by-layer manufacturing, with the build direction being the weakest load orientation [2,3]. The interface between successive layers is similar to weld lines in injection molding, where two different polymer fronts meet and form a morphology different and inferior to that of the bulk due to less molecular entanglement [4]. While conventional FFF parts contain multiple strand and infill orientations that compensate for the anisotropy to some extent, FEAM tends to build highly oriented thin-walled structures that can be modeled only with data collected by equally highly oriented mechanical testing. To achieve higher mechanical performance, the semi-crystalline thermoplastic is reinforced with chopped carbon fibers that increase the stiffness and reduce the coefficient of thermal expansion [5,6], reducing the tendency for warpage and distortion [7]. While traditional composites often fail due to inhomogeneous fiber volume fractions, fiber orientation angles and fiber matrix interfaces [6], AM composite parts demonstrate incomplete fusion bonding across the layer interface as a major deficiency [2,3,8]. To optimize the process parameters for bond formation across the interface, a thorough methodology to qualify new materials for the FEAM process is also required.



In an initial attempt to reduce the effort in finding suitable temperature ranges for FEAM, a thermal analysis was used to narrow down the process window based on the characteristic temperatures of the material [9]. The study indicates that satisfactory fusion bonding occurs at substrate temperatures between the extrapolated onset of crystallization and the melting temperature. Based on this temperature range, a thorough mechanical investigation is required to understand the influence of various processing parameters on the mechanical strength and modulus of EAM parts.



A variety of mechanical tests have been conducted in research to characterize additively manufactured parts. Adhesion in PA6 samples has been tested using Double Cantilever Beam (DCB) tests [10], while others have used 3-point bending tests on directly fabricated FFF specimens [11,12]. Rodriguez et al. [13] tested directly manufactured FFF samples from ABS in different load orientations and verified large anisotropies. Duty et al. [2] and Ning et al. [14] also utilized tensile tests for the characterization of carbon fiber-reinforced FFF samples and achieved only a quarter of the strength in the transverse direction compared to the longitudinal load direction. While tensile test specimens fail considerably faster than samples under compressive loads [3], tensile tests are often easier and faster to manufacture and allow for thin-walled and highly oriented testing analogous to the thin-walled build structure in FEAM. If compressive strength values are required, they can be estimated at around twice the strength determined through tensile tests [3]. In FFF studies, dog bone specimens have often been used for tensile testing. For large-scale applications, direct fabrication is not an option, as deposition rates require greater layer times and longer paths. As water jetting or similar processes are required to cut dog bone structures from larger EAM sheets, the authors suggest specimens according to composite tests standard DIN EN ISO 527-4 [15], which can be prepared much more easily and quickly due to their rectangular shape.



While all process parameters have an influence on the final morphology and mechanical properties [7], temperature conditions and layer height are particularly impactful. Fusion bonding in semi-crystalline polymers depends mainly on thermal conditions during manufacturing and cooling, with slow cooling leading to large crystals and high crystallinity, which significantly affects the mechanical properties [4]. Similar to injection molding, where two of the most important processing parameters for tensile strength development are the melt and mold temperatures [4], the substrate temperature immediately before the deposition of the next layer is expected to have a great impact on fusion bonding and the final tensile strength of FEAM parts. A variation of layer height may lead to different pressure conditions during fusion bonding, which in turn can affect mechanical properties [16,17]. In general, the layer height represents a trade-off between lower surface roughness at lower layer heights and reduced manufacturing time for higher layer heights [3,18] and is therefore an important factor to consider in the investigation of tensile properties.



It can be argued that the interface temperature is the decisive factor for bond formation at the layer interface, but the resulting interface temperature at deposition cannot be determined in a non-intrusive way. At the same time, it is the substrate temperature that is crucial to the geometric stability and integrity of the part at deposition [4] and can be measured inline with optical sensors without any manual interference or manipulation of the part. To avoid fiber distortion due to forced planar flow [19], the aim was to neither push nor pull the strand, for which the traversing velocity must be identical to the extrusion velocity at the given screw speed. Other parameters such as extrusion zone temperatures had already been optimized for the FEAM system and were kept constant for the entire study. The aim was to determine the influence of layer height and substrate temperatures on interlayer bonding in large-scale extrusion additive manufacturing and to identify ideal parameters for strong bond formation. The focus was therefore placed on a full-factorial investigation of different substrate temperatures and layer heights based on the thermal analysis and the suggested process window for the utilized material [9].




2. Materials and Methods


Parts for testing within this study were manufactured and tested at the BMW Group Landshut plant. They were fabricated using FEAM technology, which is based on a single-screw extruder that conveys molten material through a 2-mm circular orifice and is guided by a KUKA articulated robot. Prior to each manufacturing process, residual material in the extruder was flushed out at high screw speeds to avoid polymer degradation and fiber agglomeration. An LT-CF1-CB15 infrared pyrometer by Micro-Epsilon Messtechnik GmbH & Co. KG (Ortenburg, Germany) was mounted along the x-axis of the unit at 150 mm from the nozzle to measure the hot end and cold end temperature on the opposite sides of the part. A 40 wt% chopped carbon fiber-reinforced polyamide 6 granulate from AKRO-PLASTIC GmbH (Niederzissen, Germany, Akromid B3 ICF40) was selected because it is significantly cheaper than filament [2] and readily available for injection molding purposes. The material was dried at 80     °  C   for 4 h prior to part fabrication. The part geometry was modeled in CATIA V5, as shown in Figure 1, and sliced and converted to KUKA KRL Code using Siemens NX CAM (1953 Series) by Siemens Digital Industries Software (Plano, TX, USA).



2.1. Preliminary Tests


Several preliminary experiments were conducted to determine a suitable Design of Experiments (DoE). While tactile temperature measurements benefit from higher accuracy, optical temperature detection allows non-intrusive inline measurements within any manufacturing process. To eliminate unnecessary inaccuracy, preliminary testing determined correction factors for the pyrometer were determined compared to a tactile thermocouple on the identical material across the entire temperature range from room temperature to 300 °C. For the FEAM system, initial measurements determined consistent cooling behavior for identical layer times independent of path length or traversing velocity. Therefore, the layer time is the decisive factor for the resulting substrate temperature and thus interface temperature at the deposition of the next layer. Thus, to achieve different substrate temperatures, only varying layer times are required. This can be achieved either by varying the traversing velocity, by altering the path length, or by directly manipulating the layer duration through wait times.



Preparation and test conditions were evaluated. Accelerated conditioning according to DIN EN ISO 1110 [20] was performed at 70     °  C   and 62% relative humidity with regular control of weight gain to validate the standards’ conditioning duration based on sample thickness. Karl–Fischer titration (DIN EN ISO 15512—method 2 [21]) was used to determine the moisture content at 1.67 ± 0.04%. Previous experiments suggested the use of tabs to prevent sample failure within the grip, as high compressive stresses may damage the samples. Tabbed specimen with tabs of 50 × 25 × 1 mm Glass Fiber Reinforced Plastic (GRP) epoxy with a fiber orientation of ±45°, bonded with Araldite 2011 and cured for 24 h, were compared to blank specimen through sample tensile tests. The results showed that the imperfect parallelism of the tabs led to increased failure within the grips, indicating tensile tests without tabs.




2.2. Design of Experiments


Layer height h and the substrate temperatures   T  s u b    are major levers in the given FEAM process and thus were selected as independent variables for this investigation. In manufacturing with a 2-mm orifice, layer heights from 0.7 mm to 1.2 mm have shown to be mechanically possible, with acceptable part qualities achieved at layer heights between 0.8 mm and 1.1 mm. A layer height of less than 0.8 mm caused the strand to swell laterally around the nozzle geometry and therefore the strands did not align with each other, resulting in disintegration of the part after only a few layers. For layer height above 1.1 mm, the strand was not compressed well enough to form a flat surface, but remained nearly round. This also led to disintegration of the parts, as the successive strands “rolled off” the previous layer during the printing process without forming a noticeable bond. Table 1 presents the list of the chosen manufacturing parameters of this study including the information as whether they were modified throughout the experiments or kept constant as control variables. This should also enable reproducing this characterization approach for similar EAM facilities or new materials for this process.



As suggested by thermal investigations [9], the expected range of substrate temperatures for good fusion bonding of the used material is between the melt temperature at 221     °  C   and the extrapolated onset of crystallization at 166     °  C  . For substrate temperatures above the melt temperature, the viscosity of the substrate and extrudate remains too low, leading to polymer flow even after deposition and direct disintegration of the part. Target substrate temperatures of 220     °  C  , 210     °  C  , 200     °  C  , 190     °  C   and 170     °  C   allowed the characterization of this ideal process window, while temperatures of 150     °  C  , 130     °  C   and 110     °  C   were used to verify the given window and determine properties for parts fabricated at longer layer times. Parts manufactured at   T  s u b    below 110     °  C   delaminated when removed from the build base and were excluded from the study. A full factorial DoE was used to test the tensile properties at each layer height at each target substrate temperature. A full overview of the investigated setups, as combinations of temperature, layer height and sample direction, is provided in the Appendix A. This summary also includes the number of valid samples contributing to each obtained tensile strength and tensile modulus value, as well as whether the samples were taken from a single part or multiple identical parts.



Since only the layer time proved to be decisive for the substrate temperature achieved, unnecessary disturbance variables, such as varying pressure, thermal and shear conditions within the extrusion unit, were eliminated as much as possible. Thus, only a single setting of 72.04 rpm and a traversing velocity of 0.160 m/s were used to manufacture all parts. In addition, to keep the part geometry and the corresponding heat chimney identical, layer times were varied by utilizing a holding position outside the main geometry and varying the holding time. Five parts were fabricated per DoE configuration to determine the dependent variables of tensile strength and tensile modulus. While samples of multiple identical parts allow an evaluation of the reproducibility of the process, measurements of samples from a single part enable a judgement of the reproducibility and homogeneity of the parts themselves. Due to time and resource constraints, additional single part sampling was conducted only for layer heights of 1.0 mm.



The DoE was adapted after the first series of measurements at 170     °  C   to 220     °  C  . Since the samples taken from single parts showed no significant difference from the samples taken from multiple parts, and resources did not allow the continuation of 5 manufactured parts per setup, the specimens for lower substrate temperatures were all taken from single parts. In addition, the long holding times at temperatures below 170     °  C   caused great material buildup at the holding position and demounted the parts during fabrication. The tensile strengths of specimens at 150     °  C   with the screw rotating continuously were compared to those of specimens where the screw was turned off during the holding times. With the difference in tensile strength below 5% for all specimen orientations, the screw was stopped at the holding position for all further parts. The first measurement series also revealed slightly poorer mechanical properties for the 1.1-mm specimens as well as inhomogeneous material deposition under the microscope, resulting in low and insufficient optical quality of the parts. At lower temperatures, the 1.1-mm parts were therefore omitted.




2.3. Sample Fabrication


During the manufacturing of the parts, the internal sensor data of the extrusion unit (heating zone temperatures; melt temperature; pressure downstream of the screw and directly upstream of the nozzle) and the pyrometer signal were aligned by the Programmable Logic Controller (PLC) with the movement data of the robot and recorded via an SPS-ANALYZER Pro 6 from AUTEM GmbH. Holding time was adjusted for each part to compensate for fluctuations in ambient temperature resulting from the industrial environment of the facility. For the adjustment, a sample was fabricated to a height of 30 mm before recording of the cooling curve and consideration of the time difference resulting from the 150 mm distance between the nozzle and the infrared pyrometer. The actual substrate temperature of the final parts was later determined by applying correction factors to the pyrometer data collected within the print process with 10 different layers in the first half and 10 layers in the second half of the part considered.



As shown in Figure 2, the longitudinal and transverse specimens were taken from the long side of the parts in x- and z-directions, respectively, while a single sample was taken from the short side at an angle of 45°. For setups at high temperatures and single samples per part, the samples were taken from the middle section of each side. For all setups where multiple parts were required, the specimen location was distributed evenly along the part length. The remaining samples were prepared as backup for invalid tests. During preparation, the top and bottom 25 mm were removed to disregard starting and finishing effects. A water-cooled abrasive cutter was used to cut the parts into strips of 250 mm × 25 mm according to DIN EN ISO 527-4 [15] with variable thicknesses depending on the chosen layer height. After manual deburring, the samples’ widths and thicknesses were measured at three different positions to determine the actual cross-sectional area of each sample. The samples were then conditioned at 70     °  C   and at 62% relative humidity for 8–10 days according to DIN EN ISO 1110 [20] to resemble the conditioning state that samples will develop in long-term use.




2.4. Tensile Tests and Analysis


Tensile testing was carried out at room temperature on a universal testing machine of type Z100/SN5A by ZwickRoell GmbH & Co. KG, with a 100 kN load cell, a force measurement accuracy of 0.2 kN according to class 1, and a loading rate of 2 mm/min. The specimens were inserted with a free gripping length of 150 mm and a gauge length of the axial strain extensometer of 50 mm. The preload was set to 20 N at a test speed of 2 mm/min. The tensile modulus was determined between 0.05 and 0.25% strain and evaluated using the secant of the stress–strain curve. For each sample, the failure mode was noted based on ASTM D3039 [22] codes to determine potential fracture patterns. Data analysis was performed on the collected data using the actual strand width for the cross-section calculation.



The same analysis was performed on the nominal cross section, for which the sample width was adjusted to the contact width between successive strands determined via optical microscopy. As explained in more detail and with respective photomicrographs in the Results section, the difference between the general tensile strength and modulus and the nominal results was the consideration of the contact width between successive strands. Since all specimens analyzed in this study were taken from thin, single walled parts, the specimen thickness as measured by a caliper, corresponded to the width of a single strand. However, due to the round shape of the outer edges of the strand, the actual width across which successive strands touch is less than the strand width which will be elaborated on in the results section. The nominal results therefore were calculated using the contact width as specimen thickness, yielding the actual strength per cross-sectional contact area. The nominal tensile strength becomes relevant, when considering bulk material or multi-strand samples with low macroporosity, as the rounded sides there become less relevant compared to the wall thickness.



For all experimental setups, the corresponding mean values and standard deviations were calculated from the five samples tested. Where applicable, the mean of five samples from multiple parts was compared to that of five samples from a single part. For all other setups, the means were calculated for each part. In several tests, the tactile strain gauge slipped on the ripped surface of the specimen, resulting in unusable strain data. These samples were marked invalid and were excluded from further analysis. Where available, spare samples from the same part were tested and substituted for the invalid measurements. The 95% confidence intervals for tensile strength and tensile modulus were determined for all setups of multiple samples. A two-dimensional linear regression model of second order was utilized to evaluate the linear regression coefficients, coefficient of determination, and standard error. For this purpose, a weight vector was calculated using the Moore–Penrose pseudo inverse. This resulted in a three-dimensional plane mapping the entire range of parameters tested while allowing prediction at any given point in between.





3. Results


The effects of the parameter variation of layer height and substrate temperatures were determined through extensive tensile testing and analysis.



3.1. Preliminary Tests


Multiple parts of various path lengths were manufactured to a height of 15 mm with different traversing velocities and extrusion speeds. After adjustment of the cooling curve start points to the time delta between nozzle and pyrometer passage, the cooling behavior aligned strongly as a function of the layer time. This behavior is illustrated in Figure 3 on the example of 1.25 m and 2.50 m path lengths printed with 0.050, 0.075, 0.100 and 0.150 m/s.



Preliminary tests of tensile specimen in longitudinal direction at a substrate temperature of 130     °  C   were investigated for both dried and conditioned tensile properties. Using Karl Fischer titration [23], the moisture contents of dried and conditioned specimen were determined to 1.67 ± 0.04% and 0.08 ± 0.02%, respectively. It should be noted that the moisture content was calculated based on the total sample weight, even though only the polymer matrix can absorb moisture. Specimens of 0.8 mm, 0.9 mm, 1.0 mm and 1.1 mm layer height were manufactured for tensile tests. The conditioned samples obtained significantly lower tensile strength and tensile modulus for all layer heights. The conditioned samples at 0.8 mm layer height yielded only 78% of the dried tensile strength and 48% of the tensile modulus of the dried specimens, in line with prior studies [24]. For a layer height of 1.1 mm, only 66% of the tensile strength was obtained, already indicating lower tensile properties for higher layer heights. The conditioned samples also demonstrated a significantly higher elastic behavior compared to the dried samples, sustaining more than double the strain of the brittle dried samples at part failure. It is suggested that this change in micro-structure results from the water molecules in the amorphous regions and the related reduction in glass transition temperature [24].




3.2. Sample Fabrication


Using the PLC for data collection allowed a coupled representation of the robot velocity with the inline pyrometer data collected during the manufacturing process. Figure 4 shows both the pyrometer signal and the actual traversing velocity,   v  T C P   , of the robot for the first 10 min of the manufacturing, using the part at 130     °  C   and a layer height of 1.0 mm as an example. The highlighted section (a) shows that the robot velocity not only dropped for the holding times, but also at each corner of the part. Therefore, the actual average velocity during the deposition phase amounted to 0.154 m/s for all setups. As in section (b), all substrate temperature measurements stabilized by h = 15 mm, leading to homogenous temperature conditions in the samples cut from h = 25 mm to h = 275 mm. In addition, the highest target temperature of 220     °  C   was not physically feasible as the melt remained slightly too hot to achieve geometric integrity. The upper limit was adjusted to the lowest layer time yielding physically stable parts which corresponded to a substrate temperature of 216     °  C  . The remaining holding times were chosen to meet the target temperatures with a tolerance of ±1     °  C  . The fluctuations in ambient temperature during the winter led to deviations from the target temperatures of up to ±2     °  C   when measured in the actual parts. This was not an issue as the actual part temperatures were considered later in the analysis.




3.3. Tensile Tests and Analysis


Most of the values presented in this section were determined from five samples per setup. A few measurements were invalid because the displacement transducers slipped due to the grooves of the layer-wise formation, and were replaced by spare specimens where possible. Invalid measurements were excluded from the following analysis.



Figure 5 and Figure 6 depict tensile strength in longitudinal (x) and transverse (z) directions as 3D graphs plotted over the actual substrate temperatures and the chosen layer heights. The gray surfaces represent the 95% confidence intervals to allow judgement of the plausibility of the linear regression surface presented in orange. The 2D plots visualize the setups yielding the highest mechanical properties, suggesting an optimum in longitudinal direction for 0.8- and 0.9-mm layer height and substrate temperatures between 170     °  C   and 210     °  C  . This temperature range appears to shift to substrate temperatures above 190     °  C   to 216     °  C   for the transverse direction, with a suspected outlier at 210     °  C   and 0.8 mm. A satisfactory tensile strength of at least 80% of the maximum tensile strength was achieved for layer heights from 0.8 to 1.0 mm, between 150     °  C   and 216     °  C  .



These results are based on the assumption that the cross-sectional area of the specimen is equal to the product of specimen width and strand width. However, as illustrated in Figure 7 for 200     °  C   and layer heights of 0.8 and 1.0 mm, the actual contact area between successive layers is only the product of the sample width and the contact width of successive layers. The contact width for all setups was determined through optical microscopy to then reevaluate the data for nominal strength and modulus values.



Figure 8 and Figure 9 show nominal tensile strength based on the contact width. In the longitudinal direction, an optimum emerges for higher layer heights and temperatures between 140     °  C   and 200     °  C  . However, the transverse tensile strength in the build direction is more decisive as it characterizes the weakest area: the layer interface. The nominal transverse tensile strength in Figure 9 presents great strength of 90% of the maximum tensile strength across all layer heights for substrate temperatures down to around 170     °  C  .



The expected high anisotropy was confirmed by the experimental data, as the transverse tensile strength reached only 17–27% of the longitudinal strength values at temperatures down to 150     °  C  . At temperatures below 150     °  C   transverse tensile strength amounted only to 8–11% of the longitudinal values. Figure 10 illustrates the percentage of transverse to longitudinal tensile strength. The apparent anisotropy increases for lower temperatures, especially below 150     °  C  . As a representative sample, Figure 11 depicts the stress–strain curves of multiple measurements of samples with 1.0 mm layer height at various substrate temperatures. For the x- and z-direction, the curves at 217     °  C   and 170     °  C   are nearly congruent, while the maximum strain sustained by the 110     °  C   samples is significantly lower. Interestingly, the longitudinal samples sustained higher strains the lower the temperature. Only minimal differences between the stress–strain curves of varying layer heights were found, compared to the influence of the various substrate temperatures.



An even higher anisotropy was found for the tensile modulus, which was calculated by secant slope according to DIN EN ISO 527-1 [25]:


   E t  =    σ 2  −  σ 1     ϵ 2  −  ϵ 1     



(1)




where   E t   is the tensile modulus in megapascal (MPa);   σ 1   is stress in MPa measured at the strain value   ϵ 1   = 0.0005 = 0.05%;   σ 2   is stress in MPa measured at the strain value   ϵ 2   = 0.0025 = 0.25%. The trends of tensile modulus results as a function of specimen thickness shown in Figure 12 and Figure 13 agree well with the nominal values adjusted for contact width. The tensile modulus in the transverse direction was only 17–22% of the longitudinal tensile modulus for substrate temperatures down to 170     °  C   and 12–19% below 170     °  C  . With a maximum tensile modulus in x- direction of 12,900 MPa, the bulk values provided by the manufacturer for injection molded and conditioned specimens tested according to DIN EN ISO 527-1 of 14,000 MPa [26] were almost achieved.



For both tensile strength and tensile modulus, the results at a 1.1-mm layer height and 216     °  C   showed high standard deviations, which corresponded well with the low build quality achieved. A comparison was also made between the different sampling positions, comparing the test results of the top, middle and bottom samples of the longitudinal test, and the left, middle and right samples of the transverse tests. No apparent trends or significant deviations were identified. Similarly, a review of the fracture modes according to ASTM D3039 [22] did not reveal any clear trends. While longitudinal samples fractures were mostly angled or long splitting and the transverse samples fractures were consistently lateral through layer interfaces as expected [2], no trend in the location of the fracture was observed. This led us to conclude that the original parts’ mechanical properties are relatively homogenous in the longitudinal and transverse direction.



In determining the contact width through incident-light microscopy, the strand width was also measured to detect potential influences of the different substrate temperatures. Neither contact width nor strand width showed any trends as a function of temperature. The cross-sectional area of five strands was measured for each setup and showed no change for varying layer height or substrate temperature. The strand cross-section was used as quality control to ensure that all samples were manufactured at the same extrusion conditions and no technical issue such as clogging influenced the test results. Overall, the results aligned well with the expected process window, yielding satisfactory a tensile strength and tensile modulus for a wide range of substrate temperatures.





4. Discussion


In extrusion-based processes such as FDM, the interlayer strength has always been a shortcoming. Especially for large-scale deposition systems intended to manufacture large structural parts with substantial mechanical properties, the interlayer strength is an important factor to be investigated and optimized to reduce anisotropy and improve interlayer fusion bonding. Both tensile strength and tensile modulus show a trend of satisfactory values for temperatures of 170     °  C   and above, with rapidly declining mechanical properties for lower temperatures. The results are in line with the hypothesis of the optimal process window for the used carbon fiber-reinforced PA6 for substrate temperatures between   T  e i c    = 166     °  C   and   T m   = 221     °  C   [9]. Depending on the desired application, 150     °  C   may be included into the process window as well, since only the tensile modulus in the longitudinal direction drops significantly beforehand. Furthermore, compared to in-house tests of injection molded dog bones of the same polymer, the results demonstrated a similar tensile strength and tensile modulus in longitudinal direction, for some setups even exceeding the injection molded results. This is expected to be due to the increased fiber alignment in the additively manufactured samples. The authors expected the highest interlayer bond strength to result from the highest feasible substrate temperature. However, both the original and nominal tensile strength results suggest that the optimum range expands over a wide temperature range, leading to the conclusion that it is not necessary to aim for the upper limit of the process window when optimizing for interlayer bond strength.



The results build on existing evidence that process temperature conditions are a major lever for optimizing fusion bonding in extrusion additive manufacturing. The results offer new insights into the relationship between strand shape and dimensions and mechanical performance. The original results, which were based on the manually measured specimen thicknesses, can serve as input for calculations and simulations of single-walled parts when correlated to their absolute wall thickness. On the other hand, the nominal results based on the contact width and area between the successive strands should be considered when modeling the mechanical properties of thick-walled or bulk material with low macro porosity. Testing multi-walled rather than single-walled parts was considered; however, real parts manufactured using FEAM technology for prototyping and production equipment manufacturing are mostly single-walled structures, therefore making the tensile properties of single-walled parts of primary interest. In addition, the use of single walled parts allowed the isolation of the effect of the actual temperature and layer height variation, without being affected by different infill patterns, the selected air gap and the overall manufacturing strategy.



The reliability of the results is impacted by the external limitations of the study, which allowed the parts to be manufactured only over several months with strongly varying ambient climate conditions, potentially affecting the variation and scatter in data. An example of such an unaccountable variation are the results of 130     °  C   and of 210     °  C   at 0.8-mm layer height, which deflect from the surrounding data points, suggesting some minor discrepancies in part manufacturing. Furthermore, the parts above 150     °  C   were manufactured with a continuously rotating screw, while, for the remaining parts, the screw was stopped during the holding time to avoid large material build up and subsequent demounting and distortion during manufacturing. For future investigations, it is suggested that all parts be manufactured under identical and consistent conditions. Other researchers have challenged our strategy of a 1:1 ratio of extrusion and traversing velocity by manufacturing different layer heights with constant strand widths through adjustment of the extrusion speed [27,28]. We expect that this would lead to non-ideal fiber alignment, as the fibers are oriented by forced flow in a planar direction, which may have an untraceable effect on mechanical properties. While the extrusion and traversing velocity showed no effect on the cooling behavior of the parts for identical layer times, both may still have an influence on the general morphology of the printed part and thus may influence mechanical properties. However, the presented results suggest that the influence of the temperature is much more significant than the morphology within the strand, especially when considering that the layer interface is decisive for the fusion bonding and thus the tensile strength.




5. Conclusions


Anisotropy is a serious problem, since transverse strength and modulus yield only a fraction of the strength and modulus in the longitudinal direction. Process parameters have a significant effect on mechanical properties, in particular on interlaminar bond strength. Determining a suitable and full factorial process window for the major process parameters helps to achieve high part quality and good mechanical properties. In this study, we validated the proposed process window for satisfactory interlayer strength by using the presented FEAM process to manufacture identical parts at constant processing conditions, only varying layer heights and holding times for different substrate temperatures. The use of an infrared pyrometer allowed non-disruptive inline data acquisition and the correlation with robot velocity data and internal sensory data through the PLC. The expected range of high tensile strength and modulus values between 166     °  C   and 220     °  C   was confirmed, as was a high anisotropy between the longitudinal and transverse test results.



Since there are no specific test standards in place for large-scale additively manufactured parts, the experimental method in this study was designed to be easy and readily available, utilizing only basic laboratory equipment. This should allow easy replication of the method in other labs and with other thermoplastic materials. The resulting data from this study can further be used as a database for mechanical simulations of EAM parts and a targeted approach in choosing the right manufacturing parameters based on the parts’ desired mechanical properties.
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Appendix A


For a better understanding of the different experimental setups tested and to obtain an overview of how many samples each given value is based on, Table A1 is given below. For each temperature between 217     °  C   and 110     °  C  , three directions, namely x (longitudinal), z (transverse) and 45° to the printing direction, were investigated. The indices “m” and “s” indicate whether the number of samples was taken from multiple parts or a single part, respectively. As mentioned above, no significant variation between tensile strength and moduli of samples from single parts to those from multiple parts was found for the first half of the setups. For this reason, and because of the long print times, temperatures of 150     °  C   and below were tested only by manufacturing a single part, so that only a single 45° specimen could be tested per setup. Since the longitudinal and transverse directions were of main interest, this was considered acceptable for the temperatures of 110–150     °  C  .
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Table A1. Number of valid samples contributing to the results above, with the indices “m” and “s” indicating whether the number of samples was taken from a single or multiple identical parts.






Table A1. Number of valid samples contributing to the results above, with the indices “m” and “s” indicating whether the number of samples was taken from a single or multiple identical parts.





	
Temperature

	
Direction

	
Layer Heights [mm]




	
[°C]

	
[-]

	
0.8

	
0.9

	
1.0

	
1.1






	
217

	
x

	
5 m

	
5 m

	
5 m, 5 s

	
5 m




	

	
z

	
4 m

	
4 m

	
5 m, 5 s

	
5 m




	

	
45°

	
4 m

	
5 m

	
5 m

	
5 m




	
210

	
x

	
5 m

	
5 m

	
5 m, 5 s

	
5 m




	

	
z

	
4 m

	
4 m

	
5 m, 5 s

	
5 m




	

	
45°

	
5 m

	
5 m

	
4 m

	
5 m




	
200

	
x

	
5 m

	
5 m

	
5 m, 5 s

	
5 m




	

	
z

	
5 m

	
5 m

	
4 m, 4 s

	
5 m




	

	
45°

	
5 m

	
4 m

	
5 m

	
5 m




	
190

	
x

	
5 m

	
5 m

	
5 m, 5 s

	
5 m




	

	
z

	
5 m

	
5 m

	
5 m, 4 s

	
5 m




	

	
45°

	
5 m

	
5 m

	
5 m

	
5 m




	
170

	
x

	
5 m

	
5 m

	
5 m, 5 s

	
5 m




	

	
z

	
5 m

	
5 m

	
5 m, 3 s

	
5 m




	

	
45°

	
5 m

	
4 m

	
4 m

	
5 m




	
150

	
x

	
5 m

	
5 m

	
5 m, 5 s

	
-




	

	
z

	
4 s

	
5 s

	
5 m, 5 s

	
-




	

	
45°

	
1 m

	
1 m

	
4 m

	
-




	
130

	
x

	
5 s

	
5 s

	
5 s

	
-




	

	
z

	
5 s

	
4 s

	
5 s

	
-




	

	
45°

	
1 m

	
1 m

	
1 m

	
-




	
110

	
x

	
5 s

	
5 s

	
5 s

	
-




	

	
z

	
5 s

	
4 s

	
5 s

	
-




	

	
45°

	
1 m

	
1 m

	
1 m

	
-









Figure A1 depicts a tested longitudinal test specimen after failure in the universal testing machine, together with a representative test specimen in the x (left) and z (right) direction after testing. Specimens with failure within the grip were marked as invalid and not included in this investigation.
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Figure A1. Longitudinal test specimen after failure in the universal testing machine and representative test specimens in x (left) and z (right) directions after testing. 
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Figure 1. Concept comparison between Fused Filament Fabrication (FFF) on the left and lagre-scale Extrusion Additive Manufacturing (EAM) on the right. 
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Figure 2. Part geometry with positions for single, multiple, and backup sampling in the x-, z- and 45°-direction. 
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Figure 3. Cooling curves for different traversing velocities and layer lengths. 
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Figure 4. Pyrometer signal and traversing velocity for   T  s u b    = 130     °  C   h = 1.0 mm, with region (a) displaying the variation of velocity in each layer, and region (b) illustrating the substrate temperature stabilization after 15 layers. 
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Figure 5. Tensile strength in the longitudinal direction with the left 3D plot presenting the gray surfaces as the 95% confidence intervals and the orange surface corresponding to the calculated linear regression model, and the heat map on the right depicting the test results for all parameter variations. 
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Figure 6. Tensile strength in the transverse direction with the left 3D plot presenting the gray surfaces as the 95% confidence intervals and the orange surface corresponding to the calculated linear regression model, and the heat map on the right depicting the test results for all parameter variations. 
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Figure 7. Photomicrographs of samples fabricated at a substrate temperature of 200     °  C   and layer heights of (a) 0.8 mm and (b) 1.0 mm to illustrate the difference between the contact width and the strand width. 
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Figure 8. Nominal tensile strength in the longitudinal direction with the left 3D plot presenting the gray surfaces as the 95% confidence intervals and the orange surface corresponding to the calculated linear regression model, and the heat map on the right depicting the test results for all parameter variations. 
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Figure 9. Nominal tensile strength in the transverse direction with the left 3D plot presenting the gray surfaces as the 95% confidence intervals and the orange surface corresponding to the calculated linear regression model, and the heat map on the right depicting the test results for all parameter variations. 
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[image: Jmmp 06 00036 g009]







[image: Jmmp 06 00036 g010 550] 





Figure 10. Ratios of transverse to longitudinal tensile strength in percent. 
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Figure 11. Stress–strain curves for 1.0 mm layer height at substrate temperatures of 217     °  C  , 170     °  C  , and 110     °  C  . 
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Figure 12. Tensile modulus in the longitudinal direction with the left 3D plot presenting the gray surfaces as the 95% confidence intervals and the orange surface corresponding to the calculated linear regression model, and the heat map on the right depicting the test results for all parameter variations. 
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Figure 13. Tensile modulus in the transverse direction with the left 3D plot presenting the gray surfaces as the 95% confidence intervals and the orange surface corresponding to the calculated linear regression model, and the heat map on the right depicting the test results for all parameter variations. 
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Table 1. Manufacturing parameters for the FEAM process characterization approach.
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	Manufacturing Parameter
	Value
	Unit
	Variation





	Envelope temperature
	23
	[°C]
	constant

(±2 °C fluctuation)



	Extrusion temperature
	280
	[°C]
	constant



	Screw speed
	72
	[rpm]
	constant



	Extrusion velocity
	0.160
	[m/s]
	constant



	Traversing velocity (robot)
	0.160
	[m/s]
	constant



	Nozzle diameter
	2.0
	[mm]
	constant



	Layer time
	-
	[s]
	directly varied



	Substrate temperature
	-
	[mm]
	indirectly varied

(depending on layer time)



	Layer height
	-
	[mm]
	directly varied
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