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Abstract

:

Non-isothermal laser-based powder bed fusion (LPBF) of polymers suggests the potential for significantly extending the range of materials applicable for powder-based additive manufacturing of polymers, relying on the absence of a material-specific processing window. To allow for the support-free manufacturing of polymers at a build chamber temperature of 25 °C, applied processing strategies comprise the combination of fractal exposure strategies and locally quasi-simultaneous exposure of distinct segments of a particular cross section for minimizing crystallization-induced part deflection. Based on the parameter-dependent control of emerging cooling rates, formed part morphologies and resulting mechanical properties can be modified. Thermographic in situ measurements allow for correlating thermal processing conditions and crystallization kinetics with component-specific mechanical, morphological, and microstructural properties, assessed ex situ. Part morphologies formed at crystallization temperatures below 70 °C, induced by reduced laser exposure times, are characterized by a nano-spherulitic structure, exhibiting an enhanced elongation at break. An ambient temperature of 25 °C is associated with the predominant formation of a combined (α + γ)-phase, induced by the rapid cooling and subsequent laser-induced tempering of distinct layers, yielding a periodic microstructural evolution. The presented results demonstrate a novel approach for obtaining nano-spherulitic morphologies, enabling the exposure-based targeted adaption of morphological properties. Furthermore, the thermographic inline assessment of crystallization kinetics allows for the enhanced understanding of process-morphology interdependencies in laser-based manufacturing processes of semi-crystalline polymers.
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1. Introduction


Laser-based powder bed fusion (LPBF) of polymers is a powder-based additive manufacturing process that allows for the fabrication of dense components with high mechanical properties. The present predominant application of quasi-isothermal processing is subject to a broad range of constraints, governed by the accordance of applied thermal boundary conditions and the isothermal processing window of semi-crystalline polymers. The required continuous heating of the powder bed surface is associated with considerable thermal material aging [1,2], inherently restricting the manufacturing of thermo-sensitive material systems and limiting the recyclability of applied powders [1]. Furthermore, the inherent requirement for a thermal processing window implicitly impairs the processing of modified thermoplastics with implicitly adapted crystallization kinetics, such as highly filled systems [3], hence indicating the requirement for novel processing strategies.



In contrast to established quasi-isothermal processing, non-isothermal processing of polymers allows for a significant adaption of formed morphologies, exhibiting significantly reduced spherulite sizes [4,5,6] and adapted thermal material properties [4] of produced parts. Based on the inherently increased cooling rate, occurring subsequent to the exposure step [4], varied mechanical properties are described based on the application of support structures to avoid part warpage [6], correlated with the aforementioned micro-spherulitic morphology. The avoidance of support structures for considerably improving the technological and economic viability of non-isothermal LPBF is described based on applying fractal, quasi-simultaneous exposure strategies [4]. The spatial and temporal discretization of the exposure step allows for the explicit specification of temporal boundary conditions, such as the exposure time, that are described to significantly influence part properties in quasi-isothermal processing [7].



Since non-isothermal processing differs significantly from quasi-isothermal processing in terms of altered mechanisms governing the evolution of the microstructure, there is a lack of information regarding the effects of the process on both the microstructure and the resulting mechanical properties. Therefore, exploiting the technological potential of non-isothermal polymer-based LPBF requires a holistic understanding of the dependencies of formed micro- and macroscopic properties on the underlying process to enable the process-based in situ modification of formed microstructures and resulting component properties.




2. State of the Art


2.1. Exposure-Dependent Temperature Fields in Laser-Based Powder Bed Fusion


Constituting a decisive factor in laser-based additive manufacturing processes, the laser exposure process has been approached based on thermographic in situ investigations [8,9], numerical simulations [10] and with regard to resulting part properties [11]. Established exposure strategies predominantly rely on linear exposure vectors, being associated with an inherent dependence of resulting temperature fields on the underlying exposed geometry observed for quasi-isothermal processing [8,9]. Geometry-dependent effects are interlinked to a varying extent of heat accumulation [12,13,14], affecting resulting peak temperatures and corresponding residual stresses in LPBF of metal alloys. For minimizing the occurrence of residual stresses and associated stress cracking, segmented exposure strategies have been introduced [10,15,16,17] and have since gained practical relevance. Based on numerical investigations [16], a positive correlation of the underlying exposure vector length and the formation of residual stresses is described, indicating a structural geometry-dependency of corresponding temperature fields. Extending the concept of segmented exposure strategies, Catchpole-Smith et al. (2016) [17] described the application of the fractal Hilbert curve for the additive manufacturing of nickel-base alloys, considerably reducing the extent of stress cracking. In addition to minimizing residual stresses, fractal space-filling curves were shown to promote the formation of geometry-independent temperature fields [18], hence limiting the influence of heat accumulation on the thermal history of a specific cross section.




2.2. Thermal Processing Conditions in Powder Bed Fusion of Polymers


Following the state of the art, LPBF predominantly relies on the quasi-isothermal processing of semi-crystalline thermoplastics. In contrast to the idealized model of isothermal processing, recent research has queried the isothermal assumption and the inherent avoidance of crystallization during the build process. Based on qualitatively assessing the mechanical resistance of produced parts, Drummer et al. (2019) [19] characterized the crystallization of the polymer melt in situ, indicating the accelerated crystallization of the molten component under process-related conditions. Based on numerical approaches, Soldner et al. [20,21] characterized the interdependence of geometric boundary conditions and isothermal crystallization kinetics, observing a spatially heterogeneous crystallization of parts. The crystallization kinetics of polyamide 12 have been investigated with regard to temperature-dependent isothermal [22,23,24,25] and cooling rate dependent non-isothermal [22,26,27,28] crystallization, identifying the influence of varying thermal boundary conditions on crystallization kinetics [24] occurring in quasi-isothermal LPBF of PA12. Shen et al. (2021) [29] applied numerical approaches for determining the influence of thermal boundary conditions on the emergence of residual stresses in LPBF. In accordance with experimental investigations, numerical modeling displays a significantly accelerated material crystallization induced by elevated cooling rates, correlated with an increased level of residual stress [29]. In contrast to quasi-isothermal processing, prevailing in academia and industry, Niino et al. (2011) [6,30] employed considerably reduced build chamber temperatures by using support structures similar to metal-based LPBF, obtaining considerably altered morphological properties and enhanced failure properties [6].




2.3. Process Influences of Non-Isothermal Crystallization Properties of Polyamide 12


The understanding of non-isothermal crystallization of applied materials is essential for considering both process-specific effects and interdependencies on resulting component properties in LPBF. Due to the widespread application of PA12 in LPBF, recent research has focused on both isothermal [22,24,31] and non-isothermal crystallization properties [26,27,31] of polyamide 12. In contrast to quasi-isothermal processing of PA12, a complex interdependency of the material aging state [23], underlying cooling rates, emerging nucleation mechanisms [27], and resulting material phases [22] is observed under non-isothermal conditions. With regard to non-isothermal crystallization kinetics, the Nakamura model [32,33] is widely applied to empirically describe the non-isothermal crystallization of PA12 for analytical purposes [24,31] and for process simulations [21]. Non-isothermal crystallization of PA12 is predominantly governed by the temperature-dependent formation of distinct material phases [22]. Slow non-isothermal cooling of PA12 at atmospheric conditions yields the stable γ-phase [22]. In contrast, mesomorphic structures are obtained by fast cooling, e.g., quenching, from the melt. The mesomorphic phase undergoes an irreversible phase transformation into the γ-phase among heating, implying the significance of multiple exposure- and cooling-induced phase changes in non-isothermal, laser-based additive manufacturing. The formation of the mesomorphic phase has been described to occur at crystallization temperatures close to the glass transition temperature [22], indicating an implicit influence of thermal boundary conditions and corresponding processing parameters on the resulting phase composition.



With regard to formed spherulitic structures, Plummer et al. (2001) described the positive relationship between the underlying isothermal crystallization temperature and the corresponding spherulite radius and the lamellar thickness [34], consistent with the intra-layer dependency of formed microspherulitic structures in non-isothermal laser melting of polyamide 12 [4,6]. The formation of nano- and microspherulitic structures, described in the recent literature, suggests implications for corresponding mechanical properties due to the negative correlation of observed spherulite diameters and the elongation at break, described for the application of isotactic polypropylene [35].





3. Methodology


3.1. Implementation of Non-Isothermal Processing Strategies


The combination of a fractal exposure path generation conducted with iterative programming, and the repetitive, quasi-simultaneous exposure of different segments, as described by Schlicht et al. (2022) [4], represents the foundation for the non-isothermal, support-free processing of polymers. By applying a constant laser power of P = 2.5 W and an exposure speed of v = 500 mm s−1, the resulting energy density was implicitly specified based on a varied quasi-simultaneous exposure time that defines the cumulative exposure time of distinct, consecutively exposed segments. Underlying segments depict a structural anisotropy, influenced by the specified segment size of 1 × 2.5 mm2. The applied exposure structure of distinct segments is displayed in Figure 1, resembling a closed segment of the space-filling Peano curve [36]. To allow for the exposure of thin-walled geometries, distinct sub-segments were trimmed according to the underlying geometry using previously applied methodologies [4], applying an algorithm proposed by Yang et al. (2003) [37] for adapting space-filling, fractal curves to any geometry.




3.2. Materials and Processing


Considering the predominant application in quasi-isothermal processing of polymers, commercially available polyamide 12 was applied as the underlying material. A polyamide 12 powder of type PA 2200, EOS GmbH, Krailling, Germany, was used as received, exhibiting a melting point of TMelting = 184 °C, assessed by means of differential scanning calorimetry (dT/dt = 10 K min−1). To allow for the implementation of quasi-simultaneous, fractal exposure strategies, a freely configurable research system, described by Drummer et al. (2019) [19], was used. By applying a fixed optical setup, a constant laser spot diameter of d = 0.5 mm (I = 1/e2) was employed. To allow for the process-integrated assessment of temperature fields, thermal imaging was conducted, using a thermographic camera of type IRCAM VELOX 1310k SM (IRCAM GmbH, Erlangen, Germany), covering a spectral range from λ = 1.5 to 5.5 μm. Based on a fixed working distance, a constant spatial and temporal resolution of 140 × 140 μm2 and f = 355 Hz, respectively, were specified. Thermal process characteristics were determined applying an emission coefficient of ε = 0.9 [8].




3.3. Design of Experiments


To determine the influence of varied processing parameters on morphological and mechanical characteristics, the underlying quasi-simultaneous, segment-specific exposure time was varied in discrete steps, displayed in Table 1.



Further processing parameters include a build temperature of TB = 25 °C, a recoating speed of v = 125 mm s−1 and a layer height of hLayer = 100 μm. Manufactured specimens compromise scaled, thin-walled tensile bars designed according to ISO 3167, type 1A. For resembling thin-walled geometries, an isotropic scale factor of 0.25 was applied to the standardized geometry, corresponding to a constant wall thickness of 1.0 mm. Given the upward build orientation, a minimum rectangular cross section of 2.5 mm2 was obtained, corresponding to the exposure of a single sub-segment. A number of n = 5 specimens, corresponding to a specific parameter set, were manufactured.




3.4. Mechanical and Microstructural Characterization


Quasi-static mechanical characterizations of manufactured tensile specimens were conducted on a tensile testing machine of type Instron 5968, Illinois Tool Works Inc., Norwood, MA, based on ISO 527-2, applying strain rates of ds/dt = 0.25 mm min−1 and ds/dt = 1.25 mm min−1 to evaluate the elastic modulus and to determine the ultimate tensile strength. To allow for the assessment of temperature-dependent dynamic mechanical properties, dynamic mechanical tensile testing was conducted using a solid analyzer of type RSA-G2, TA Instruments, New Castle, DE, USA, applying a heating rate of dT/dt = 2 K min−1, an oscillation strain of 0.02%, and a frequency of f = 1 Hz. Complementary microstructural characterizations are based on polarized light microscopy of prepared thin-cuts, conducted using a Carl Zeiss AxioImager 2, Carl Zeiss Microscopy Deutschland GmbH, Oberkochen, Germany. For characterizing the surface topology of manufactured specimens, laser scanning microscopy is conducted using a microscope of type VK-X1000, Keyence Corporation, Osaka, Japan. Computed tomographic investigations of manufactured specimens are based on applying a sub-μ-CT (Fraunhofer Institute for Integrated Circuits (IIS) e.V., Erlangen, Germany), yielding an isotropic spatial resolution of 4 μm. Subsequent analytical investigations of the spatial distribution of detected pores rely on the automated analysis of three-dimensional density distributions.




3.5. Thermal Characterization


Fast scanning calorimetry (FSC) was used for the process-related characterization of temperature-dependent crystallization kinetics, considering noticeably increased cooling rates in non-isothermal processing of polymers. The underlying experimental studies, which make use of a chip calorimeter of the type Flash DSC 2+ (Mettler-Toledo GmbH, Giessen, Germany), comprised both non-isothermal and isothermal characterizations for obtaining comparative crystallization kinetics under varying cooling kinetics. Applied temperature–time profiles are schematically displayed in Figure 2, illustrating the application of constant cooling rates suitable for non-isothermal fast scanning calorimetry.



In contrast, isothermal measurements were based on a two-step cooling process, corresponding to quenching of the molten polymer by applying a cooling rate of dT/dt = 1000 K s−1. The subsequent isothermal crystallization step allows for quantifying crystallization kinetics at varied isothermal temperatures in a supercooled state. Table 2 displays the cooling rates of non-isothermal investigations as well as the underlying applied isothermal temperatures that correspond to complementary isothermal investigations.



To allow for the complementary thermal characterization of manufactured specimens, non-isothermal differential scanning calorimetry was used to investigate the extent of cold crystallization and temperature-induced relaxations by applying an underlying heating rate of dT/dt = 60 K min−1.




3.6. Infrared Spectroscopic Analysis


By using samples taken from the center of various tensile specimens as the basis for infrared spectroscopic measurements, the presence of molecular structures that are typical of in situ post condensation reactions were identified. For minimizing the effect of attached powder particles, the skin layer was mechanically removed prior to the measurement. ATR infrared spectroscopy was conducted using a FT-IR device of the type Bruker Invenio FT-IR (Bruker Corporation, Billerica, MA, USA) by applying a wavelength resolution of 0.5 cm−1 within a spectral range from υ = 400 cm−1 to 4000 cm−1.





4. Results and Discussion


4.1. Isothermal and Non-Isothermal Crystallization Kinetics of Polyamide 12


Process-oriented measurements, based on fast scanning calorimetry of PA12, show a significant supercooling at high cooling rates. In addition to the clear inverse relationship between the crystallization peak temperature and the underlying cooling rate, a growing suppression of crystallization processes is observed, evident in Figure 3. These findings are consistent with those made by Zhang et al. (2022) [27], who concluded that the crystallization of polyamide 12 was predominantly suppressed at cooling rates exceeding 300 K s−1.



While the qualitative analysis of time-dependent crystallization kinetics is made possible by non-isothermal FSC measurements, the assumption of constant cooling rates is constrained by the temporal decrease of cooling rates that result from LPBF of polymers. Therefore, isothermal FSC and complementary isothermal DSC measurements are considered to obtain indications of the influence of thermal boundary conditions on resulting temperature-dependent isothermal crystallization kinetics.



Consistent with earlier research on isothermal crystallization kinetics of polyamide 12 described by Paolucci et al. (2018) [22], the determined crystallization half times, shown in Figure 4, depict a bimodal distribution of crystallization half times, exhibiting a local maximum at 100 °C.




4.2. Thermographic In Situ Investigation of Emerging Temperature Fields


Based on the application of quasi-simultaneous, fractal laser exposure, the exposure process depicts a step-wise temperature increase of distinct segments, displayed in Figure 5. Observed peak temperatures depict a positive correlation with the underlying exposure time, exhibiting a near-linear influence of the exposure time and resulting peak temperatures.



In contrast to quasi-isothermal LPBF, non-isothermal LPBF is characterized by the vastly accelerated cooling and the corresponding accelerated crystallization of formed polymer melts. A significant temporal contraction of the cooling process is associated with the emergence of supercooling, consistent with prior fast scanning calorimetric measurements, and semi-empirical models derived from empirical fittings of the Hoffman–Lauritzen theory [24,26], indicating both a reduced crystallization temperature [22] and reduced crystallization half times [22,24]. Given a considerably accelerated crystallization process, high-speed thermal imaging of the cooling process enables the in situ characterization of the exothermal material crystallization based on noticeably increased crystallization kinetics emerging at process-related conditions. Subsequent to the parameter-dependent, rapid cooling of the molten polymer, a parameter-dependent temporary decrease of the thermographically detected cooling rate is observed. A similar phenomenon is evident in quasi-isothermal LPBF of polymers, depicting a slowed cooling induced by material crystallization, determined based on numerical simulations [29]. Figure 6a illustrates the relationship between the calculated non-monotonic variations of the cooling rate and the parameter-dependent exothermal crystallization. Observed time–temperature profiles indicate a positive dependence of the thermographically observed crystallization peak temperature on the underlying quasi-simultaneous exposure time. Figure 6b shows the corresponding definition of the thermographically represented crystallization peak and onset, enabling the reproducible definition of temporal references.



By considering the temporal variation of the thermographically observable, process-specific temperature derivative, structural process-induced influences on the temporal development of emerging cooling rates are derived. Based on these observations, the peak cooling rate depicts a statistically significant positive correlation (n = 5) with the applied effective exposure time, displayed in Figure 7.



The aforementioned positive correlation of the exposure time and the emerging crystallization peak temperature, displayed in Figure 6, can be correlated with the time-dependent occurrence of process-specific cooling rates. An increased exposure time is correlated with an increased peak cooling rate, followed by a rapid decay of observed cooling rates and a subsequent steady decline of observed cooling rates. The apparent dual-phase process, observed when applying elevated energy density levels, leads to the initial rapid supercooling of the polymer melt. Initiated by the subsequent phase of relatively slow cooling, the crystallization process is observed to occur at an elevated temperature level in accordance with corresponding differential calorimetry measurements. The initial occurrence of elevated cooling rates, evident in Figure 7, is assumed to rely on the extent of thermal conduction into the solid component, based on the assumption of an enhanced inter-layer-bonding and a corresponding increased thermal conductivity of specimens manufactured using increased exposure times. The subsequent decrease of cooling rates observed for shorter exposure times is associated with the influence of elevated exposure times on the thermal penetration depth [38], yielding elevated temperature levels in the solidified part sections, which inhibits the preceding rapid cooling. Figure 8 displays a non-linear relationship between the applied exposure time and the corresponding crystallization peak temperature, consistent with the observed emergence of parameter-dependent cooling rates. A quantitative comparison of thermographically observed crystallization kinetics, and non-isothermal and isothermal measurements using fast scanning calorimetry depicts structural limitations. Temporal data, depicted in Figure 7, indicate a merely negligible influence of cooling rates, occurring immediately after the laser exposure, on the crystallization peak temperature. In contrast, the influence of comparably low cooling rates, observed prior to the material crystallization, depicts a correlation of accelerated cooling and a reduced crystallization temperature. Given the temporal emergence of considerably reduced cooling rates prior to the material crystallization, a qualitative comparison with isothermal FSC measurements portrays considerably increased crystallization half times observed by thermographic measurements.



A spatially inhomogeneous crystallization is thought to be responsible for such discrepancies between in situ measurements and ex situ measurements. This indicates that the solid-melt interface represents the initiation point of crystallization due to nucleating effects and heat conduction into the solid material, hence influencing the crystallization half time observed by means of superficial thermographic measurements.



To corroborate discussed interpretations regarding the parameter-dependent emergence of locally varying temperature fields, microscopic investigations are conducted to allow for the correlation of thermographic in situ measurements and corresponding microstructural properties.




4.3. Process-Dependency of Microstructural Properties


Microstructural characteristics of manufactured specimens are significantly influenced by the underlying exposure time and corresponding varying thermal processing properties. Shown in Figure 9, a correlation between the extent of the optically visible, micro-spherulitic phase and the corresponding exposure time suggests an impact on process-dependent crystallization kinetics on the microstructure of emerging parts. Considering the process-dependent crystallization kinetics, elevated crystallization temperatures represent a prerequisite for the formation of micro-spherulitic phases in contrast to the formation of optically amorphous phases, formed at lower crystallization temperatures. However, observed heterogeneous part morphologies indicate a complex interdependence of applied processing parameters and resulting part morphologies.



The formation of both micro-spherulitic and optically amorphous phases in a particular layer is assumed to rely on the occurrence of locally varying cooling rates, being in accordance with a thermographically observed broad thermal crystallization range. A further indication of the influence of melt pool boundaries on the nucleation of discrete agglomerations of optically amorphous and micro-spherulitic phases is the implicit promotion of the observed heterogeneous microstructures and the occurrence of nano-spherulitic layer boundaries. Therefore, the assumed formation of a temperature gradient perpendicular to the powder bed plane is supported by the recurring formation of optically amorphous sections.



In addition to the process-dependent formation of distinct crystalline superstructures, process-dependent temperature fields are correlated with the formation of characteristic patterns of the distribution of pores, determined by means of computed tomography, displayed in Figure 10. The formation of pores depicts a considerable influence of the underlying exposure time, indicating a correlation of increased segment-specific exposure times and the formation of pores in the center of the exposed cross section. In contrast, when applying reduced energy density levels, a bimodal spatial porosity distribution can be observed, indicating the occurrence of merely low levels of porosity on the edge area. The underlying segment-specific exposure time depicts a non-linear correlation with the corresponding part porosity, exhibiting a sudden increased towards a considerable extent of central pores when exceeding an exposure time of 0.392 s, depicting a pronounced trimodal distribution. A further increase of the exposure time is associated with the less pronounced concentration of pores in the part center, depicting a reduction of centralized porosity, suggesting an influence of thermal degradation and improved material coalescence as opposite effects on central part porosity. The influence of improved material coalescence is assumed to be associated with increased peak temperatures, corresponding to a reduced melt viscosity as well as an increased timespan available for material coalescence. Furthermore, regardless of varying porosity levels in the center of manufactured parts, a positive correlation of the applied energy density and the occurrence of porosity near the edge region can be observed, associated with increased peak temperatures.



In addition to the implicit representation of exposure parameters with regard to occurring porosity, further influences of the exposure time can be identified concerning the fracture surface, exhibiting a positive correlation of brittle fracture surfaces and the underlying quasi-simultaneous exposure time, displayed in Figure 11. Observed fracture surfaces exhibit a correlation of ductile material properties and the microscopically observed extent of optically amorphous material phases, indicating an influence of formed crystalline superstructures on part failure properties.



With regard to the observed surface topology, further significant effects of applied processing parameters on the superficial roughness of manufactured samples can be observed by means of laser scanning microscopy, displayed in Figure 12.



Increasing quasi-simultaneous exposure times are negatively correlated with the part surface roughness, indicating the enhanced consolidation of adhering particles influenced by an increased energy input level and accordingly increased exposure times.




4.4. Interdependencies of Mechanical and Process Properties


In addition to observed microstructural variations, associated with specific thermal processing properties and varying crystallization kinetics, influences on emerging mechanical part properties can be derived. Observed mechanical properties depict a structural influence of the applied exposure time on the failure behavior of manufactured specimens, displayed in Figure 13, leading to an enhanced elongation at break while minimizing the required exposure time. A significantly reduced tensile strength is observed when utilizing thin-walled geometries with a cross section of A = 2.5 mm2 and the applied build orientation, regardless of the processing parameters used. These observations are in accordance with findings by Sindinger et al. [39,40] regarding quasi-isothermal LPBF, describing significant reductions of both the tensile strength and the elongation at break of thin-walled specimens of tensile specimens built perpendicular to the powder bed plane, associated with significantly impaired failure properties. Furthermore, the interdependence of morphological and corresponding mechanical properties indicates the correlation of the extent of the optically amorphous phase and the elongation at break. An increased variance of the elongation at break observed for reduced exposure times is assumed to partially rely on the statistical occurrence of defects, such as insufficient inter-layer bonding, and is associated with the build orientation of manufactured tensile specimens. However, the elongation at break does not depict a correlation with the respective surface roughness of manufactured specimens, indicating an effect of microstructural properties on the observed mechanical variations, in accordance with corresponding observed morphological alterations regarding the occurrence of centralized porosity and nano-spherulitic microstructures.



The non-linear dependency of the underlying exposure time and emerging crystallization peak temperature, discussed previously, depicts a correlation with an interdependence of the crystallization temperature and the elongation at break. Therefore, the influence of processing parameters is correlated with the formation of varying temperature fields, leading to adapted microstructural material properties, and varying mechanical properties. The process-dependent formation of nano-spherulitic microstructures is assumed to contribute to the enhancement of the failure properties alongside a minimized level of part porosity. Therefore, the considerable dependency of resulting mechanical part properties and underlying thermal process characteristics implies the potential for further process-related enhancements.




4.5. Process-Dependency of Thermal and Thermo-Mechanical Material Characteristics


The occurrence of elevated cooling rates, observed in situ using thermographic imaging, is correlated with the emergence of thermally induced post crystallization of metastable phase compositions [22,23,41]. By applying non-isothermal differential scanning calorimetry, the occurrence of cold crystallization can be identified. Figure 14 illustrates merely negligible effects of varying processing conditions on the degree of cold crystallization with respect to the previously discussed process-dependent morphological variability.



In contrast to the aforementioned morphologically represented dual-phase composition of micro-spherulitic and optically amorphous phases, observed thermal properties of manufactured specimens do not corroborate the formation of a dual-phase morphology. Instead, thermal investigations indicate the formation of nanoscopic crystalline structures, not detectable by means of light microscopy in the visual spectrum. In accordance with findings by Fischer et al. (2017) [42], the formation of nano-crystalline structures is correlated with adapted mechanical failure properties, describing both a reduced tensile strength and an increased elongation at break at reduced crystallization temperatures, consistent with observed mechanical properties. Based on complementary dynamic-mechanical characterizations, no significant influences of varied exposure times on temperature-dependent dynamic mechanical properties are derived, as seen in Figure 15.



These observations are consistent with aforementioned thermal properties, displaying no significant influence of applied exposure parameters on the extent of phase changes. Considering the process-specific formation of meta-stable phase compositions determined by means of DSC, complementary infrared spectroscopic measurements indicate the formation of a combined (α + γ)-phase, derived from the fingerprint region [43,44,45,46].



Displayed in Figure 16, ATR-FTIR measurements of manufactured specimens depict distinct peaks at 577 cm−1 and 626 cm−1, corresponding to the Amide VI band, and are associated with the formation of the α-phase and the γ-phase, respectively [44,45,46]. Despite structural similarities of determined FTIR spectra, qualitative differences of the absorption peaks indicate the facilitated formation of absorption peaks attributed to the α-phase. These differences, induced by reduced exposure times, are correlated with an increased extent of supercooling. Furthermore, a shift towards an increased frequency, observed for the 577 cm−1 peak, is correlated with reduced crystallization peak temperatures. In addition to explaining thermal material properties, the identified phase composition is correlated with a reduced Young’s modulus and a reduced tensile strength of fabricated tensile specimens [46]. Although thermographic observations suggest the intermediate formation of mesomorphic fractions given the observed crystallization temperatures [22,47], the thermal history of distinct layers suggests the occurrence of cold crystallization of metastable fractions induced by repeated heating due to the exposure of subsequent layers. Consequently, given the thin-walled part cross section, experimental findings indicate a superposition of geometric influences [39] and the present polymorphism of polyamide 12 on emerging mechanical properties.





5. Conclusions


Within the present research, the non-isothermal, support-free powder-based additive manufacturing of thin-walled components is demonstrated. Underlying exposure strategies applied for the non-isothermal processing of polyamide 12 are characterized by the implicit temporal and spatial discretization of the melting and subsequent crystallization, relying on quasi-simultaneous exposure of distinct segments. Based on the exposure-based modification of thermal processing conditions, interdependencies between processing parameters, resulting temperature fields and corresponding emergent mechanical, microstructural, and thermal part properties are derived. By applying thermographic process analysis, process-dependent crystallization kinetics are determined in situ based on the exothermic nature of crystallization processes, hence temporarily inhibiting the cooling process. An increase of the segment-specific thermal exposure time is correlated with an increased thermal penetration, implicitly affecting the formation of micro-spherulitic structures. In contrast, limiting the thermal exposure of distinct segments allows for promoting the formation of an optically amorphous phase. Using infrared spectroscopic analysis, the formation of the (α + γ)-phase is derived in accordance with the observed adapted mechanical and thermal part properties, depicting post crystallization of metastable phase compositions. Based on complementary thermal and thermo-mechanical investigations, improved failure properties are partially associated with the formation of microscopically observed, nanoscopic crystalline structures, while no significant influences of processing parameters on thermo-mechanical properties are identified.



As a result, time-dependent processing parameters enable the control of emergent part properties, serving as a basis for the exposure-based, local adaptation of macroscopic and microscopic properties to specific local applications. Given the complexity of process-morphology-mechanics interdependencies, future research will focus on the controlled, locally varying modification of part properties, allowing for significantly extending the range of accessible material properties in LPBF of polymers. Furthermore, interdependencies of non-isothermal processing conditions and the formation of metastable material modifications are of great interest for future research, indicating the requirement for adapting transient thermal boundary conditions of the crystallization step.
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Figure 1. Depiction of the applied exposure paths of quasi-simultaneously exposed segments and the corresponding part orientation. 
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Figure 2. Schematic illustration of temperature–time profiles applied for non-isothermal (a) and isothermal (b) measurements. 
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Figure 3. Fast scanning calorimetric measurements of Polyamide 12 at varied, constant cooling rates. 
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Figure 4. Correlation of isothermal crystallization temperatures and corresponding crystallization kinetics. 
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Figure 5. Thermal parameter-dependent process characteristics of fractal, quasi-simultaneous exposure of PA12 at non-isothermal processing conditions. 
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Figure 6. (a) Interdependence of processing parameters and resulting thermal process properties, depicting thermographically represented exothermal crystallization processes; (b) exemplary temporal cooling rate variation, tSmoothing = 25 ms. 
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Figure 7. Overview of the part-specific temperature derivative depending on the underlying exposure time in sequential order (a) and normalized in time (b), tSmoothing = 25 ms. 
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Figure 8. Overview of the parameter dependency of in situ assessed crystallization peak temperatures. 
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Figure 9. Polarization micrographs depicting the process-dependent formation of microstructural part properties. 
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Figure 10. Spatial distribution of pores contingent on the applied segment-specific exposure time, n = 5. 
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Figure 11. Scanning electron micrographs of fracture surfaces depending on the underlying exposure time. 
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Figure 12. Combined optical and confocal laser scanning imaging of the surface topology of manufactured tensile specimens. 
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Figure 13. Overview of resulting mechanical properties depending on processing parameters (a), and relative to in situ assessed crystallization peak temperatures (b), n = 5. 
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Figure 14. Differential scanning calorimetric measurements of manufactured specimens depending on underlying processing parameters. 
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Figure 15. Temperature-dependency of the loss tangent of manufactured tensile specimens. 
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Figure 16. Infrared spectrum of tensile specimens depending on underlying processing parameters. 
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Table 1. Overview of applied quasi-simultaneous exposure parameters.
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	Quasi-Simultaneous

Exposure Time/s
	Segment Specific Energy

Input/J





	0.350
	0.875



	0.364
	0.910



	0.378
	0.945



	0.392
	0.980



	0.406
	1.015



	0.420
	1.050



	0.434
	1.085
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Table 2. Overview of isothermal and non-isothermal thermal boundary conditions applied to differential scanning calorimetric measurements.
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Measurement Mode/-

	
Isothermal

Temperature/°C

	
Heating Rate/K s−1






	
Isothermal

	
80

	
-




	
90

	
-




	
95

	
-




	
100

	
-




	
105

	
-




	
110

	
-




	
115

	
-




	
120

	
-




	
125

	
-




	
130

	
-




	
135

	
-




	
160

	
-




	
161

	
-




	
162

	
-




	
163

	
-




	
164

	
-




	
165

	
-




	
166

	
-




	
167

	
-




	
168

	
-




	
Non-Isothermal

	
-

	
50




	
-

	
60




	
-

	
70




	
-

	
80




	
-

	
90




	
-

	
100




	
-

	
200




	
-

	
300




	
-

	
400




	
-

	
500




	
-

	
1000




	
-

	
2000
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