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Direct digital manufacturing has been identified as one of the key tools of Industry 4.0 and it enables the creation of products directly through digital definition. Commonly known as additive manufacturing, it comprises a set of technologies that are expressively agile in small-scale productions and prototyping, in comparison to conventional mass manufacturing processes, such as injection molding of plastics. It streamlines mass customization, allows the production of highly complex objects, and has been broadly applied in several fields, from medical devices to the aerospace industry. Although a new era of design possibilities and accessibility was unveiled, most developments are focused on shape reproduction precision and the development of new feeding systems and materials. This work is focused on a shift in design for additive manufacturing, where the polymer properties, by means of the adjustment of the process conditions (extrusion rate, the write speed, and the nozzle temperature, among others), constitute a decision-making variable. In order to evaluate the morphology of semicrystalline polymers during extrusion-based 3D printing, in-situ time-resolving small and wide-angle X-ray scattering measurements were performed at the ALBA synchrotron light source in Barcelona (Spain). The goal of this research is to develop a material property mapping methodology during semicrystalline polymer melt extrusion-based 3D printing Some experiments were performed with low-density polyethylene, and we were able to confirm a correlation between the extrusion rate and writing speed of the printing with the level of preferred orientation of the chain folded lamellar crystals in the extrudate.
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1 INTRODUCTION
Direct Digital Manufacturing (DDM) consists of a decentralized scheme of manufacturing where designers and individuals (as consumers and makers) conceptualize products and innovative solutions allowing them to obtain small batches and mass customization for end users, making use of additive manufacturing as a base of the spectrum of technical solutions in which is possible to obtain final parts and prototypes directly from a computer-aided design (CAD) file within a digital network and, optionally, validated through computer-aided engineering (CAE) software (Chen et al., 2015; Gibson et al., 2015; Paritala et al., 2017).
In comparison to conventional manufacturing technologies, DDM has enabled a more agile exploration of complex designs, and prototyping has become much faster and less expensive. Moreover, it has been established in industrial and commercial low-volume productions, and for customized tools (e.g., jigs, fixtures) (Paritala et al., 2017). It is assumed that scientists and engineers have another set of technical solutions when designing for manufacturing, especially while working on complex and optimized geometries, engineered with topology optimization, generative design, or, simply, different infill strategies.
The advantage of mass customization is also beneficial for biomedical applications, where doctors and engineers combine strategies to create custom-fitting products for patients, such as in regenerative medicine, cancer therapies, and drug delivery systems (Morouço et al., 2015).
Additive manufacturing (AM) comprises a variety of materials and processes, with extrusion-based technologies (such as FDM™/FFF - fused deposition modeling ™/fused filament fabrication) being the most accessible and popular solutions. Usually fed with filaments containing thermoplastic polymers, FDM™/FFF equipment heat the material above the melting point, extrude it, and deposit it layer by layer, in predetermined patterns onto a build platform and predecessor layers, in order to complete a certain geometry (Turner and Gold, 2015; Kristiawan et al., 2021).
In the last few years, many advances in 3D printing have been achieved, such as: object shape reproduction with higher accuracy (geometric and dimensional); higher print speeds (Duan et al., 2018); feeding systems along with material selection; and component integration (Durakovic, 2018). The range of available materials has followed this trend, widening to respond to the functionality requirements of the manufactured parts, including fiber reinforcement (Fico et al., 2022).
Attention has been given to the process parameters, such as printing temperatures and velocities, in order to optimize the polymer melt flow rate (Woern et al., 2018). Besides that, there is an awareness of the influence of the manufacturing variables on the mechanical properties of the printed parts, as with any polymer processing technology (Kristiawan et al., 2021). In some cases, in situ X-ray scattering analysis was performed along the printed layers, comparing the crystallization at different heights of the deposited strands, but lacking the evaluation along the write (print) direction with the variation of the fundamental processing parameters (Nogales et al., 2019; Ezquerra et al., 2022). In a similar way, but with the combined assessment of the temperature profile of the print, this technique was also used to infer the influence of the temperature profile on the degree of crystallinity (Shmueli et al., 2019). However, there is not a focus on the material design itself, beyond the domain of geometry replication.
The aim of this work is to address this area, introducing a new stage of design for additive manufacturing (DfAM). Ideally, the material properties can be mapped on demand along an entire part, through the control of the process parameters. The properties of semicrystalline polymers such as LDPE are determined as much by the morphology of the semicrystalline polymers as the chemical configuration of the polymer, fixed in the material during polymerization. The challenge consists of understanding the correlation between the control inputs and the physical properties of the parts. This is the focus of this work, in which fused granular fabrication was used to perform printing trials with distinct sets of parameters, while analyzing the morphology development of the polymer melt using X-ray scattering; and in line with the previously reported work (da Silva et al., 2022; Silva et al., 2022).
Small-angle X-ray scattering (SAXS) addresses the length of 10–50 nm, and thus, is able to provide quantitative detail on the size of the chain folded lamellar and the nature of the preferred orientation of these lamellar. Time-resolving SAXS is able to follow in real time the transformation of a polymer melt into a semicrystalline morphology, and will reveal details of this transformation process which will not be possible to determine from scattering data on the final products at room temperature. Wide-angle X-ray scattering (WAXS) is used to determine the crystal structure and the fractions of differing phases present at any specific time. Analysis of the WAXS in conjunction with SAXS will determine the shape of the chain-folded lamellar crystals in terms of any twisting during growth, etc.
1.1 Fused granular fabrication
Fused granular fabrication (FGF) (or fused particle fabrication) (Woern et al., 2018) is an extrusion-based process that uses plastic pellets instead of a filament as the feedstock. In practice, it is a suitable approach for the production of bigger parts, and for the exploitation of the materials available on the market (typically deployed in injection molding) or custom composites.
Usually, virgin material is obtained in pellet shape, and the same happens with recycled materials. Obtaining filament rolls implies an additional step, where the material is extruded with a certain diameter (usually 1.75 mm or 3 mm) and then wound. This filament production process might result in a slight degradation of the material, which can be considered a disadvantage of filament-fed 3D printers (Cruz Sanchez et al., 2017; Mikula et al., 2021). Besides, the use of pellets is very straightforward, and associated extrusion systems permit a relatively constant extrusion rate (with an even flow of homogeneous melt and without material feed blockages).
This work is based on a pellet-fed production, and, despite the availability of a large number of materials, and their grades, in this shape for injection molding, as an example; the successful implementation in 3D printing with melt deposition is deeply compromised by an elaborated set of distinct parameters and conditions, in comparison to conventional production technologies. In other words, the availability of a wider range of materials does not immediately mean that the pellet-shaped raw matter can be suitable for 3D printing. Instead, it means their potential applicability can be studied and explored. The FGF 3D printers share the same platforms FDM™/FFF printers, the only difference re-lies on the feeding/extruder system. Instead of a filament intake mechanism for the material to be pushed through a hot end, the extruder has a pellet hopper or a melt reservoir, to store and furtherly introduce the material in a solid or liquid state respectively, in the extruder barrel with a rotating extrusion screw (Almeida et al., 2010; Whyman et al., 2018; Shaik et al., 2021). An alternative approach consists of filling a chamber with granules and utilizing a piston to press the heated material (Volpato et al., 2015). The representation of these configurations can be observed in Figure 1.
[image: Figure 1]FIGURE 1 | Representation of the types of fused granular fabrication extruders. (A) extruder chamber directly fed with pellets; (B) pellets placed and melt in the piston/plunger chamber; (C) pellets placed and melt in the reservoir.
Basically, material feeding can occur in two ways: directly loading the extruder with pellets or loading it with the polymer melt.
In configuration a), from the reservoir, the beads enter the extrusion chamber (by gravity, or compressed air, and the motion of the screw itself), which has to be cooled to allow the transportation, at the feed zone, of the plastic material to the heated part where it is compressed and melt.
Configuration b) requires a full retraction of the piston to allow the refill of the chamber, the pellets are then compressed and melted in the same extruder part.
With configuration c), the material is placed and heated in a separate reservoir. The transport of the polymer melt is done by means of the movement of a piston, loaded with compressed air. Notice that this configuration has three main heating zones: feeder, channel, and extruder body. Therefore, despite guaranteeing a uniform flow rate of material, this adds variables to control, to a list of parameters commonly involved in this form of additive manufacturing.
• Feeding system
oGravity
oSize of the beads
oAir pressure
oChamber heating
oPolymer rheology
• Extruder temperature
oHeating power
oInsulation
oThermal conductivity and Heat dissipation of the extruder’s body
oCooling system
• Extrusion rate/speed
oFeeding system
oPower input and mechanical transmission
oCompression ratio
• Write/Print speed
oPower input and mechanical transmission
oVibrations and damping
oMechanical elements and movement precision
oWrite/print and extrusion speed function (Geng et al., 2019)
oAdhesion to bed/platform or to the previously deposited layers of material
• Printing platform/bed
oLevelling
oPlatform material and finishing (for adhesion and/or heat conduction)
oBed temperature
• Nozzle/hot end configuration
oDiameter
oLength
⁃ Length-to-diameter ratio
oTemperature
oMaterial of the nozzle body
oGeometry of the nozzle body
• Material
oRheology
⁃ Viscosity and melt flow index (MFI)
⁃ Temperature
⁃ Pressure
oThermal conductivity of the extrudate
oTemperature differential between the layers
• Cooling system
oExtrusion temperature
oThermal conductivity of the extrudate
oTemperature of bed/platform or previously deposited layers of material
• Surrounding environment
oEnclosure hermeticity
oAmbient temperature (air and radiant temperatures in closed and open environments)
oHeat and matter transfer (air draughts and convection influence)
oHumidity
Exploring materials limits in 3D printing requires a set of instruments in order to monitor, control, and contour the above-listed variables (the levels of the list express the dependencies of each main parameter).
The time response of the input parameters differs between them, and for an “on demand” and “on the fly” control, it is rather convenient to have a practically instantaneous transition of the real value to the successive setpoints. Beyond that, the property mapping depends on the time it takes for the parameter shifts to have an effect on the material morphology, and the amount of time for relaxation and/or crystallization. The importance of these factors lies in the resultant precision and resolution of the induced property texture into the object’s material.
In practice, when set and read from the g-code file, a shift in extrusion rate or print speed happens substantially quicker than with the extrusion temperature. Not only this last variable has a noticeable delay associated, but it also has a more unstable behavior with successive heating and cooling switches around the target value, within a certain interval (overshooting and undershooting).
Although an effective extrusion temperature control could be employed, this paper focuses on the changes in the writing and extrusion speeds. Still, there are limitations such as the overall maximum velocity of the process, related to the mechanical transmission, and the movement precision or induced vibration.
The variety of pellet-shaped materials available in industry, such as several types and grades of polyolefins and polyesters, is directly obtained from chemical synthesis (virgin plastics) and recycling plants. In fact, the usage of recycled polymers in 3D printing has been investigated in order to reduce the environmental impact associated with “post-petroleum plastic sources” (Mikula et al., 2021). Following this trend, this type of manufacture constitutes a possible promotor of the circular economy. This becomes effective by reintegrating the most widely used polymers in the first phases of the plastic value chain described by (Johansen et al., 2022).
1.2 LDPE in 3D printing
One of the most ubiquitous plastics is low-density polyethylene (LDPE). This polyolefin is mainly present in packaging, pipes, and houseware items, and is part of the seven main groups of recycled plastics (Achilias et al., 2007; Mikula et al., 2021). The use of LDPE in direct digital manufacturing is still very limited and challenging due to issues such as poor adhesion and high shrinkage (Olesik et al., 2019; Verma et al., 2023). In fact, the production of LDPE filaments has been studied, tuning the extrusion parameters in order to produce usable filaments (Stanciu et al., 2018).
Nonetheless, the low melting temperature (typically from 105°C to 110°C) and the availability of great quantities at a small cost, turn the possibility of exploring a vast source of recycled raw material into an opportunity, increasing the value of extrusion-based 3D printing and the material itself.
Currently, LDPE has been studied in AM as a matrix for composites with higher biodegradability or with reinforcement particles (Pantyukhov et al., 2016; Verma et al., 2023) as a potential material for patch antenna substrates (Singh et al., 2022), and as an additive itself on a blend with high-density polyethylene (HDPE) to fit its properties to 3D printing (Chatkunakasem et al., 2018; Verma et al., 2023). Clearly, there is a wide interest on the application of this material in 3D printing, especially in the context of the implementation of circular economies. It is possible to incorporate additives in low-density polyethylene in order to promote dimensional accuracy, improve mechanical behavior (Bedi et al., 2018; Olesik et al., 2019), and allow new applications. The exploration of material reinforcement is very significant when including recycled LDPE in the value chain since it has the potential of diluting the effects of degradation (from contaminants and broken molecular chains) induced by the recycling procedures. These additives work as nucleation agents which promote faster nucleation and a higher level of crystallinity, typically resulting in a higher rigidity. In the case of the present work, our ultimate goal is to reinforce the material by mapping its own properties during 3D printing, as a consequence of actively changing the process parameters. This paper describes the first of many studies to achieve that objective.
1.3 Melt flow conditions and morphology
The properties of objects manufactured from plastics do not entirely depend on the ingenuity of the molecule maker, as the structure and morphology which develop during the manufacturing process have a relevant role. In other words, the material properties are highly dependent on the process parameters. The most heavily used plastics in industry are semicrystalline (as it is possible to observe in (Geyer et al., 2017)), in other words, they contain both amorphous and crystalline material. The majority of the matter is formed by the arrangement of single crystals, such as metals, in which the material consists of a large number of separate crystalline regions with grain boundaries between them. Large single crystals of polymers are not observed apart from the case of polydiacetylene which can be prepared from single crystals of the monomer via topochemical polymerization (Enkelmann, 1984).
Crystallization processes, whether in a melt or in a solution, involve the processes of untangling the chains and then straightening them to add to the crystal growth face, although the precise details remain unclear. In 1957, a number of researchers deduced that the polymer chains folded at the top and bottom surfaces of the crystals which take the form of thin platelets about 10 nm in thickness but up to several micrometers in the lateral directions (Keller, 1957).
Further work revealed that the chain folded lamellar crystals could develop in the framework of a spherulite in which crystals grew out from a common point in a crystallographic direction lying in the plane of the lamellae (Bassett et al., 1986). Figure 2.
[image: Figure 2]FIGURE 2 | Schematic representation of a spherulite (semicrystalline structure).
Spherulites have been widely studied in polymer science, and the relationships of spherulite morphology to mechanical and other properties have been extensively explored. For instance, it was shown in early studies that the number and size of spherulites are directly correlated with the yield point and overall physical behavior of polymers (Starkweather and Brooks, 1959; Pavlov, 1971).
Some efforts to better understand the local mechanical properties have been deployed for mapping along the spherulite radius (Enrique-Jimenez et al., 2016), and to manipulate these structures during the process, with the application of new conditions such as nucleation agents and external loads, obtaining a better orientation of the lamellae and overall elongation (Huan et al., 2013).
Other arrangements are possible to observe when the lamellar crystals grow out from a common row nucleus, resulting in a higher level of anisotropy. Not surprisingly these different types of spatial arrangements exhibit different properties both with regard to mechanical behavior and degradation in the case of biodegradable polymers used in biomedical applications (Shah and Vasava, 2019).
The formation of row nuclei can be associated with the development of extended chain conformations due to strain in a flow system (Phillips, 1990). Equally highly anisotropic nanoparticles, such as carbon nanotubes (Li et al., 2009) or self-assembling fibrillar nanoparticulate nucleating agents (Shazleen et al., 2021), can lead to higher anisotropic arrangements and a higher level of crystallinity. In the melt flow, this happens as a consequence of the common alignment of the nucleation sites, assuming that the common orientation of the particles introduced during the flow persists at the time crystallization is initiated.
The same mechanism can occur with the longest molecular chains in a polymer melt. This flow-induced orientation is often associated with the formation of shish-kebab semicrystalline structures (Keller, 1970; Phillips, 1990) (represented in Figure 3).
[image: Figure 3]FIGURE 3 | Schematic representation of the formation of a shish kebab semicrystalline structure. Adapted from (Dargazany et al., 2014).
Basically, the longest chains (with higher molecular weight) become elongated due to the stresses in the flow. If, when reaching the crystallization temperature, these chains remain elongated, they template the nucleation (acting as row nuclei) for the surrounding polymer melt and chain folded lamellar crystals to grow out from. These lamellar crystals have their growth direction normal to the nuclei formed from the elongated chains (Somani et al., 2005).
In extrusion-based 3D printing, independently of the plastic part design, the polymer in the liquid phase is forced to pass through a restricting die (nozzle) with a certain length-to-diameter ratio (L/D). Even considering that the extrudate swells at the exit of the extruder (Wang and de Vicente, 2012), the resultant strand diameter is mainly defined by the nozzle diameter, and consequently, it defines the printing resolution, as observed in Figure 4.
[image: Figure 4]FIGURE 4 | Representation of the polymer morphology overall change during FGF 3D printing. The two highlights, from left to right, respectively correspond to the melt in the reservoir and the deposited extrudate along the print.
Shear stresses are applied in order to force the melt to pass through a constricted zone. For semicrystalline polymers (as it is illustrated in Figure 4), this condition induces the elongation of the larger chains (Rubinstein and Colby, 2003), which can generate flow-induced oriented structures such as the shish-kebab arrangements presented in Figure 3. In practice, this results in a higher proportion of crystalline to amorphous material.
These higher levels of preferred molecular alignment are expected to be translated into having a significant impact on the mechanical properties of the manufactured part. As an example, 3D printed objects can be mapped to be much stiffer in the longitudinal axis of the extruded strands, contrasting with a typical isotropic structure regularly obtained.
2 MATERIALS AND METHODS
2.1 Samples material
In this experiment, the samples correspond to the in-situ produced extrudates of semicrystalline thermoplastic. With the 3D printer analogous equipment, the trials were performed with low-density polyethylene (LDPE) from Repsol, the Alcudia® 1970C, with a melt flow index of 7.5 g/10 min.
2.2 X-ray scattering experimental setup
For the realization of the morphology analysis, the X-ray scattering was performed with synchrotron radiation, similarly to what has been performed by Mitchell, et al. (Pople et al., 1996); utilizing an especially developed apparatus, in this case, to replicate the extrusion-based 3D printer operation at the beamline. The facilities and the equipment are followingly described in Section 2.2.1; Section 2.2.2.
2.2.1 SAXS/WAXS beamline
Small and wide-angle X-ray scattering measurements were performed at the ALBA Synchrotron Light Source in Barcelona (Spain), using the NCD-SWEET Beamline (González et al., 2018). This beamline has equipment for the capture of SAXS and WAXS patterns simultaneously. The SAXS patterns were obtained in a Q-range from 0.002 Å−1 to 0.125 Å−1 and the WAXS patterns from 1.0 Å−1 to 3 Å−1. The SAXS Detector is a Pilatus3 S 1M system from DECTRIS, a hybrid single photon counting system. The X-ray photon absorption in the detector leads to the formation of electron-hole pairs and a charge proportional to the photon energy.
The Pilatus system is constituted by an arranged set of silicon sensors, and as a consequence, approximately ∼7% of the detector is intrinsically inactive (this unutilized zone appears as a black stripes grid in the intensity recordings). Regarding the charge, it is detected and processed by the pixel readout system, and the effective pixel has a dynamic range of 20 bits and a size of 172 × 172 μm2. In order to prevent the saturation and damage of the detector, a beam stop is placed in front of the detector to absorb the zero-angle transmitted beam. The sample to SAXS detector distance was 7.27 m with an incident X-ray wavelength of 1 Å. The detector orientation and sample-to-detector distance were calibrated using the well-known standard silver behenate.
The WAXS detector was a Rayonix LX255 HS which is a triple cooled CCD detector bonded to fiber optic tapers to the X-ray photon detector surface, with a pixel size of 44.27 × 44.27 μm2. The geometry of the detector ensures that the direct beam and the SAXS pattern are not blocked by itself. The WAXS orientation and sample to detector distance were calibrated using Cr2O3 For each 2D SAXS pattern an azimuthal section I (α) was obtained at constant |Q| and as a function of α, which is the angle between the extrusion axis (vertical to the beamline) the beamline and the scattering vector Q. The values of I (α) were necessary to evaluate the level of preferred orientation of the chain folded lamellar crystals (given by < P2n > Q), using the methodology developed by Mitchell (Lovell and Mitchell, 1981; Mitchell et al., 2005; Mohan et al., 2016), represented in the equation below.
[image: image]
Where n = 0,2,4,6,8 … Only the even orders are required due to the intrinsic inversion centre present in the diffraction pattern of a weakly absorbing material. The n = 0 is the component which represents the scattering from an equivalent sample without any preferred orientation, n = 2 is the first anisotropic pattern and values of <P2n > correspond to the Herman’s orientation parameter. Typically, in a scattering pattern from a sample with a high level of preferred orientation, the first 11 components, i.e., up to n = 20, are required to fully described the scattering and the orientation distribution function. However, these spherical harmonics are orthogonal functions and a knowledge of one does not depend on the knowledge of the others. For samples with a lower level of preferred orientation only components up to n = 8 will be required.
This equation describes the orientation distribution function of the normal vectors to the lamellar crystals (Q). The first component < P2n> is defined as the orientation parameter, and it reveals, on a scale from 0 to 1 the level of anisotropy of the polymer morphology: if < P2n>=0, then the morphology is isotropic; if < P2n>=1, then the crystals share the same alignment.
2.2.2 Beamline 3D printer
One of the challenges of performing 3D printing trials at the ALBA synchrotron NCD-SWEET beamline consisted of the process and equipment adaptation. For the experiment with low-density polyethylene extrusion, the team of the present work resorted to the apparatus described in da Silva et al. (2022). It consists of a device that can be mounted on the standard sample platform, and it was designed to allow a continuous and stable extrusion, aligning the extrudate sample with the X-ray beam. The model of the printer and the schematic of the experiment are presented in Figure 5.
[image: Figure 5]FIGURE 5 | (Left) A CAD representation of the 3D printer developed for this work. (Right) A schematic of the quasi-static state of the extrudate in a constant gradient of temperature (from the extrusion of the LDPE, passing through crystallization, until cooling down to the surrounding temperature). The evolution of structure can be evaluated by moving the incident X-ray beam down the jet. Adapted from da Silva et al. (2023).
Comprising three main parts (feeder, extruder, and rotating collector), this equipment simulates extrusion-based 3D printing along a moving platform, with a theoretically infinite path in a single deposition direction (for a wider testing window).
This system is adjustable in the cartesian axis and uses a single extruder with a dual channel screw to push the polymer melt through a needle with a high length-to-diameter ratio (L/D ≈ 36).
The FGF extruder utilized has a similar design to the one used in the bioextruder (Almeida et al., 2010) (also developed by a team of CDRSP-Polytechnic of Leiria), and it corresponds to the configuration c) in Figure 1. Thus, it contains an attached material reservoir and three independent zones of temperature control.
The communication with a microcontroller board enables the remote operation of the apparatus, more specifically the control of the collector velocity (write/print speed), extruder screw rotation velocity (extrusion rate), and the nozzle wiping mechanism.
Figure 6 is a representation of the experimental assembly with the 3D printer mounted on the beamline platform, together with the SAXS and WAXS detectors to the scales of observation: lamellae morphology (∼100 Å) and crystalline structures (∼10 Å), respectively.
[image: Figure 6]FIGURE 6 | Representation of the 3D printer analogous equipment mounted on the NCD-SWEET beamline at the ALBA Synchrotron Light Source, with the domain of pattern observation of each detector. Adapted from da Silva et al. (2022).
Besides the schematic of the small and wide-angle detectors arrangement, this representation shows the main dimensions related to the beamline facilities and the 3D printer. For the vertical adjustment of the area to be scanned, the distance between the needle outlet and the collector is variable by 50 mm. The distance from the sample to the SAXS detector (given by a) was 7.274 m.
The temperature profile of the extruded filament was maintained constant. Hence, it was possible to observe the extrudate in a quasi-steady state, in which the evolution of the structure and morphology with time could be assessed by moving up and down the platform; repositioning the incident X-ray beam along the extruded filament. Remotely and automatically controlled, a scan of 20 steps of 0.1 mm with a 1-s data collection period could be obtained, for each trial. A photograph of the equipment on the beamline is followingly presented in Figure 7.
[image: Figure 7]FIGURE 7 | Photograph of the equipment on the mounting stage of the beamline.
3 RESULTS AND DISCUSSION
3.1 Crystallization evaluation
The evaluation of the LDPE crystallization was performed using differential scanning calorimetry (DSC) with a PerkinElmer STA 6000 thermal analyzer. Samples were heated from 30°C to 150°C at a rate of 10°C/min. A steady state at the maximum temperature was maintained for 5 min, followed by cooling back to 30°C at a rate of 5°C/min. The final cooling stage is represented in Figure 8.
[image: Figure 8]FIGURE 8 | DSC cooling scan of a sample of LDPE used in this work from 150°C to room temperature (around 30°C) showing the crystallization peak which reveals the maximum rate for a quiescent melt at 90.2°C.
In this domain of the DSC cooling scan, it is observed that in the quiescent material, the onset of crystallization occurs at 94.2°C while the maximum rate of crystallization is observed to be at a temperature of 90.2°C. Notice that the material which has been extruded may start to crystallize at a higher temperature than the observed with the quiescent material, due to the presence of flow-induced row nuclei.
3.2 X-ray scattering analysis
In this section, the results of the in-situ small and wide X-ray scattering analysis are presented. Figures 9A–C shows the recorded SAXS scattering patterns of the filaments extruded with different write speeds (print speeds), maintaining the extrusion temperature and rate.
[image: Figure 9]FIGURE 9 | SAXS patterns from the last point of each scan down the extruded filament, at a temperature of 170°C, and a constant extrusion rate with different write/print speeds [increasing from (A–C)]. Adapted from da Silva et al. (2023).
These SAXS patterns correspond to the point just before the build platform and are typical for a semicrystalline polymer. Figure 9A shows a practically isotropic ring, indicating an isotropic distribution of the lamellar crystals. On the other hand, Figure 9C exhibits a highly anisotropic distribution of scattering suggesting a higher degree of order of lamellar crystals. Figure 9B corresponds to an intermediate write speed, and it comprises both isotropic and highly anisotropic scatterings.
The WAXS pattern presented in Figure 10 was recorded in the same instant as Figure 9C SAXS pattern. It shows the intense peaks for LDPE, the 110 and 200, corresponding to the arcs observed from right to left. Moreover, the development of an anisotropic morphology is indicated by the variation of the peaks’ intensity in the azimuthal range.
[image: Figure 10]FIGURE 10 | WAXS pattern recorded at the same time as the SAXS pattern shown in Figure 9C. The scattering angle increases from left to right. Only the lower half of the angular range is shown in this figure, corresponding to a Q range of 1 to 2 Å−1. Adapted from da Silva et al. (2023).
It is noticed that the anisotropy revealed in the WAXS pattern is less pronounced than the one observed with SAXS. This observation underlines the challenge of using wide-angle X-ray scattering to assess the orientation of structures in semicrystalline polymers. In the case of LDPE, the twisted arrangement of chain-folded lamellar crystals is commonly observed. Thus, the preferred orientation of the lamellar crystals cannot be evaluated simply from WAXS patterns.
The preferred level of orientation of the lamellar crystals, the results are shown in Figure 11. The vertical axis corresponds to the orientation parameter < P2n>, obtained through Eq. 1. Once again, this parameter can assume values from 0 to 1, respectively corresponding to a scale from completely isotropic to anisotropic morphology (uniform orientation of the crystalline structures).
[image: Figure 11]FIGURE 11 | Plots of the level of preferred orientation of the chain folded lamellar crystals in extruded strands of low-density polyethylene (LDPE) as a function of the collector velocity/print speed (on the left) and the extrusion velocity (on the right), at a constant extrusion temperature.
For the elaboration of both graphs, the temperatures of the 3 main zones of the extruder (feeder, channel, and extruder body) remained constant (extrusion temperature of 190°C). The left-hand plot corresponds to the variation of the preferred orientation level with the collector velocity (maintaining the extrusion rate value). The plot at the right corresponds to the variation of <P2n> with the extrusion rate (at constant values of collector velocity). Notice that printing speed is represented by the collector main roll rotation velocity given by the product of its angular velocity and radius.
In order to display any correlations between the preferred molecular orientation and extrusion and collector velocities, the three-dimensional plot shown Figure 12 was prepared, with the combined data from both plots in Figure 11.
[image: Figure 12]FIGURE 12 | Three-dimensional plot of the level of preferred orientation of the normals to the chain folded lamellar crystals in extruded strands of low-density polyethylene (LDPE) as a function of the extrusion velocity and the write speed (collector velocity) at a constant extrusion temperature, obtained using the data in Figure 11. Adapted from da Silva et al. (2023).
Clearly, from the obtained results, it is possible to observe the final anisotropy level in LDPE, establishing a briefer correlation with both the extrusion and writing/print speeds (this one represented by the collector velocity), with the help of a color scale. The dark blue corresponds to the isotropic zone, and the yellow zones correspond to the higher anisotropy levels.
In summary, and in a broad observation, the level of preferred orientation of the chain folded lamellar crystals is directly proportional to the collector velocity (write/print speed) and inversely proportional to the extrusion rate.
In practice, during manufacturing, this is represented by a more pronounced anisotropy value (associated with higher elastic modulus) (da Silva et al., 2022) is reached while extruding a smaller amount of material along the same or a bigger path. This can be translated as a thinning of the deposited filament, and a faster cooling rate.
Particular attention has to be given to the faster cooling rates and the thinning of the extrudate, once it may compromise, in a counter-productive way, the interlayer adhesion, as well as the adhesion between subsequently deposited filaments. Consequently, it may affect the mechanical properties and behavior of the generated part (Geng et al., 2019).
This condition has to be considered in advance, during the part design. Usually, slicing software provides these correlations in order to accomplish the intended geometries. However, if the design for additive manufacturing strategy incorporates this thinning, another solution should be the revision of the number of cycles/scans to fulfill a given length/width. Given the circumstances, it is not clearly proven that faster deposition movements of the extrudate should consist of accelerated production. Therefore, we can-not conclude, at some other level of process optimization, and with the actual data, if the achievement of a higher level of anisotropy in semicrystalline polymers can be promptly or fully associated with more agile production cycles. The use of higher extrusion speed doesn’t necessarily imply a higher manufacturing pace and may limit the overall rate of production.
Perhaps, new slicing strategies could be applied in order to optimize the anisotropy and, consequently, obtain well-defined stiffer and softer zones, while maintaining a relatively normal to fast-paced production.
4 CONCLUSION AND FUTURE WORK
The main conclusion of the present work is that the adjustment of 3D printing parameters (nozzle temperature, extrusion rate and write speed) can be utilized strategically to affect the material morphology and structure along the fabrication of an object. Exploring the levels of preferred orientation of the lamellar crystals, it is possible to transcribe expected properties, correlated with the balance between isotropic and anisotropic distributions.
As an example, higher write speeds lead to faster cooling. For the same given temperature differential (from the nozzle to the cooled state of the deposited material), as the print speed increases, the extended chains, constrained and reoriented in the melt flow, don’t have enough time to relax and remain mostly extended during crystallization, generating highly-aligned, therefore anisotropic morphology.
With a single material, the conception phase of a product can employ this morphology mapping strategy in order to set different mechanical properties. In the future, it should be expected the possibility to alter conditions and process parameters “on demand”, during fabrication, to obtain desirable properties in particular zones of a single material manufactured part. This work is dedicated to promoting that approach, instead of considering, as in the current paradigm, that the predetermined set of values should be maintained during the whole 3D printing production.
Certainly, and depending on the parameter to change (monitoring and control main variable), its set value is theoretically met within a certain period. How short or long that response turns out to be, in conjunction with the required time for those changes to have an effect on the material morphology, determines the resolution of the mapping.
Summarizing, controlling the core parameters of 3D printing induces changes in the material structure and morphology of semicrystalline polymers like LDPE. As a consequence, it is predicted that will affect the functionality of the printed part, allowing the enhancement of mechanical properties in a localized way. Therefore, more than reproducing a certain desired shape, it is believed that 3D printing may help develop new degrees of function for even more complex parts.
The results obtained in this work will be typical for all semicrystalline polymers, but the particular details of the correlations will depend on the polymer type, the molecular weight and characteristics of the 3D printing systems used, including the temperature of the extrusion and the L/D ratio of the extrusion die.
As this project is progressing, future works include studies about the rheological behavior, mechanical testing, 3D printing trials, the development of new products, and the influence of other variables such as the extrudate temperature. In the future, the main challenge will consist of the implementation of the correlated data into a manufacturing system where the properties of the materials will be locally assigned along with the digital definition of the objects to produce. Additionally, the active control of the manufacturing process, envisioning the optimization of the parts will depend on the implementation of new strategies of slicing, and the development of software to run the 3D printing process in accordance with the material design strategies.
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