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Abstract

:

Additive manufacturing (AM) methods are widely used to produce metal products. However, the cost of equipment for processes based on material melting is high. In this paper, a promising, less expensive method of producing metal products from metal-filled Ultrafuse 316L filament by FDM was investigated. The aim of this work was to compare the debinding methods and investigate the microstructure, phase composition, and geometric and mechanical properties. The results showed that catalytic debinding can be replaced by thermal debinding as no significant effect on the structure and properties was found. In addition, a filament study was performed and data on the particle size distribution, morphology, and phase composition of the metal particles were obtained. Thermodynamic modeling was performed to better understand the phase distribution at the sintering stage. The δ-Fe fraction influencing the corrosion properties of the material was estimated. The conformity of geometric dimensions to the original 3D models was evaluated using 3D scanning. The applied printing and post-processing parameters allowed us to obtain a density of 98%. The material and technology represent a promising direction for applications in the field of lightweight engineering in the manufacturing of parts with bioinspired designs, shells, and sparse filler structures with useful porosity designs (like helicoidal structures).
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1. Introduction


Additive manufacturing represents a significant and dynamic field of production, driven by the speed and adaptability of the process and the capacity to manufacture products of intricate geometry, which are challenging to produce through traditional techniques [1,2,3].



The most common raw materials used for additive manufacturing of metals are metal powders [4,5], which require high-energy sources for their fusion. The application of these technologies is constrained to areas where a substantial initial investment in equipment and the assurance of safe operation would be economically justifiable. In most cases, the formation of the product occurs when the metal is heated to its melting point, resulting in significant structural and phase changes that allow for the formation of large residual stresses and defects associated with high cooling rates.



The manufacturing of metal products using metal-filled filaments has become increasingly popular in recent years, as it allows for a reduction in production costs through the use of common low-cost 3D printers based on the material extrusion process and using outsourced services for post-processing at specialized companies. The most popular technology for this process is fused deposition modeling (FDM). The growing interest in the manufacturing of metal products by material extrusion is, among other factors, due to the ability to create small items with different internal fillings, which significantly reduces their weight. The technology does not necessitate the creation of special channels or outlets for the removal of excess powder from the internal cavities. The limitations of the modeling process are the minimum allowable wall thickness, the necessity of at least one flat plane for post-processing and for the employment of supporting structures for overhanging geometries, the size of the printer work platform and the necessity of a postprocessing furnace. The principal disadvantages of this process are the porosity and anisotropy of the items produced, which have a detrimental impact on the mechanical properties.



The most used and extensively studied filaments for the FDM metal printing are those containing particles of stainless steel, specifically SS316L and SS17-4PH. The use of copper [6], titanium [7] and nickel alloys [8] is less common, although these materials have great potential from a scientific and technological standpoint. Several commercial metal-filled filaments are popular for research, including those produced by BASF, Virtual Foundries, Desktop Metals [9,10] and Markforged [11]. These companies are well-known manufacturers of raw material for metal injection molding technologies (MIM) [2], and some studies focus on the development of material extrusion with them [12,13,14].



Austenitic 316L stainless steel has already been the subject of extensive research and is employed in a multitude of industrial contexts, which can be attributed to its favorable balance of cost, corrosion resistance, ductility, strength properties, and machinability. The alloy is employed in the production of orthopedic implants [15], equipment for oil refining and nuclear power engineering, heat exchangers, and other applications [16].



The process of 3D printing with metal-filled filament consists of three main stages: 3D printing (green model), removal of the binder (brown model) and sintering (sintered part). The binder removal stage is influenced by two factors: the type of binder (soluble, catalytically removable, burnable or a combination of these) and the temperature mode of debinding. Most used binders have complex compositions; therefore, their removal is conducted in two stages. At the first, the main component (50–90 vol.%) is dissolved. Then, components responsible for shape retention (0–50 vol.%) and various additives as stabilizers and dispersing agents (0–10 vol.%) are burned out.



After the binder is removed, sintering takes place, during which atomic diffusion occurs between the metal particles. At this stage, the product attains its final density. The sintering temperature is typically 70–90% of the melting point of the material [17]. The binder burning and sintering stages are carried out sequentially and continuously and are usually carried out in the same furnace due to the high brittleness of brown models. It is of the utmost importance to select heat treatment parameters with great care, as defects such as pores and cracks and various types of delamination and warpage may occur during the binder removal and sintering stages.



A significant amount of research on FDM with metal-filled filaments of 316L stainless steel has been dedicated to the optimization of the printing process, assessing the mechanical properties of the material and reducing porosity [18,19,20,21,22,23,24,25,26,27,28,29,30,31]. Tosto et al. explored methods for enhancing the density of green models, resulting in tensile properties that are comparable with MIM ones [23]. Prior research has demonstrated that porosity has a considerable impact on mechanical properties [24,25]. The mechanical characteristics are also influenced by the infill density [26]. The findings of the study conducted by Ait-Mansour et al. [27] indicate a linear correlation between infill density and mechanical strength. The results of research carried out by Kasha et al. [28] showed that the printing orientation affects the flexural characteristics, and the best results were obtained when the samples were manufactured ‘on-edge’. The tensile, compression and flexural properties and hardness of the SS316L material were evaluated by Carminati et al. [29]. Additionally, the tensile properties of the material were assessed in the study by Spiller et al. [30]. A comparative analysis of the tensile properties of samples of 316L stainless steel produced by FDM with metal-filled filament via catalytic debinding in a laboratory setting at 80 °C and in industrial facilities (BASF and Vibrom companies), as well as those produced by the selective laser melting (SLM) method, was conducted [31].



It may be more reasonable to consider FDM with metal-filled filaments as a technology distinct from those such as powder bed fusion (PBF) and direct energy deposition (DED), rather than as a direct competitor. One of the principal advantages of DED-based technologies is the ability to produce items of considerable dimensions [32,33]. Consequently, PBF-based technologies enable the manufacture of products with intricate geometries with a high degree of accuracy [34,35]. Furthermore, the technology enables one to obtain the mechanical properties at the level of bulk materials [36]. Comparative studies have demonstrated that the mechanical properties of parts manufactured using metal-filled filaments are lower than those produced by laser-based PBF (L-PBF) [37,38]. Nevertheless, the production cost of L-PBF is approximately 4.5 times higher than FDM with metal-filled filament [39]. In addition, the cost of sintering equipment is still lower than printers using other metal additive manufacturing technologies.



The use of metal-filled filament and FDM has the potential to be applied in the field of lightweight engineering for the production of parts with bioinspired designs, shells, sparse filler structures with predetermined useful porosities (such as for helicoidal structures) and damping components for improved compression and energy dissipation properties during deformation.



Such products include bioinspired structures, in particular the helicoidal structure. This structure is formed by successive stacking of fiber layers in such a way that the centers of the axes of fibers with the same serial number within a layer form a helical line [40,41,42]. This structure has several manifestations in nature: the exoskeleton of crabs and lobsters [43,44], the elytra of beetles [45], and the hammer-like claw of the mantis shrimp [46]. Helicoidal structures can be manufactured from a variety of materials, including stainless steel.



Notwithstanding the considerable amount of research that has been conducted and published on this topic, the majority of studies do not investigate the debinding step, as the products are outsourced for post-processing. Given the complexity of catalytic debinding, which necessitates the use of expensive equipment, it is of interest to ascertain the feasibility of undertaking an alternative type of post-treatment, namely thermal debinding, and to conduct a comparative analysis of the resulting properties. Despite its extensive use in numerous studies, Ultrafuse 316L filament has not been subjected to sufficient investigations. Given the considerable impact of the initial material in determining the final properties of the products, an in-depth examination of characteristics such as the size and morphology of metal particles and their distribution within the binder, along with their phase composition, is imperative. In addition, as one of the steps is sintering, it is essential to examine the specific characteristics of phase composition formation, with particular attention paid to δ-Fe, since the quantity of this phase affects corrosion resistance.



The present article aims to investigate Ultrafuse 316L filament, compare debinding methods and their influence on the final properties, and establish the features of structure formation, phase composition and geometric accuracy after the full cycle of additive manufacturing. Furthermore, it will facilitate the identification of avenues for enhancing technological processes and potential applications, with a particular focus on the microstructural features, properties and geometrical characteristics that can be achieved. This study serves as a foundation for subsequent investigations, which will aim to explore the specific characteristics of manufacturing products with complex geometries, including helicoidal structures.




2. Materials and Methods


Commercial BASF Ultrafuse 316L filament with 1.75 mm diameter was used for 3D printing. Table 1 presents the typical chemical composition for the selected filament. According to the manufacturer’s data [47], the density of the material after sintering is 7.85 g/cm3. It must be taken into account that the density and chemical composition depend on the atmosphere and the processing temperature at each stage.



2.1. Green Model Fabrication


Three-dimensional printing was carried out using an Anisoprint Composer A4 desktop printer which has a maximum platform heating temperature of up to 120 °C (when the chamber is open). The selected 3D printer was coupled with its proprietary Aura Slicer for the processing of the geometry. The printing parameters are shown in Table 2. The print pattern consisted of three perimeters and an internal zigzag filling with a 45° change in direction on each layer. Shrinkage (XY ~ 16%, Z ~ 20%) and corresponding scaling factors were considered during the design of the initial 3D models, using the manufacturer’s recommended formulae [48]. For investigation of printing, post-processing and microstructure analysis, a series of cubic-shaped specimens with dimensions of 10 × 10 × 10 mm, as well as flat dog bone specimens for mechanical tests, were manufactured. Additionally, several complex-shaped objects used for the estimation of geometrical features were fabricated.




2.2. Debinding and Sintering Processes


The catalytic binder removal process was carried out in a specially constructed laboratory device (Figure 1). The device consists of a furnace equipped with a heating element, thermocouples to control the heating temperature, an inert gas supply system and a gas burner to burn the reaction products. Samples in crucibles and a container of high-purity nitric acid were placed inside the furnace. The process was carried out at 120 °C and conducted under argon blowing-off conditions. The holding time was chosen as a rate of 2 mm/h for each external surface. A propane connection was established to a gas burner, which was then used to incinerate the reaction products.



For thermal debinding and sintering, a Carbolite Gero LHTW 200-300/22-1G (Carbolite Gero Ltd., Derbyshire, UK) furnace was used. To burn out the binder, the samples were slowly heated up to 400 °C and held for 3 h, and then temperature was raised to 600 °C and held for 1 h. After this process, the samples were sintered at 1380 °C for 3 h.



A schematic representation of the entire production process is provided in Figure 2.




2.3. Characterization


Density was measured using the Archimedes method. Differential scanning calorimetry (DSC) analysis of the filament was performed on a NETZSCH DSC 404 F3 calorimeter (NETZSCH GmbH, Selb, Germany) at a heating rate of 3 °C/min in an argon protective atmosphere. The particle size distribution of the metal powder after binder removal was measured using a Fritsch Analysette 22 NanoTec plus laser diffractometer (Fritsch GmbH, Idar-Oberstein, Germany).



The macrostructure of the samples was studied using a Leica DMI 5000 optical microscope and a Tescan Mira3 LMU scanning electron microscope. To reveal the structural components, the samples were etched in the following solution: FeCl3 (100 mg), C2H5OH (10 mL), HCl (10 mL) and HNO3 (10 mL).



The main characteristics of the phase structure of the samples were analyzed using a Bruker D8 Advance X-ray diffractometer (XRD). Cu Kα radiation (λ = 1.5406 Å) with a scanning interval of 0.02° was used. Tensile and compression tests were performed on a Zwick/Roell Z100 universal testing machine at 20 °C with a 100 kN load cell. For these tests, type 1 samples were made in accordance with ISO 6892-1:2019 “Metallic materials—Tensile testing—Part 1: Method of test at room temperature” [49]. Flat dog bone specimens were built horizontally (XY). Microhardness was measured on a Buehler VH1150 hardness tester at a load of 100 g. Cubic samples were employed for the purposes of conducting macro- and microstructure studies, as well as phase analysis and microhardness measurements.



Thermodynamic modeling was performed using the JMatPro version 7 software to better understand the influence of the selected sintering temperature on the phase transformations: Gibbs energy, phase composition and phase fractions were estimated.



For 3D scanning, a Shining EinScan-SE 3D scanner (SHINING 3D Tech Co., Ltd, Hangzhou, China) was used. The geometric dimensions of the green model were compared to the dimensions of the 3D model after scaling, and the dimensions of the sintered parts were compared to those of the original models.





3. Results and Discussion


3.1. Ultrafuse 316L Filament


In the first stage, an initial metal-filled filament with a density of 4.75 g/cm3 was investigated. The filament consists of spherical metal particles in a binder and a polymer shell with a thickness of 58–78 μm (Figure 3a,b). The metal particles are uniformly distributed throughout the inner volume. The internal porosity of the powder was identified (Figure 3e).



After the removal of the binder by the two methods—catalysis in nitric acid vapor and burning at 400 °C—it was found that the binder consists of two components, one of which requires thermal decomposition (Figure 3c). The metal particles were presumably obtained by gas atomization [50], as evidenced by the spherical shape of the particles and the presence of pores on the surface of the particles. Metal powder particles have the following particle size distribution: d10 = 5.7 μm, d50 = 14.5 μm, d90 = 28.1 μm. A particle size distribution similar to the one obtained is used in the manufacturing of metal products by MIM and binder jetting [51]. Two peaks are observed on the obtained DSC curve at temperatures of 107 °C and 166 °C (Figure 4). The first peak corresponds to the crystallization temperature and the second to the melting point. These results were used to select the operating temperatures for the build platform and nozzle heating.




3.2. Printing and Post-Processing


To ensure the necessary adhesion of the samples, the build platform was heated to 105 °C for the first five layers and then cooled down to 90 °C. The quality of the material extrusion was determined by visual inspection, and it was determined that with a flow ratio of 105%, there was sufficient adhesion between the layers and no over-extrusion of the material, as evidenced by the quality of the surface layer and the geometric dimensions of the samples. The appearances of the samples at all stages of the manufacturing process are shown in Figure 5.



Figure 6 shows images of the macrostructure of the green models and sintered parts. The average shrinkage of the samples along the axes was X—16.8%, Y—17%, Z—19.5%. In all specimens, internal voids were found at the junction of the outer perimeters and the filling, as well as at the nozzle turns. After sintering, no metallic bonds were formed in these areas due to the insufficient amount of metallic particles. Based on the sintering results, it was concluded that the sample with a lower layer thickness is less prone to internal void formation due to improved adhesion between layers. The highest density measured was 7.7 g/cm3 (98%), and it was obtained for the samples printed with a layer thickness of 0.1 mm. Hot isostatic pressing may be used as a possible method to increase the density of the material and to reduce the volume and size of defects [52].




3.3. Microstructural Analysis


XRD analyses of the metal filament particles and samples after the debinding by the two methods and subsequent sintering were carried out (Figure 7). The presence of peaks 2θ = 43°, 53° and 74° corresponding to the FCC lattice of γ-Fe and 2θ = 44°, 65° and 81° corresponding to the BCC lattice of δ-Fe were detected. γ-Fe is the dominant phase in all samples. The presence of δ-Fe in powder may be explained due to the high cooling rate during gas atomization. A similar reason may explain why no full transformation of δ-Fe to austenite happened during cooling after sintering at 1380 °C [53]. No significant influence of the debinding method on the obtained structure and phase composition was observed.



The microstructure obtained after sintering represents equiaxed γ-Fe grains without a pronounced dependence on the direction of 3D printing (Figure 8), in contrast to the columnar grains of products produced by technologies based on melting [54]. The phase of retained δ-Fe is located at grain boundaries. As the grain size is found to be dependent on the sintering temperature and holding time, it was determined that for the chosen heat treatment, the average grain size obtained was ~55 μm. The volume δ-Fe fraction estimated by the metallographic method was 2.5%.




3.4. Mechanical Properties


The average microhardness of the samples after sintering was measured to be 163.7 ± 2.3 HV. The average value of the compressive yield strength was determined at 158.4 ± 14.3 MPa. Table 3 shows a comparison of the obtained tensile mechanical properties with the results of other studies. The yield strength and ultimate strength are close to published data, with a higher value for elongation at the break.



The data presented in [30] indicate that higher yield and tensile strength values were obtained, which is likely attributable to the lower printing speeds employed. The lower values observed in [38] may be attributed to the influence of different printing parameters and the different building orientation of the tensile specimens. The values obtained in [29] are the most aligned with those presented in this paper; however, the hardness of the samples is lower (132.2 ± 3.8 HV). This difference can be explained by the relatively low nozzle temperature (170 °C), which affected the density of the material (95%).



Nevertheless, the values obtained are markedly lower than those indicated by the manufacturer [47]. The findings indicate that this technology is more suitable for use in applications where the product is not subjected to significant tensile loads. However, it is possible to produce metal products that will have adequate corrosion resistance using this method. Furthermore, it allows one to produce structures with predicted porosity.




3.5. Thermodynamic Modeling


As a result of the thermodynamic modeling, the values of the Gibbs free energy of each phase at different temperatures were obtained. In the temperature range from 1340 °C to 1380 °C the difference in Gibbs free energy of the δ-Fe and γ-Fe phases is close to 0. Consequently, the phase transition in this region has a spontaneous characteristic. During cooling, δ-Fe transforms to γ-Fe. The amount of residual δ-Fe depends on the time and cooling rate of heat treatment. At the sintering temperature, the composition is close to the equilibrium phase content, i.e., the distribution when the percentage of γ-Fe is 66% and δ-Fe is 34%. The amount of δ-Fe can be reduced by introducing step-holding at temperatures of 1000–1200 °C, as an alternative to direct cooling to room temperature, during the cooling phase. This solution should enable one to obtain samples with an γ-Fe structure and will lead to increasing corrosion resistance.




3.6. Complex Part Manufacturing and Comparison of Geometric Dimension


The developed process of manufacturing was applied to produce parts with complex geometries. Figure 9 depicts images of the “bracket”, “helicoidal structure”, “shell” and “cover” parts after 3D printing, thermal debinding and sintering. All items presented were obtained in accordance with the previously outlined set of parameters. This shows that it is possible to use FDM technologies in conjunction with metal-filled filaments for the manufacturing of complex-shaped parts.



To validate the developed technology of metal-filled filament 3D printing, the dimensions of the geometry “shell” were checked (green model and sintered part). The selected part’s geometry comprises a variety of features, including circles, holes, overhanging areas, thin walls and areas with thicker walls. The scanning results showed that the green model matched the 3D model with scale factors (Figure 10a).



The thermal stresses generated during the sintering process caused a slight distortion of the sintered part and a deviation from the original 3D model in the area of thin overhangs (Figure 10b). The average deviation was found to be 160 µm for the green model and 230 µm for the sintered part. The resulting deformations during sintering can be reduced by decreasing the heating and cooling rates.



Although geometry deviations after post-processing are noted, the technology enables us to produce products with sufficiently high accuracy.





4. Conclusions


In the present research, samples were manufactured from metal-filled filament using fused deposition modeling 3D printing with subsequent sintering.



The filament consists of spherical metal particles in a binder and a polymer shell with a thickness of 58–78 μm. Metal powder particles have the following particle size distribution: d10 = 5.7 μm, d50 = 14.5 μm, d90 = 28.1 μm. The presence of pores within the metal particles has been identified as a potential source of concern, as it may lead to an adverse impact on the final density of the products.



The influence of the layer thickness on the resulting macrostructure showed that decreasing the layer thickness enables on to obtain higher densities. The selected printing and post-processing modes enabled a final part density of 98% to be achieved.



The microstructure of the material after sintering consists of γ-Fe and residual δ-Fe, where the average grain size is approximately 55 μm and the value of the δ-Fe is 2.5%.



The measured mechanical properties were tensile yield strength—140.8 ± 2.4 MPa, ultimate tensile strength—455 ± 10.3 MPa, elongation at break—38.2 ± 3.6%, and finally, compressive yield strength—158.4 ± 14.3 MPa.



Several parts with complex geometries have been successfully 3D printed and sintered and subsequently measured by a 3D scanner. The resulting geometry showed an average deviation of 160 µm for the green model and 230 µm for the sintered component, with the most distorted areas located at the areas where thin overhangs are present.



The study revealed that there was no notable distinction in the properties of the material following catalytic and thermal debinding. It can be concluded that the use of thermal debinding instead of catalytic debinding may be employed as an alternative post-processing method if the necessity arises.



In order to enhance corrosion resistance, it is recommended that the sintering mode be adjusted in order to eliminate the δ-Fe fraction. It is therefore proposed that holding at 1000–1200 °C be incorporated as part of the sintering cooling process.



Further investigation is required to enhance the density and strength of the material. This may include studies on the variation in 3D-printing process parameters, an analysis of alternative printing strategies and the application of hot isostatic pressing following sintering.
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Figure 1. Scheme of catalytic debinding. 
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Figure 2. Process line of FDM additive manufacturing with metal-filled filament. 
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Figure 3. Images of filament: (a) cross section, (b) longitudinal section; metal particles after (c) removal of binder in nitric acid, (d) thermal debinding, (e) powder cross section. 
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Figure 4. DSC curve of filament. 
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Figure 5. Sample appearance at the production stages. 
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Figure 6. Cross sections of 3D-printed samples: (a,b) green models, (c,d) sintered parts. 






Figure 6. Cross sections of 3D-printed samples: (a,b) green models, (c,d) sintered parts.



[image: Jmmp 08 00259 g006]







[image: Jmmp 08 00259 g007] 





Figure 7. The XRD patterns of samples. 
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Figure 8. Image of sample microstructure after sintering. 
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