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Abstract

:

Filament-based material extrusion additive manufacturing (FMEAM) is an additive manufacturing technique that uses 3D printing. Additive manufacturing could build parts with infill variations. Solid or triangular infill pattern could be selected as needed. The solid pattern will have the maximum material volume, while the triangular pattern will contain a triangular lattice structure that fills the voids in the volume so the material requirement is reduced. This is valuable in optimizing the requirements of metallic materials for mechanical properties without changing the surface shape. The alloy Inconel 625, which is very popular in the aerospace industry have been developed as a feed material of FMEAM. However, for developing rotating parts, such as turbine blades, impact toughness, surface roughness and microstructure need to be investigated. This research was conducted to determine the effect of the infill pattern on the impact toughness, morphology of surface fracture, microstructure of side surface and surface roughness with Inconel 625 material built using FMEAM. The Charpy impact test, s ASTM 23, with v-notch testing method and SEM with EDS were performed. The results showed that the impact toughness for solids was higher than the value for the triangular infill pattern. It was discovered that the cavities in the triangular lattice structure within the specimen reduced the impact toughness to 57.6%. Micropores and residual polymer trapped on the surface reduce impact toughness. However, the same surface shape on solid and triangular infill patterns with surface roughness of 2.44 and 10.03 µm is still feasible for manufacture.
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1. Introduction


Additive manufacturing (AM) is defined in ASTM52900-21 as the process of joining materials to make parts from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing and formative manufacturing methodologies [1,2,3,4]. It can be used to design and develop complex shapes, hierarchies, materials, and functions as well as to build without planning, tooling, and fixturing [5,6,7,8]. It has been reported that Selective Laser Sintering (SLS) [9,10,11,12], Direct Metal Deposition (DMD) [13,14,15], Electron Beam Melting [16], and Plasma Deposition Manufacturing [17] are the methods commonly applied using metallic materials. The methods usually require high manufacturing costs with relatively high machine prices [18]. However, additive manufacturing conducted using the filament method has been discovered to require cheaper equipment, low manufacturing costs, simple mechanisms, and is considered as an easy method of operations using different materials including metallic ones compared to the other methods [8,19]. There is also the need to consider reduced costs, fabrication time, and material volume, thereby leading to the implementation of the filling method with a lattice structure [20]. This method has been discovered to be good for both solid and porous or lattice structures. It also has functions in additive manufacturing of non-solid products with due consideration for the reduction in the structural parts with shock loads, such as automotive components, aerospace, or other machine elements in addition to its function in prototyping [20,21]. Moreover, the determination of the additive manufacturing properties in a solid and non-solid infill is important to manufacturing engineering.



Material extrusion additive manufacturing (MEAM) with metal filaments involves mixing metal powder particles with polymer binders to produce a filament which can be used continuously as feed in a 3D printer to print layer by layer until it is finished. This process is usually followed by a chemical and temperature treatment in a heating furnace where the polymer is removed from the part and powder particles coalesce [22]. It is pertinent to note that the metallic filament-based material extrusion process requires filaments containing an optimal mix of metal powder and bonding systems. Meanwhile, Atomic Diffusion Additive Manufacturing (ADAM) is a recent layer-wise process patented by Markforged for metals filament-based material extrusion. It can be classified as an indirect additive manufacturing process which involves encasing the filament of metal powder in a polymer binder [23] applied to support the part during the printing process. The binder is usually removed through a debinding process using solvent and a thermal process after printing. The next process is sintering which involves heating the part to a temperature of the metal powder undergoing diffusion in order to ensure it experiences compaction and shrinkage. This means several challenges are associated with metal filament-based material extrusion technology starting from the production of the metal filaments to CAD or CAM, printing, and post-printing processes [24].



Process parameters, such as the infill pattern, are usually selected according to the need to save materials and the purpose of the printing process. This is due to their influence on the printing results, specifically the mechanical properties. Meanwhile, there is no problem in applying a non-solid infill pattern to needs, such as prototyping. It is also important to note that the printer in the Eiger software has three infill pattern options normally selected in the pre-processing stage and these include the solid, triangular, and gyroid patterns. Moreover, there is a need to plan by adjusting the roof, floor, and wall layers of the model to be printed in order to improve the mechanical properties of the surface. The infill pattern, wall and floor layers, as well as roof sections associated with the application of the infill-layer method of part built are presented in Figure 1. The number of walls was observed to range from two to eight layers while the floor and roof are between four to sixteen layers, with the height set at a default value of 0.125 mm. Furthermore, the trajectory of the extrusion nozzle on the solid infill pattern was discovered to be at an angle of 45° on the first layer, increased to 135° on the second, back to 45° on the third layer, and the values alternate continuously on each layer. It is pertinent to note that the Eiger software does not have the capacity to predict or estimate the effect of these layers’ thickness on the mechanical properties of the part. This was observed from the investigation conducted by Henry et al. [25] to determine the influence of printing orientations on the tension, shear, and bending response of 17-4 PH stainless steel processed via ADAM. The results showed that the layer orientation of different parts led to a loss of 10–15% in the strength of the part and the UTS due to a 20% weight reduction in the infill density [26]. Galati et al. [23] also conducted a preliminary study on the densities and surface roughness of parts by varying the layer thickness of printed 17-4 PH material and the dimensional accuracy of the parts was found to be rather good based on the application of ADAM.



The impact test associated with the metal part of MEAM is very useful to understand the fracture mechanics of metal filament-based material extrusion technology. This is due to its ability to measure the amount of energy absorbed by a material during high strain rate conditions before failure. Several studies applied this test to Inconel 625 material as indicated in Puppala et al. [27] evaluation of the fracture and impact toughness using laser metal deposited and the stress-relieving heat treatment was observed to have increased the impact energy from 48–50 J to 50–54 J. Another study also showed that the impact toughness of the material’s base metal is approximately 72 J [28], while the laser rapid manufacturing (LRM) was estimated at 194–254 kJ/m2 [27], and laser metal deposited was approximated at 137 J with horizontal build orientation and non-heat treatment [29]. In terms of orientation, Yan et al. [30] examined the effect of selective laser melting of Inconel 625 material on the building directions associated with the microstructure, surface roughness, and pulsed microplasma [31]. Another study also determined the microstructure and hardness using a laser-based process [32]. Moreover, filament-based research has been conducted with a focus on the effect of orientation on the impact strength of polymeric materials [33,34]. There is no manuscript that reviews the mechanical properties of impact toughness studied using metal filaments of MEAM with high temperature resistant and corrosion resistant materials, such as Inconel. The novelty of the impact toughness properties are manufactured with filament-based MEAM.



Inconel 625 material is a strong nickel chromium-based superalloy which is highly resistant to corrosion at elevated temperatures. It is also easy to print, thereby making it applicable in building functional prototypes and final products designed for harsh environments. The material is widely used in the aerospace, automotive, and energy industries due to its outstanding high-temperature performance under static load, fatigue, and elongation as well as its application at temperatures as high as 980 °C [35]. It has also been used in additive manufacturing but most of the previous studies focused on laser-based processes [36]. This means there is a need to study the impact toughness for filament-based material extrusion additive manufacturing conducted using Inconel 625 filament materials to serve as a dataset to drive product design decisions, such as turbine blades, and guide future research on the fracture behavior of materials through this process.



This research was conducted to determine the effect of the infill pattern on impact toughness and surface roughness of metal parts manufactured via the MEAM using Inconel 625 filament material. The morphology of surface fracture and the microstructure of the side surface were also investigated. The results are expected to provide important information related to manufacturing engineering with Inconel 625 material manufactured by the MEAM.




2. Materials and Methods


The specimens were manufactured using a 3D Printer with Atomic Diffusion Additive Manufacturing (ADAM). It was observed that the 3D Printer have maximum manufacturing capabilities of up to 250 × 183 × 150 mm3 from a build volume of 300 × 220 × 180 mm3, with the ability to carry a maximum load of just 10 kg from the build platform [23]. Moreover, the temperature of the build chamber during the printing process was 48 °C, the build platform had a temperature of 112 °C, and the extrusion nozzle’s temperature was 220 °C. The sheets placed at the top of the build platform were vacuum sealed at 45.94 kPa to facilitate adhesion during manufacturing and smooth removal at the end of the process. The printer nozzle extruded metal filament to build the part layer by layer and the result was eventually called the printed “green” parts followed by a washing process using Wash-1. The green parts were subsequently placed in a basket and lowered into an immersion chamber. Furthermore, the Opteon SF-79 solvent was heated in the boiling chamber, cooled using condensing coils to ensure a recapture in a water separator, and returned to the immersion chamber. After a prescribed length of time, the chemically de-bound part was removed, air-dried, and weighed to obtain a mass loss of 3.8%. This was the amount of wax binder dissolved using the solvent, and then the de-bound (“brown”) part was made ready to be sintered in the Sinter-1 furnace.



The next process involved placing the brown part into the Sinter-1 Furnace for thermal debinding and sintering. The furnace has a cylindrical volume with a diameter of 141 mm and a length of 305 mm. It has the ability to attain a temperature up to 1300 °C depending on the materials used and also works in an inert atmosphere using Argon [23]. The system works automatically according to the material selected by the operator. When the operator selects the material to be sintered, the system will work automatically from start to finish and then the part is ready to be pulled out. There is no information about the temperature of Sinter-1 during operation.



The scanning electron microscopy (SEM) image and EDS analysis performed via FEI INSPECT F50 from section area of the filament Inconel 625 contain Inconel powder and polymer at a high voltage of 30 kV, magnification of 1000× and 10,000×, SE images, spot size 5, and work distance of 11.3, as shown in Figure 2a. The SEM image shows large and small granules from the filament bonds of the material. It was observed to contain several atom elements dominated by Nickel, Chromium, and Carbon as shown in Figure 2b and Table 1. Figure 2b shows the EDS spectrum of Inconel 625 filaments. Nickel has the highest content followed by Chromium, Carbon, Molybdenum, Manganese, Aluminum, and Silicon. However, the percentage of Ni atoms was observed to be lesser than those of C because they have a larger size. This value is obtained from the surface scanned area so it does not describe the entire composition. The rest of the composition is polymer binder that are bound together with the metal powder to produce the metal filament. The polymer binder acts as a temporary support material during the printing process and is later removed through debinding.



According to Table 1, the composition of Inconel 625 filament by weight (wt%) contains 45.7% Nickel, 16.9% Chromium, 7.0% Molybdenum, and 28.0% Carbon. Usually Inconel 625 contains 58.0% min of Nickel, 20.0–23.0% Chromium, 8.0–10.0% Molybdenum, and 0.1% max of Carbon by percent weight [37]. As seen, scanning of SEM in certain areas affects the weight percentage. The material being scanned is a filament consisting of Inconel powder and polymer, causing a higher carbon value in the weight percentage and lowering the percentage of Inconel alloy. This analysis did not describe the phase of the polymer contained in the filament.



The impact test specimens manufactured via the MEAM were based on ASTM 23 with v-notch testing method [34,38,39] with the dimensions presented in t Figure 3. The manufactured specimens built with Inconel 625 were prepared via Metal-X Printer of Markforged in i-CEL Lab FTUI. There are two variations of infill pattern, namely the solid and the triangular infill pattern, manufactured via MEAM.



The first step in pre-processing of filament-based material extrusion is to design a 3D model. This research applied Software Inventor for this purpose and the result was saved in an STL format. Eiger software was also used to set up the filament-based material extrusion additive manufacturing with the model uploaded through the online systems and different models of infill patterns, including the solid and triangular used as parameters. Moreover, Inconel 625 was selected as the material and no raft was provided during the manufacturing process because the surface of the specimen was flat. The roof, floor, and wall parameters were also selected based on the four layers having a default height of 0.125 mm. The design parameters entered to generate results from the Eiger software are presented in Table 2.



Figure 4a shows a three-dimensional view of an ASTM E23 specimen oriented on the build platform of the printer. The model used for the test was produced with two different infill patterns, including the solid in Figure 4b and the triangular in Figure 4c, each of which was replicated in three specimens. The trajectory pattern was also automatically generated via Eiger software and the direction for the solid infill was discovered to be at an angle of 45° on the first layer, increased to 135° on the second, returned to 45° on the third layer, and the values alternate continuously on each layer, as shown in Figure 1. Meanwhile, the trajectory for the triangular infill was drawn in the form of a regular pattern of triangles. It is also important to note that the wall, floor, and roof layers were also generated automatically using the software.



The filament-based material extrusion specimens produced from the Metal X Printer are shown in Figure 5, with the printed part presented in Figure 5a while the sintered part is in Figure 5b. It is important to reiterate that the printed part was immersed in the Opteon-79 liquid in Wash-1 for 20 h to remove the wax binder and later dried in the chamber for 6 h to obtain a mass loss of 3.8%. This was followed by the placement of the part into Sinter-1 for the sintering process which was conducted automatically using the parameters set by the system. The operator was only required to select the Inconel 625 material in the options displayed and open the Argon gas pipe valve to allow gas flow into the Sinter-1. The process was conducted for approximately 28 h automatically to ensure thermal debinding, sintering, and cooling. After the process concluded, the part was then removed from Sinter-1 and analyzed.



These sintered parts are impact specimens that is already in metal shape are shown in Figure 6. Figure 6a–c are surface view of top, bottom, and side of sintered parts. On top view, wall layer and roof layer are clearly seen on the surface, the boundaries of the two are clearly visible. The bottom view, wall layer boundaries are not visible, appear uniform on the surface. On side view is surface of layered with uniform layer thickness from bottom to top. Whereas Figure 6d is the side surface of the notch section which looks more clearly built up layer by layer.



Procedure of impact was assessed via ASTM 23 with v-notch testing method [34,38,39]. The solid and triangular infill patterns, each with three specimens was tested using the Charpy Impact Tester 50 kg M GT-7052-50 at room temperature. The impact toughness results was recorded and analysis statistically to get the average data of every pattern. The fracture cross-section of the impact specimen was analyzed using a Dino-Lite Digital Microscope. Fractography analysis of morphologies of fracture surfaces and microstructure analysis of side surface were performed via SEM of Quanta 650 at a high voltage of 20 kV. Samples were analyzed directly without polish. The surface roughness was also investigated on the top, side, and bottom of the sintered part of the specimens using a Surfcom 2900SD3 and the results for each surface were recorded as the Ra data.




3. Results and Discussion


The impact toughness value for the Inconel 625 material are presented in Figure 7, showed that the solid infill pattern had 40.61 Joule/cm2 while the triangular infill pattern had 17.20 Joule/cm2. The thin lattice structure with large cavities in the triangular infill pattern was observed to have caused a 57.6% reduction in the impact toughness compared to the solid infill pattern due to a decrease in its ability to absorb energy. This is in line with the definition of impact toughness as the ability of the material to absorb energy from the impact load. It has also been reported in previous studies that the value of filament-based material extrusion is usually smaller compared to laser-based additive manufacturing [27,28,29].



Figure 8 shows the fracture surface of impact test of Inconel 625 material built via filament-based material extrusion. This figure was captured using the Dino-Lite Digital Microscope with 25× magnification. Figure 8a shows the fracture surface of the solid infill pattern specimen and a thin wall was observed in the four layers on the left and right. It can also be seen that the solid infill pattern is in the middle of the fracture surface. Meanwhile, Figure 8b indicates the fractured surface of the triangular infill pattern in the walls, roofs, and floors, each with four layers. It is important to note that there are micropores for all the infill patterns. They were observed at the distance between the hatches on the wall with a uniform pattern. The micropores were also present in the solid pattern as indicated in the cleavage fracture caused by the pattern used in filling the solid section with the extrusion nozzle trajectory forming an angle of 45°, as shown in Figure 1. The micropores were believed to have been caused by the content of the filament binder material lost during the debinding process through immersion in a liquid solvent and burned in the sintering process, thereby leading to a shrinkage in the product. It was discovered from a previous study [40] that the yield data provided for 316 L stainless steel experienced a width shrinkage of 16.3%, height shrinkage of 17.4%, and the final part density was 95% of the original. The Inconel 625 material applied in ADAM technology also showed 16.92% length shrinkage, 16.67% width shrinkage, 15.96% overall shrinkage, and the final part density was 8.25 g/cm3, which is 97.74% of the 8.44 g/cm3 recorded for the Inconel 625 base metal [37]. This means that the results of the additive produced were close to perfect.



The SEM micrographs of the morphologies of fracture surface is presented in Figure 9 and Figure 10. Figure 9 is a fractography analysis of the morphologies of fracture surfaces for solid pattern at a magnification of 100× and 1000×, mixing BSE and SE images, spot size 2.5, and work distance of 8.1 and 8.2, respectively. The figure shows the cleavage fracture with river pattern in the solid faults and the uneven grain size was found to look like a cellular structure. It is pertinent to note that the non-uniform grain has the ability to reduce the mechanical properties [28,41]. A previous study also showed that the mechanical properties of material extrusion additive manufacturing were lower compared to laser-based processes [8]. Moreover, there are micropores, impurities, and remnants of polymer unburn during sintering, which affect the mechanical properties of Inconel 625. The presence of visible micropores in the specimen reduced its ability to withstand impact loads because micropores can cause crack initiation and growth up to the stage of the final collapse from the notch zone.



The morphology of fracture surface of the triangular infill pattern specimen is shown in Figure 10. The SEM micrographs are that of at 25× magnification of SE images and 1000× magnification of mixed images, spot size of 2.5 and work distance of 11.0 and 11.2, respectively. It was discovered that this infill pattern also has micropores on the surface of the fracture. The layer thickness was found to be 0.125 mm and the walls of the triangular lattice structure were thin with only one layer. Moreover, the cellular lattice walls were triangular, standing vertically from the floor to the roof in a regular manner. The infill pattern portion was quite large compared to the thickness of the roof, floor and wall, thereby leading to a reduced impact toughness compared to the solid infill. The thickness of these four layers was observed to have reduced the impact capability by 57.6%. Therefore, it is recommended that future studies consider increasing the thickness of the roof, floor, and walls in order to improve the impact toughness. It is also important to consider the volume of the material to be used in selecting a suitable method.



Figure 11 shows the SEM image of microstructure analysis of side surface at 100× and 500× magnification, mixing BSE and SE images, a spot size of 2.5 and a work distance of 9.4, respectively. Samples were analyzed directly on layered surface of side specimen without polish. Figure 11a shows a layered surface with 100× magnification. There are black spots trapped on the surface of the Inconel alloy which is a polymer that does not burn out during sintering. The deposition pattern in each layer looks regular with a uniform direction. The image also shows an interlayer with a lighter color visible on the surface. Figure 11b with 500× magnification shows the layer and interlayer areas more clearly. During the sintering process, solidification of the powder material occurs when grain boundary bonds between the constituent powders are formed. Bonding between grains occurs as a result of heating from the sintering process. The ADAM technology applied to the sintering process of the printed part looks like the result shown in the figure. The interlayer appears uniformly lighter along the surface. In the interlayer, there are micropores and impurities that arise after the sintering process. In the layer area, grain boundaries, micropores, impurities, and remnants of the unburnt polymer during sintering were clearly visible. This condition affects the mechanical properties of the Inconel 625 material built via FMEAM.



Figure 12 shows the surface roughness for the filament-based material extrusion additive manufacturing process conducted using the Inconel 625 material. The surface roughness of the sintered part produced was measured on the top, side, and bottom (Figure 12a) using a 5 mm length and the data were recorded five times. It was discovered that the side surfaces had 10.03 µm and 9.63 µm infill, the top had 2.44 µm and 2.50 µm, while the bottom had 3.27 µm and 3.09 µm infill, for the solid and triangular patterns, respectively (Figure 12b). This means that the surface roughness for the side surface was greater than the top and bottom surfaces due to its high layer of 0.125 mm. This is in line with the previous study that the layer thickness usually affects the surface roughness [42]. A similar observation was also made for the application of different process parameters and build direction. The top surface was observed to have a smoother surface quality than the others. It is pertinent to state that the manufacturing was conducted without a raft. Moreover, the average surface area was generally found to range from 2.44 to 10.03 µm and this means that the material extrusion manufacturing process with the Inconel 625 material is good enough for industrial applications with advanced processing or direct application.




4. Conclusions


This research was conducted to determine the effect of the infill pattern on the impact toughness, morphology of surface fracture and microstructure of layered surface of sintered part with the Inconel 625 material built via FMEAM as well as to investigate the characteristics of surface roughness. It was discovered that the solid infill pattern had the highest impact toughness, while the triangular infill pattern experienced a 57.6% reduction in impact toughness, but the two variations produced the same surface quality. The impact toughness value of MEAM manufacturing is still lower when compared to laser-based manufacturing. The thin lattice structure with large cavities in the triangular infill was found to have made it impossible for the material to withstand sudden loads. Moreover, there are micropores, impurities, and remnants of unburnt polymer during sintering, which affects the mechanical properties of the Inconel 625 material built via FMEAM. The micropores caused crack initiation and growth up to the moment where there was a final collapse. The findings also showed that the density produced was approximately 97.74% compared to the wrought material. Furthermore, the surface roughness values ranged from 2.44 to 10.03 µm on the bottom, top and front surfaces. These findings contribute to the current literature and can also be used to set the foundation for further related investigations, such as the effect of the thickness of walls, floors, and roofs with variations in orientation on impact toughness and fracture.
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Figure 1. Infill-layer method of part built. 
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Figure 2. SEM images (a), and EDS spectrum (b) of Inconel 625 filament. 
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Figure 3. Dimension of ASTM E23 specimen. 
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Figure 4. Design of ASTM E23 specimen: (a) initial build orientation, (b) solid infill pattern, and (c) triangular infill pattern. 
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Figure 5. Specimens produced via filament-based material extrusion: (a) printed part, and (b) sintered part. 
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Figure 6. Specimens of impact test manufactured via MEAM with Inconel 625 filament: (a) top view, (b) bottom view, (c) side view, and (d) notch section. 
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Figure 7. Impact toughness for Inconel 625 built via filament-based material extrusion using solid and triangular infill pattern. 
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Figure 8. Fracture surface of Inconel 625 material built via filament-based material extrusion: (a) solid pattern, and (b) triangular pattern. 






Figure 8. Fracture surface of Inconel 625 material built via filament-based material extrusion: (a) solid pattern, and (b) triangular pattern.



[image: Jmmp 07 00114 g008]







[image: Jmmp 07 00114 g009 550] 





Figure 9. Morphologies of fracture surface of impact specimen built via filament-based material extrusion: solid infill pattern with magnification (a) 100×, and (b) 1000×. 






Figure 9. Morphologies of fracture surface of impact specimen built via filament-based material extrusion: solid infill pattern with magnification (a) 100×, and (b) 1000×.



[image: Jmmp 07 00114 g009]







[image: Jmmp 07 00114 g010 550] 





Figure 10. Morphologies of fracture surface of impact specimen built via filament-based material extrusion: triangular infill pattern with magnification (a) 25×, and (b) 1000×. 
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Figure 11. SEM image of the side surface of Inconel 625 built via filament-based material extrusion with magnification: (a) 100× and (b) 500×. 
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Figure 12. (a) Line of measurement, and (b) Surface roughness of Inconel 625 material built via filament-based material extrusion. 
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Table 1. Composition of Inconel 625 filament.
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	Element
	Wt%
	At%





	Ni
	45.7
	21.7



	Cr
	16.9
	9.1



	Mo
	7.0
	2.0



	Mn
	1.0
	0.5



	Al
	0.8
	0.9



	Si
	0.6
	0.6



	C
	28.0
	65.2



	Matrix
	Correction
	ZAF
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Table 2. Design process parameters in Eiger software.
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	Annotation
	Solid Infill
	Triangular Infill





	Printed dimension (mm)
	66.2 × 12 × 11.9
	66.2 × 12 × 11.9



	Final part dimension (mm)
	55.0 × 10.0 × 10.0
	55.0 x 10.0 × 10.0



	Print time
	3 h 6 m
	2 h 22 m



	Wash time
	13 h 0 m
	8 h 0 m



	Dry time
	4 h 0 m
	1 h 30 m



	Printed part mass (g)
	50.95
	26.21



	Final part mass (g)
	45.38
	23.35



	Metal volume (cm3)
	9.28
	4.77



	Material cost (USD)
	15.31
	7.88



	Layer height (mm)
	0.125
	0.125



	Wall layers
	4
	4



	Roof and floor layer
	-
	4



	Layers
	79
	79
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