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Abstract

:

Additive Manufacturing (AM) allows the manufacturing of functionally graded materials (FGM). This includes compositional grading, which enables the allocation of desired materials corresponding to local product requirements. An upcoming AM process for the creation of metal-based FGMs is laser-based powder bed fusion (PBF-LB/M) utilized for multi-material manufacturing (MM). Three-dimensional multi-material approaches for PBF-LB/M are stated to have a manufacturing readiness level (MRL) of 4 to 5. In this paper, an advancement of multi-material technology is presented by realizing an industry-relevant complex part as a prototype made by PBF-LB/M. Hence, a multi-material injection nozzle consisting of tool steel and a copper alloy was manufactured in a continuous PBF-LB/M process. Single material regions showed qualities similar to the ones resulting from mono-material processes. A geometrically defined transition zone between the two materials was achieved that showed slightly higher porosity than mono-material regions. Nevertheless, defects such as porosity, cracks, and material cross-contamination were detected and must be overcome in further MM technology development.
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1. Introduction


The objective of this paper is to demonstrate an advancement in multi-material manufacturing (MM) by laser-based powder bed fusion (PBF-LB/M) technology, as defined in ISO/ASTM 52900 [1]. The current state of three-dimensional, metallic multi-material structures manufactured by PBF-LB/M is believed to be at a manufacturing readiness level (MRL) of 4 to 5 [2]. At this maturity level, a technology is demonstrated in a laboratory environment, including processes sufficient to produce technology demonstrators (compare definition of MRL scale in [3]).



Based on the PBF-LB/M process characteristics, a three-dimensional MM structure is defined as a structure with “material transition [s] in at least two dimensions” or, equally, as a structure with “material transition [s]) between and within layers” [2,4]. Considering the material combinations that are utilized for MM structures, it is found that



	●

	
metal–metal combinations are investigated in eleven publications, especially




	○

	
aluminum–copper [4],




	○

	
steel–nickel [5], and




	○

	
steel–copper [4,5,6,7,8,9,10,11,12,13,14]; moreover,










	●

	
metal–non-metal combinations are investigated in five publications, especially




	○

	
copper with ceramics [10] or glass [15],




	○

	
steel with WC-Co [16], ceramics [10,17], or glass [15].













Based on the literature review, it can be stated that the most investigated material combination for MM is steel combined with copper alloys. The material properties of steels merged with copper alloys make this a suitable material combination for applications where increased heat dissipation is needed in highly stressed components, such as the case investigated in this study (see: Figure 1). In order to evaluate the processability and occurring defects, the metallurgical basics of the material combination’s base alloys, as well as results from previous MM PBF-LB/M investigations, are summarized in the following paragraphs.



The Fe-Cu binary system exhibits a peritectic reaction for the Fe-rich side, a flat liquidus line, and full solid-state immiscibility. Up to 11 weight percent (wt.%) of Cu can be dissolved in γ-Fe, which shows the highest solubility, at roughly 1450 °C. Cu can be an alternative to nickel to support austenite creation [18]. Liquid-phase separation that occurs during rapid solidification processes, however, is the most relevant effect for welding processes. The liquefied material mixture separates into dispersed droplets of both components. Depending on the element concentration and cooling rates, secondary and tertiary phase separation can occur, leading mainly to the presence of discrete Fe-rich and Cu-rich zones. This effect is also used to increase the mechanical properties of stainless steel 1.4542 and other chromium–nickel–copper steels through precipitation of the face-centered cubic (fcc) ε-Cu phase [19,20,21,22,23]. The fusion zones of dissimilar metal joints of most steels with Cu alloys manufactured by laser welding also exhibit the presence of discrete ε-Cu and γ-Fe or α-Fe zones, respectively. Furthermore, the accumulation of liquefied copper along the already solidified grain boundaries of the steel materials can lead to hot cracking [20,21,24,25]. This has also been shown in PBF-LB/M for tool steel 1.2709 contaminated with copper alloy particles [26].



The advantage of and motivation to produce multi-materials by additive manufacturing is to generate a functionally graded material—in particular, to create a part—which utilizes different metals as required by a local material specification [27,28]. The use and benefits of PBF-LB/M to create such functionally graded materials have been discussed in the literature [29,30]. Considering the approaches for multi-materials by PBF-LB/M, they can be categorized into two types: the first is an approach where the material change is only in the build direction (two-dimensional, 2D), and the other allows for three-dimensional structures in which the direction of material change is independent of the build direction (three-dimensional, 3D). A structure with a 2D material transition between steel and copper building on a conventional material and adding an additive one has been demonstrated by Tan et al. [31], Santos et al. [32], Wallis et al. [33], and Yeong and Chen [34]. Investigations of a 2D material transition between two additively build materials have also been performed by Chen et al. [35], Chueh et al. [36,37], and Liu et al. [38]. However, three-dimensional material transitions for steel and copper have also been reported before [4,5,10,11,39]. In this research, powder deposition of different materials is managed by a nozzle concept or a holohedral suction device. The focus of the existing literature is mainly on the development of appropriate powder deposition devices for multi-materials and the investigation of the material combination based on simple test geometries such as cubes. In the reviewed literature, there are no industry-relevant complex geometrical parts presented. Thus, this case report aims to investigate the capabilities and shortfalls when manufacturing an industry-relevant multi-material part by PBF-LB/M.



An injection nozzle was selected as a prototype component to demonstrate the capabilities of MM technology. The injection nozzle is a core component of combustion engines, crucial for the efficiency of the burning process [40]. A general design of an injection nozzle, based on [41], is depicted in Figure 1. The injection nozzle must fulfill thermal and mechanical requirements. Since the tip of the injection nozzle is located within the burning chamber of the engine, it is, in particular, exposed to cyclic thermal loads. Mechanical loads are caused by the pressure of the fuel and the sealing against this pressure level, especially at the needle seat. Cooling of an injection nozzle is an established practice; however, space in the nozzle tip for cooling channels is limited. Furthermore, small cooling channels have only limited capacity for energy dissipation. Thus, a nozzle with optimized heat flow was designed and additively manufactured by utilizing a PBF-LB/M multi-material process.




2. Method, Materials, and Component Manufacturing


To manufacture the prototype component by PBF-LB/M, prior multi-material approaches that have demonstrated applicability on simpler geometries and demonstrator parts [42,43,44] were utilized. At first, a CAD model of the MM injection nozzle was created in Siemens NX. The MM nozzle design was developed in close cooperation with experts in injection systems. Instead of cooling channels, a copper inlet for improved heat transfer was designed at the nozzle tip. The copper inlet can maximize the covered volume area in the tip, but, due to the mechanical loads, it must be contained in a shell of steel. Tool steel 1.2709 and the copper alloy CW106C were chosen as the materials. The overlap between the steel and copper area was defined to be 400 µm [4,13].



The build job was created from the CAD model. Therefore, separate models were derived for each material [2]. Thus, the steel body volume and the copper inlet volume were exported as STL files. The data preparation for MM requires separate processing of each material volume and, finally, virtual assembly of the MM part in the build job file [39]. Hence, the STL models of each material were positioned according to the desired material allocation in the final part. Two MM nozzles were nested on the build plate (see Figure 2a), and then sliced and converted to the proprietary SLM file format using AutoFab computer-aided manufacturing (CAM) software from Marcam Engineering, Bremen, Germany.



The PBF-LB/M system used for part manufacturing was an SLM 250HL from SLM Solutions (Luebeck, Germany) equipped with an ytterbium fiber laser with a nominal wavelength of 1060 nm and a nominal spot diameter of 150 µm. This was extended by a suction module capable of removing and applying a secondary material in the PBF-LB/M process without process interruption [5,12]. The suction module for multi-materials requires the downsizing of the build space to 50 mm × 50 mm. The multi-material PBF-LB/M process follows six steps, as shown in Figure 2b. At first, material A is deposited (1) and solidified (2); then, any loose powder of material A is removed by the suction module (3). Next, material B is deposited by a coater with a second chamber for material B (4) and then also solidified with the laser beam (5). Finally, any loose powder of material B is removed (6) before the process restarts on the next layer with coating of material A.



The PBF-LB/M process parameters for tool steel (1.2709) and the copper alloy (CW106C) are listed in Table 1. Mainly spherical, gas-atomized powders with nominal particle size distributions (d10,3–d90,3) of 15–45 µm for the tool steel and 20–63 µm for the copper alloy were used. First, the steel area on each layer was solidified, followed by the Cu area [4,5,11]. The process parameters, machine set-up, facilitated powder specification, and the overall procedure were based on Anstaett [4] and were optimized in previous studies [4,12,13,14].



The build job was performed twice; thus, four MM nozzles (N1–N4) were built. After the PBF-LB/M process, the surface of each MM nozzle was turned and the inner needle guiding surfaces were drilled on a conventional CNC turning machine. Turning was achieved without complications and all parts were processed. The dimensions of the nozzles in as-built condition were analyzed manually utilizing a caliper gauge.



After turning, cutting, and polishing, cross-sections of the MM nozzles were analyzed by a Hitachi TM3030Plus scanning electron microscope (SEM) equipped with an energy-dispersive X-ray spectroscopy (EDS) module from Bruker Nano (Billerica, MA, USA), as well as an Olympus BX53M upright metallurgical light microscope. The MM PBF-LB/M process chain from the CAD model to the final part is summarized in Figure 3. All parts were successfully machined during post-processing. Upon visual inspection of the prototype components, all four nozzles were successfully manufactured. It can be concluded that the methods described in previous research for MM part generation utilizing PBF-LB/M can be applied to complex industrial applications [2,4,5,10,39].




3. Results and Discussion


3.1. Manufacturability Analysis


In the first analysis step, the MM nozzles were measured in as-built condition and compared to the origin definition in the CAD model. The measuring protocol is displayed in Figure 4. Three heights (H) and five diameters (D) were analyzed. Only two measures, H1 and H3, were undersized; all other measures were oversized, which is less relevant due to the following turning process. The undersize of −1.75 mm of measure H3 indicated a shrinkage in the z-direction during the MM process, but shrinkage was not confirmed by measure H2, which shows a slight oversize. Thus, it was assumed that the support of the dome at the nozzle tip was not optimal and therefore the shrinkage was only located at the nozzle tip area and was not caused by the MM process. Considering all measures apart from H3, the overall deviation of the MM nozzle was less than 0.3 mm. Moreover, it can be seen that the tolerances of diameters were much lower than the deviation from the CAD model. This indicates that the deviation can be minimized by tweaking the CAD model.




3.2. Metallographic Characterization


After machining, the nozzles were cut in half and cross-sections were analyzed as described in Section 2. Apart from the desired multi-material features (Figure 5, features highlighted in green), the obtained MM nozzles also showed defects, which could be categorized into six types. The defects are displayed in red in Figure 5.



	
Delamination (1a) at the start of the Cu area, which corresponds to the start of the MM coating process, visible at nozzle N1 and N2, and (1b) within the Cu area, visible at nozzle N1 and N3. It can be seen that the delamination propagated between the Cu and Fe area; see Figure 5, N1.1. One of the four nozzles (nozzle N4) was manufactured without delamination.



	
Coating defects occurred in both material transition directions, specifically (2a) Cu in steel area and (2b) steel in Cu area. The defect pattern was the same among all parts in a build job, which indicates that switching of materials was not successful on a whole layer; see Figure 5, N3.1 and N4.1.



	
Vertical crack / high porosity at the start of the Cu area. Despite there being no delamination at nozzle N4, an internal vertical crack occurred at the start of the Cu area between the steel and the Cu volume. Since the crack was visible on both sides of the nozzle (see Figure 5, N4.1), it was estimated that the defect had a ring shape. In comparison, this area showed high porosity at nozzle N3, but no continuous crack.



	
Porosity in transition area was visible, which was likely caused by the combination of the materials. In the presented study, the transition area had no specific process parameter set.



	
Vertical cracks occurred in the steel area. The cracks were vertically oriented along the Cu area in the thin wall of the steel shell.



	
Cross-contamination, (6a) even in areas with proper MM coating function, and (6b) accumulation of CW106C at steel down skin surfaces. The cross-contamination of the Cu alloy in the steel area was higher on average than the contamination of steel in the CW106C area, which became apparent from EDX analysis (see Figure 5, N4.4, N4.5, and Table 2).






In order to differentiate between the material zones and to better understand the formation of different types of defects, optical porosity analysis was conducted. Figure 6 depicts mean values for the different material zones from three different nozzles, resulting in a total of six measurements. Error bars depict standard errors. Values for the steel area several millimeters below the copper inlet are omitted due to their irrelevance to this study. Material densities above 99.5%, however, indicate suitable process parameters. The steel area in the MM zone, in contrast, showed high porosity and high standard errors. Mostly vertical and large cracks contributed to the low material density. The transition zone had a density of 98.8% and contained mostly spherical gas pores. Porosity levels in the Cu area were comparable to mono-material process results on this machine [4].



Since most defects appeared to be related to imperfect material deposition, the level of cross-contamination was approximated by quantitative EDS analysis (see Table 2). Four exemplary details were chosen to describe variances in material composition (see Figure 5, white details A–D in N4.4 and N4.5): CW106C regions with high (A) and low (B) steel percentage, as well as steel regions with high (C) and low (D) CW106C percentage. Cu, Cr, as well as Zr were measured for the copper alloy, and Fe, Ni, Co, Mo, as well as Ti, were measured for the tool steel. Since the percentage of Cr in 1.2709 is below 0.25 weight percent (wt.%), it was neglected and fully attributed to the copper alloy. Results indicate that higher material purity was achieved for the copper regions. The steel part of the component contained Cu alloy contamination above the purity threshold described by Horn et al. to secure material integrity [26].




3.3. Defect Formation and Mitigation


As described in the previous sections, the Cu area was comparable to results from mono-material processes in terms of porosity. Foreign particles and cross-contaminations from imperfect powder deposition either formed discrete inclusions or mixed material regions, without the occurrence of significant amounts of cracks and pores. Therefore, optimized powder deposition should prevent the observed defects and yield the desired level of material integrity.



In contrast to the Cu area, the transition zone contained a large number of spherical pores for the side- and upskin. The downskin of the transition zone contained only a small number of defects, which were rather located in the steel area. The sphericity of the pores indicated that gas was trapped in the melt pool, e.g., due to keyhole melting and excessively high energy input. The volumetric energy density (VED) used to melt the copper alloy was more than 2.5 times the VED used for steel. Thus, steel could vaporize and gas might have been trapped in the melt pool, creating the observed porosity. However, the fact that more pores were located at the upskin than at the downskin of the Cu area contradicts this thesis to some extent. Regarding this type of defect, however, an optimized scan strategy for the transition zone could be beneficial [5,39] and should be the focus of future investigations.



The predominant defects in the steel area around the copper inlet were mostly vertical cracks, which accumulated in some cases and formed major voids. As the defects only occurred in the multi-material region of the nozzles, an increased copper concentration in the steel melt pool could lead to discrete liquid copper accumulations at emerging steel grain boundaries during solidification [20,21,24,25]. Thus, defects are likely to be hot cracks due to foreign particles [26], which appear to cause larger defects (Figure 5, defect no. 3) and delamination (Figure 5, defect no. 1a and 1b) if the Cu concentration is too high or forms a continuous Cu-rich layer (Figure 5, N 4.3, bottom of the copper inlet). Therefore, optimized powder deposition should increase material integrity for the steel area.



In general, the only type of defect that cannot be directly related to imperfect powder deposition is the increased porosity in the transition zone. All other defects are likely to be minimized by optimizing the powder deposition and thus decreasing the level of cross-contamination. The latter should be the focus of future hardware optimizations.





4. Conclusions and Outlook


In conclusion, this study shows that complex multi-material parts can be manufactured by PBF-LB/M using methods already described in the literature. As the demonstrator component, four injection nozzles with integrated copper inlets were designed and manufactured. It was shown that material quality comparable to the mono-material can be obtained if the MM process functions properly. Moreover, a geometrically defined transition zone of the materials was achieved.



Aside from the geometrical accuracy of <0.3 mm, the detailed analysis of the MM nozzles revealed the following desired technology features, which are highlighted in green in Figure 5:




	
Quality comparable to mono-material parts that are manufactured by a PBF-LB/M system without MM capabilities. This is valid for the steel apart from the MM section, but especially for steel and Cu in areas where the MM process worked without failure (see Figure 5, N4.2).



	
Geometrically specified transition area between the materials is visible. As defined in the CAD model of the part, a geometrically defined transition area of 400 µm was obtained by the MM process (see Figure 5, N4.2).



	
Machining of the parts is possible without limitations. Thus, the components yielded a material quality suitable for post-processing by machining.








The analysis of the MM nozzles, however, also revealed six types of failure: delamination, coating defects, vertical cracks (especially at the beginning of the MM area), porosity in the transition area, vertical cracks in the steel area, and cross-contamination. As observed from the comparison of different nozzles (N3 and N4), it became apparent that the detected defects occurred on a regular basis. Moreover, there were areas of proper MM process functionality without defects. Thus, it is estimated that the detected defects can be solved by further development of the MM process in terms of scan strategies of the transition zone and powder deposition solutions. Due to the fact that complex, industrial MM parts were manufactured and the occurring defects can likely be solved by further process development, it is concluded that MM manufacturing by PBF-LB/M has matured to MRL 5–6.



Future research must be focused on eliminating cross-contamination during the process, since this impedes the generation of reliable results for further process optimization. Advanced, holohedral deposition concepts that are currently in development appear to have the highest potential to solve the issue of cross-contamination [2,45,46,47]. While MM nozzles and prior research were executed on AM systems in a laboratory environment, professional AM system suppliers have announced their intent to provide multi-material capabilities in their PBF-LB/M systems [48]. Based on such professional MM-capable systems, process optimization techniques such as process parameter optimization, exposure strategies, and design adaption for MM can be applied to eliminate defects such as porosity and cracks. Once the latter has been achieved, the mechanical and thermal properties of multi-material parts should be the focus of following investigations. Therefore, heat treatment procedures suitable for the material combination must be taken into consideration and should also be addressed in upcoming studies. In order for MM manufacturing by PBF-LB/M to further mature, non-destructive testing methods also need to be qualified for industrial applications.
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Figure 1. Design of an injection nozzle, based on Zeh and Okumuşoğlu [41]. 
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Figure 2. (a) Build job “Multi-Material Nozzle”, (b) Steps of the PBF-LB/M multi-material process. 
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Figure 3. Process chain to manufacture the MM injection nozzle. 
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Figure 4. Measurement survey of the as-built MM injection nozzles. 
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Figure 5. Analysis and defect characterization of multi-material nozzles. (N4.4 and N4.5), see Table 2. 
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Figure 6. Porosity analysis for the different material zones. Analyzed defects are colored red in the left example image. 
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Table 1. Process parameters.






Table 1. Process parameters.





	
Material

	
Laser Power

	
Scan Speed

	
Hatch Distance

	
Scan Strategy

	
Layer Thickness




	
W

	
mm/s

	
µm

	
-

	
µm






	
Steel (1.2709)

	
200

	
600

	
105

	
Meander

	
30




	
Cu (CW106C)

	
400

	
400

	
125
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Table 2. Element and material composition of the details highlighted in Figure 5, N4.4 and N4.5, measured via SEM EDS. * calculated.
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Composition

	
Detail A

	
Detail B

	
Detail C

	
Detail D






	

	
wt.%




	
Fe

	
5.51

	
1.97

	
61.31

	
62.95




	
Ni

	
1.50

	
0.38

	
16.26

	
16.36




	
Co

	
0.71

	
0.17

	
9.28

	
9.28




	
Mo

	
0.42

	
0.08

	
4.28

	
4.54




	
Ti

	
0.08

	
0.05

	
1.12

	
1.01




	
1.2709 *

	
8.22

	
2.65

	
92.25

	
94.14




	
Cu

	
91.08

	
97.60

	
7.63

	
5.80




	
Cr

	
0.61

	
0.64

	
0.12

	
0.06




	
Zr

	
0.09

	
0.00

	
0.00

	
0.00




	
CW106C *

	
91.78

	
98.24

	
7.75

	
5.86
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