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Abstract

:

In the present study, compositionally-graded structures of AISI 316L and CoCrMo alloy are manufactured by powder-based laser-beam directed energy deposition (DED-LB). Through a process-integrated adjustment of powder flow, in situ alloying of the two materials becomes feasible. Thus, a sharp and a smooth transition with a mixture of both alloys can be realized. In order to investigate the phase formation during in situ alloying, a simulation approach considering equilibrium calculations is employed. The findings reveal that a precise compositional as well as functional gradation of the two alloys is possible. Thereby, the chemical composition can be directly correlated with the specimen hardness. Moreover, phases, which are identified by equilibrium calculations, can also be observed experimentally using scanning electron microscopy (SEM) and energy-dispersive X-ray-spectroscopy (EDS). Electron backscatter diffraction (EBSD) reveals epitaxial grain growth across the sharp transition region with a pronounced <001>-texture, while the smooth transition acts as nucleus for the growth of new grains with <101>-orientation. In light of envisaged applications in the biomedical sector, the present investigation demonstrates the high potential of an AISI 316L/CoCrMo alloy material combination.
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1. Introduction


Additive manufacturing (AM) is a novel manufacturing method that utilizes the layerwise deposition of material to produce parts from manifold materials, e.g., metals [1]. Two prominent AM processes with respect to the fabrication of metals are powder bed fusion (PBF) and directed energy deposition (DED) [2], of which the latter is also known as laser-engineered net-shaping (LENS) [1]. In comparison to PBF, where a heat source such as a laser or electron beam is used to achieve a localized melting of a powder bed, DED is characterized by the direct feed of powder- or wire-based material to the process zone, where it is melted by a focussed heat source, e.g., by a laser beam [1,2].



The aforementioned layerwise deposition of material enables unprecedented geometrical freedom and complexity during both, construction and fabrication [1]. Furthermore, the control of process parameters in PBF processes allows for tailored microstructures within a single component and, thus, adapting the mechanical properties to a specific application eventually opening pathways towards funcitonally-graded AM components [3,4,5,6]. In addition, DED allows for the use of multiple materials to be fed into the process zone subsquently and simultaneously, such that multi-material additive manufacturing (MMAM) is enabled [7,8]. The continuous transition from one material to another facilitates resource efficient use of material in line with the specific application, and it also reduces the susceptibility to crack formation [9]. Moreover, DED can be used to tailor the components porosity, for example to increase the bond between an implant and its host tissue [10].



Thus, DED is very promising for the fabrication of multi-material, load-bearing implants with tailored chemical and structural properties [10,11,12]. In light of the envisaged application, alloys with excellent biocompatibility and in-vivo characteristics, such as Ti−6Al−4V or CoCrMo, were in focus of recent research [10,11,12]. In particular, CoCrMo-based alloys are characterized by superior properties as metal-on-metal hip-implants when compared to conventional implants [13]. The feasibility to manufacture implants of CoCrMo-based ASTM F75 alloy with patient-adapted geometry has further attracted the attention of research in PBF-based AM-processes, such as laser-based powder-bed-fusion (PBF-LB) [14,15,16,17,18,19,20,21,22,23] and electron-beam-based powder bed-fusion (PBF-EB) [24,25,26]. Until now, the immanent boundary conditions of PBF-processes only allow for a somewhat limited in situ change of chemical composition or local reinforcement, which is still the subject of recent research [27,28,29].



With the increasing worldwide demand for cobalt, which is expected to quadruple from 2017 to 2023 due to its use in lithium batteries [30], a resource-efficient application of cobalt-based CoCrMo alloy is necessary. Therefore, the use of laser-based DED to fabricate compositionally graded, multi-material combinations of CoCrMo is investigated in the present study. In order to enable and maintain fields of application within the biomedical sector, AISI 316L stainless steel is chosen as secondary material, which—to the best of the author’s knowledge—has not been published as compositionally-graded material in combination with a biomedical-grade CoCrMo alloy before. In order to evaluate the influence of the material transition on the microstructural evolution, crack formation, and mechanical properties, two different transition conditions are investigated: a sharp transition from AISI 316L to CoCrMo and a smooth transition with a 50 wt.% 316L and 50 wt.% CoCrMo zone layer between the two materials.




2. Materials and Methods


2.1. Powder Materials and Process Setup


As powder materials, CoCrMo (Printdur CoCrF75, Deutsche Edelstahlwerke Specialty Steel GmbH & Co. KG, Krefeld) and AISI 316L (Printdur 4404, Deutsche Edelstahlwerke Specialty Steel GmbH & Co. KG, Krefeld) with a nominal powder size distribution of 50–150 μm were used. The measured particle size distribution is shown in Figure 1, while the chemical composition is depicted in Table 1. As substrate material, plates of AISI 304 stainless steel with dimensions of 50 × 50 × 10   m  m 3    were used.



The powder was fed to the processing optics using a two-disc powder feeder (GTV PF2/2, GTV Verschleißschutz GmbH, Luckenbach, Germany) using Argon carrier-gas (grade 4.6, purity ≥ 99.996 %) with a flow rate of 10 L·min−1. A three-jet, coaxial powder nozzle (Fraunhofer ILT, Aachen, Germany) with a standoff distance of 12   m m   was mounted to the processing optics (Reis Lasertec MWO44, KUKA Industries GmbH & Co. KG, Aachen, Germany) for AM. The feed motion was realized through a six-axis robot (Reis RV30-26, KUKA Industries GmbH & Co. KG, Obernburg, Germany). As beam source, a 2  k  W  fiber laser (IPG YLS-2000-S2, IPG Laser GmbH, Burbach, Germany) with a wavelength of 1070  n  m  and a top-hat intensity profile was used, whose beam was guided to the processing optics using a fiber with a diameter of 400 μm. The utilization of a lens with a focal length of 300  m  m  yielded an approximate beam diameter of   1.2    m  m  on the workpiece. To prevent oxidation of the structures during manufacturing, Argon shielding gas (grade 4.6, purity ≥ 99.996 %) with a flow rate of 10 L·min−1 was fed through the coaxial outlet of the powder nozzle.



Thin-wall structures with dimensions of approximately 40 × 40 × 2   m  m 3    were fabricated using a traverse speed of 600 mm·min−1 and a bi-directional scanning strategy (Figure 2a,b). As the DED-LB system in the present investigation did not allow for the implementation of an adapted powder feed algorithm to prevent inhomogeneous material deposition, e.g., as reported by Calleja et al. [32], run-in and run-out lengths for a constant traverse motion were introduced (see detail in Figure 2a). To compare different transition conditions from AISI 316L to CoCrMo, smooth and sharp transitions were manufactured and analyzed. Based on the process-intrinsic capabilities of laser-based DED enabling in situ alloying, a transition zone consisting of 50 wt.% AISI 316L and 50 wt.% CoCrMo with an approximate height of 10  m  m  was added to the previously built AISI 316L layers for a smooth transition, while the sharp transition meant that CoCrMo was directly fabricated on top of the previous AISI 316L layers (Figure 2c,d). The powder feed rates applied during the process were 10 g·min−1 and 12 g·min−1 for AISI 316L and CoCrMo, respectively. The used powder feed rates were fixed based on preliminary investigations with respect to the clad geometry. Feed rates for the transition zone were adapted accordingly. Within the AISI 316L fabrication zone, a laser power of 900  W  was employed, while it was reduced to 800  W  for the zone of CoCrMo. The nozzle-standoff-distance was kept at a constant value of 12  m  m , while the focal offset of the laser beam was set to 0  m  m , which resulted in an overlap of powder and laser focus.




2.2. Microstructural Characterization and Mechanical Testing


After the build-up process, the generated structures were removed from the baseplate using a wet-cutting machine. To allow for characterization of the microstructure within the samples, polished and etched cross-sections were characterized using optical microscopy (OM; DM2600, Leica Microsystems GmbH, Wetzlar, Germany) and scanning electron microscopy (SEM; Zeiss REM Ultra Plus, Carl Zeiss Microscopy, Oberkochen, Germany). In order to analyze grain orientation, electron-backscatter diffraction (EBSD, Bruker   e −  -flash) was employed. For EBSD measurements, the SEM was operated with an acceleration voltage of 20  k  V . The chemical gradient within the samples was investigated using optical emission spectroscopy (OES; OBLF QSG/QSN750, OBLF Spektrometrie, Witten, Germany) and energy-dispersive X-ray spectroscopy (EDS; Zeiss EVO50, Carl Zeiss Microscopy, Oberkochen, Germany). For EDS-measurements, the SEM was operated at an acceleration voltage of 15  k  V . In order to obtain a sufficient spatial resolution during OES, five equidistant measurement points were set along the build direction of the samples.



Prior to the microstructural characterization, samples were ground using SiC-paper and polished to 0.1 μm surface finish using colloidal SiO2. The 316L-based regions were etched using V2A-etchant (47.15 % HCl, 47.15 % H2O, 4.7 % HNO3, and 1 % pickling inhibitor) for a duration of 30  s  at room temperature, while the CoCrMo-based part was electrolytically etched with 60% perchloric acid (HClO4) for 6  s  at a voltage of 4  V . For EBSD-measurements, the samples were polished with diamond suspension of grit size 0.05 μm to achieve an optimal surface finish. Vickers hardness tests in accordance with standard HV0.1 (load   0 . 9807    N ) were conducted using an automated hardness-testing machine (KB30, KB Prüftechnik GmbH, Hochdorf-Assenheim, Germany).



Subsequently, tensile specimens, whose geometry and location within the structures are depicted in Figure 3a,b, were extracted from the samples using electrical discharge machining (EDM) parallel to the build direction (BD). Before EDM, the surface of the structures was milled to achieve an improved surface finish and realize an overall thickness within the tensile testing specimens of   1.2    m  m . Tensile tests were conducted using a tensile-testing machine (Z100, ZwickRoell AG, Ulm, Germany) in accordance to DIN EN ISO 6892-1 [33] with a strain rate of   0.0067   s−1 and a contactless extensometer.




2.3. Software and Simulation


To allow for characterization of stable phases within the compositionally-graded zones of the AM samples and a comparison with results obtained by microscopy, a computer-aided simulation approach was employed. For this purpose, the commercially available software ThermoCalc (version 2021a, v2021.1.79906-475) with the SSOL7 material database was used to perform equilibrium calculations. As boundary condition, the chemical composition of the transition zones, which was experimentally determined using OES, was used. Additional boundary conditions with respect to ambient temperature and pressure were set to   293 . 15    K  and 1 bar, respectively.





3. Results and Discussion


In order to characterize the microstructural evolution of the two materials upon fabrication by DED-LB, etched cross-sections, which are depicted in Figure 4, were examined. As can be deduced from Figure 4a, the meltpool boundaries of fabricated layers in AISI 316L are visible in the etched micrograph. Moreover, no defects such as pores, cracks or zones with lack-of-fusion can be identified. The microstructure of AISI 316L is characterized by columnar grains, which are elongated in build direction. Furthermore, subgrain structures with different orientations can be distinguished as well. It should be noticed that the columnar grain growth of DED-316L is not suppressed by the meltpool boundaries. Rather, grains grow over the meltpool boundaries as a result of repeated remelting, and, thus, grain lengths being a multiple of grain widths can be observed. Similar results are obtained for DED-CoCrMo alloy, demonstrating large, columnar grains in BD as well (Figure 4b). The sample is also free of internal defects, eventually demonstrating that a robust fabrication of both materials is feasible.



The EBSD-analysis, which is shown in Figure 5, reveals the evolution of a pronounced <001>-texture in AISI 316L. In contrast, the DED-processed CoCrMo regions are characterized by only a weak texture. While the grains in the interior of the thin-wall-structures seem to solidify in <101> orientation, the grains at the outer edges of the structures are characterized by a <001> orientation. The evolution of a <001>-texture in face-centered-cubic (fcc) materials, such as AISI 316L, can be explained by epitaxial grain growth and has been documented for PBF-LB for example by Thijs et al. [3] as well as Niendorf et al. [4]. While Thijs et al. [3] found that large temperature gradients and comparatively small melt pool dimensions lead to fine grained microstructures, the results shown are rather in good agreement with the findings of Niendorf et al. [4], who proposed that the direction of heat flow determined the texture evolution in PBF-LB processes. By comparing those results to the DED-LB process in the present study, it is evident that the heat flow originating from the process can only dissipate through the thin-wall structure and its substrate, as the surrounding atmosphere acts as an insulator. Therefore, it can be concluded that in DED-LB of thin-wall structures, the texture evolution of the fcc-materials is clearly dependent on heat flow through the structure. Furthermore, the temperature gradient G and crystal growth rate R, which were presented as main influencing factors on weld microstructure by David and Vitek [35], have to be taken into account. The phase mappings of the two materials demonstrate a dominant fcc solidification, which was also found for other additively manufactured AISI 316L [4] and CoCrMo [20] specimens in the as-built condition. Obviously, the fcc → hcp transformation during cooling of the cobalt-based alloy [36] is suppressed and, thus, a nearly complete fcc matrix is obtained.



Since etching of the transition regions did not lead to satisfactory results due to the different chemical compositions involved, advanced measurement techniques were necessary to enable an in-depth characterization. First, OES measurements in the transition regions were conducted. As is depicted in Table 2a, the chemical composition of the transition regions varies significantly. While within the gradient sample, Co and Fe can be found in almost equal distribution, the sharp transition is characterized by a composition of   51.3     wt . %   Co and only   13.4     wt . %   Fe. The latter may be attributed to the positioning-accuracy of the OES system, eventually indicating a measurement closer to the regions of CoCrMo. However, the results shown indicate an almost equal distribution between Co and Fe and, thus, undergird the successful in situ chemical gradation of the samples to the desired composition by DED-LB.



Obviously, the compositional gradation of the two materials involved leads to new alloy systems, whose properties may not be fully described in the literature. Thus, the authors decided to include results obtained by a combined simulation approach to predict a possible equilibrium phase composition based on the chemical compositions identified by OES. The results, which are depicted in Table 2b, demonstrate the formation of body-centered-cubic (bcc) phases in both sharp and smooth transition regions. Additionally, the equilibrium phase of the sharp transition is characterized by some hexagonal-closest-packed (hcp) phase, which may be explained by the higher Co-content identified in the OES analysis and its inherent fcc→hcp phase transformation [20]. In addition, carbide precipitates of the M23C6 type and M6C type can be identified through computational analysis in sharp and smooth transition zones, respectively. Furthermore, the computational phase analysis of both transition regions shows the formation of Cr-, Mo- and Si-based intermetallics of different stoichiometry. Here it is important to note that these computational phase calculations are based on equilibrium assumptions, which may not be valid in DED-LB due to its inherent solidification and cooling characteristics. Thus, the findings of the thermodynamic simulation have to be carefully compared to those obtained by SEM imaging and EDS measuring techniques.



The SEM-images of the two transition regions and corresponding EDS-measurement points are depicted in Figure 6a,b. Within each transition region, four EDS-spectra were measured, whose results are depicted in Figure 6c. From the results of the SEM images, it is evident that the microstructural features within the sharp and smooth transition zones show some similarities. In both transition zones, areas being characterized by material segregation are visible in the SEM images. These segregations can also be verified by EDS measurements (A1 → A2 and B1 → B3 in Figure 6). In light of the fact that these segregations can be observed in both sharp and smooth transition zones, they do not seem to be caused by the compositional adjustment within these zones but rather the melt pool dynamics and solidification characteristics of the DED-process. In addition to these solid-solution phases, precipitates can be identified within both transition regions. The most prominent precipitate feature of the two transition zones is a needle-shaped precipitate being rich in molybdenum and chromium when compared to the surrounding crystal (A3 and B4 in Figure 6). Within the smooth transition region, similar precipitates can also be found below the needle-shaped precipitate in a rather rectangular shape. Deduced from the shape and chemical composition of the precipitates, it can be assumed that these are mixed carbides, presumably of type M6C or M23C6—both of which were also identified in the thermodynamic simulation. Furthermore, within both transition regions, round precipitates of different diameters can be seen. Taking the chemical composition of the latter into consideration (A4 in Figure 6), it can be perceived that these precipitates consist of oxygen, silicon, manganese, chromium, and aluminum. While the formation of some Si-containing intermetallics or precipitates can be expected based on the equilibrium calculations, none of these match the chemical composition of those identified within the transition region. However, this observation can be seen to be in good agreement with the findings of Tonelli et al. [23], who identified Si-rich particles of similar shape and composition in a CoCrMo alloy processed by PBF-LB. Therefore, the experimental findings obtained in both transition zones support some of the predictions and findings of the equilibrium calculations. However, it appears to be obvious that none of the bcc or hcp phases could be detected, as it is likely that the rapid solidification and cooling kinetics of the DED-LB process suppressed such transformations.



In addition to the aforementioned differences in chemical composition, it was investigated if these variations had an influence on grain growth and grain orientation within the transition regions. An EBSD analysis of both transition regions was carried out, whose results are depicted in Figure 7. As can be derived from the sharp transition region in Figure 7a, the growth of columnar grains from AISI 316L across the boundary layer is somewhat limited, yet not fully suppressed. Interestingly, the grains that grow across the boundary mostly feature a <001>-orientation, which likely originates from the 316L material and its inherent solidification characteristics. In contrast, the in situ change in chemical composition within the smooth transition region (Figure 7c) demonstrates a strong influence on grain growth and grain orientation (notice the different scale bar). As can be deduced from EBSD analysis, the growth of grains from AISI 316L is suppressed. Rather, the change in chemical composition acts as nucleation point for the growth of large, <101>-oriented grains, which then continue their growth in build direction towards the regions of full-CoCrMo. The findings presented indicate that, in a sharp transition region, some of the <001> grain orientations of the parent material are adopted by the deposited material on top as a result of epitaxial grain growth during solidification. However, some grains within the transition region grow with a <101> orientation based on nuclei being present in the transition region. A region of compositional gradation, on the other hand, acts as nucleus for the growth of grains with distinctively different orientations, in this case <101>. Therefore, it can be derived that the in situ alloying may not only affect the chemical composition, but also grain growth and grain orientation. As both transition regions solidify in an fcc-lattice (Figure 7b,d), it is unknown why the grain orientation within Co-containing regions changes immediately. Obviously, further research using advanced diffraction methods is required to clarify these characteristics.



Based on the differences in chemical composition, segregation zones and phase formation of the two transition regions, it was assessed if these differences had an influence on the mechanical properties. Hardness measurements were carried out and correlated with the results of OES-analysis along the build direction of the structures. Moreover, tensile tests in build direction were used to investigate whether the characteristic phase formation of the transition zones promotes a brittle and premature failure.



As can be derived from Figure 8a, the OES analysis and hardness mapping in BD confirm the successful establishment of a sharp transition. As expected, Iron, Chromium, and Nickel are the dominant elements found in the region of AISI 316L close to the substrate surface. This corresponds very well to a hardness of around 200  HV . However, the hardness changes rapidly in the sharp transition zone. In the transition zone, the Iron and Nickel contents are reduced rapidly, while, on the other hand, the content of Cobalt is increased drastically to over 50   wt . %  . As the powder feed of AISI 316L had been stopped at this point, the residual fractions of iron and nickel can be attributed to the remelting of previous AISI 316L layers while depositing CoCrMo. Within this region, the hardness of the structures is increased from around 200  HV  to more than 450  HV  due to the chemical gradient. The region of CoCrMo, which is characterized by comparatively high contents of cobalt, chromium and molybdenum, shows a hardness of approximately 500  HV . The results of the smooth transition zone, which are depicted in Figure 8b, reveal a slightly different behavior. While the chemical compositions measured by OES in the full-AISI 316L and full-CoCrMo are in good agreement with the results of the sharp transition specimen, the transition region is characterized by a smooth change in composition. At a sample height of   17 . 5    m  m , an equal distribution between iron and cobalt, the two main elements of their respective alloys, is seen. Furthermore, the chemical composition with respect to chromium, molybdenum, and nickel corresponds very well to the desired composition of 50   wt . %   AISI 316L and 50   wt . %   CoCrMo. Moreover, the hardness mapping verifies the successful creation of not only a chemical, but also a mechanical gradient within the samples as the hardness in this region can be tailored to around 300  HV .



The results of tensile tests parallel to the build direction, which are presented in Figure 9, demonstrate a similar behavior for both, sharp and smooth transition specimens. The ultimate failure of the specimens is exclusively found within the regions of AISI 316L. Obviously, this can be attributed to the ultimate tensile strength (UTS) of AM-AISI 316L being lower than the UTS of AM-CoCrMo alloy [4,16]. Thus, plastic deformation is first initiated in this region and eventually leads to failure. Therefore, the experimentally determined properties are in good agreement with the mechanical properties of pure-AISI 316L fabricated by DED-LB, which were recently published by Alvarez et al. [37].



The results of the tensile tests provide for a proof that none of the segregation zones within sharp and smooth transition zones lead to embrittlement and premature failure of the system. Thus, it can be concluded that the two alloy systems exhibit excellent chemical compatibility. Therefore, pathways towards further research in the field are opened.




4. Conclusions


In the present study, compositionally-graded structures of AISI 316L austenitic stainless steel and CoCrMo alloy were fabricated by powder-based DED-LB. In order to investigate the metallurgical compatibility, a sharp and smooth transition were created by in situ alloying. The findings demonstrate that powder-based DED-LB can be used to control and tailor the chemical composition of the manufactured parts with excellent precision, as the chemical composition of the gradient transition replicates the desired blend of 50   wt . %   AISI 316L and 50   wt . %   CoCrMo. Moreover, the results of the chemical analysis for both, sharp and smooth transition, can be directly correlated with the hardness of the specimen; i.e., not only a chemical, but also a functional-mechanical gradation is achieved. In addition, tensile tests and SEM/EDS analysis verify that the two alloys exhibit excellent metallurgical compatibility. Eventually, they are not prone to embrittlement and premature failure. With respect to grain growth and grain orientation, elongated grains in build direction were identified for both transition conditions and regions. While the Fe-based regions are characterized by a strong <001> texture that is carried over the sharp transition, the smooth transition region acts as a nucleus for the growth of grains with pronounced <101>-orientation, which can also be found within the regions of the CoCrMo alloy. Moreover, some grains originating from the sharp transition region also feature a <101>-orientation despite a full fcc-lattice. Further research in the field is required in order to clarify the characteristics of phase and texture evolution. Also, further investigations in the field will have to detail the corrosive properties of both transition regions as well as their in-vitro characteristics in order to open pathways towards an application in the biomedical sector. Heat treatments need to be carried out and characterized with regard to grain growth, texture, and inherent mechanical properties.
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Abbreviations


The following abbreviations are used in this manuscript:





	   σ  0.2    
	yield strength



	AM
	additive manufacturing



	AISI
	American Iron and Steel Institute



	ASTM
	American Society for Testing and Materials



	bcc
	body-centered-cubic



	BD
	build direction



	C
	carbon



	Co
	cobalt



	Cr
	chromium



	DED
	directed energy deposition



	DED-LB
	laser-beam directed energy deposition



	E
	Young’s modulus



	EAB
	elongation at break



	EDM
	electric discharge machining



	EDS
	energy-dispersive X-ray spectroscopy



	fcc
	face-centered-cubic



	Fe
	iron



	H2O
	water



	hcp
	hexagonal-closest-packed



	HCl
	hydrochloric acid



	HClO4
	perchloric acid



	HNO3
	nitric acid



	IQ
	image quality



	IPFM
	inverse pole figure mapping



	IPF
	inverse pole figure



	LENS
	laser-engineered net-shaping



	LD
	longitudinal direction



	Mn
	manganese



	Mo
	molybdenum



	MMAM
	multi-material additive manufacturing



	Ni
	nickel



	OM
	optical microscopy



	OES
	optical emission spectroscopy



	P
	phosphorus



	PM
	phase mapping



	PBF
	powder bed fusion



	PBF-EB
	electron-beam powder bed fusion



	PBF-LB
	laser-beam powder bed fusion



	S
	sulfur



	Si
	silicon



	SEM
	scanning electron microscopy



	TD
	transversal direction



	Ti
	titanium



	UTS
	ultimate tensile strength



	V
	vanadium
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Figure 1. Particle size distribution of (a) AISI 316L and (b) CoCrMo powder material used in the experiments. (a) adopted from [31]. 
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Figure 2. Schematic introducing the bi-directional scanning strategy and the different structures manufactured by laser-based DED, where arrows indicate the feed motion. (a) side view, (b) front view, (c) sharp transition, (d) smooth transition. 
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Figure 3. (a) Specimen geometry used for tensile testing, adopted from [34]. Dimensions in millimeter; (b) location of tensile testing specimens within the structures manufactured by laser-based DED. Depicted is as-milled surface condition. 
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Figure 4. Etched micrographs detailing (a) AISI 316L and (b) CoCrMo microstructure in as-built condition, obtained by laser-based DED. BD is vertical. 
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Figure 5. Inverse pole figure mappings (IPFM), phase mappings (PM), and inverse pole figures (IPF) of (a–c) pure AISI 316L and (d–f) pure CoCrMo zones. Grain orientations are plotted with respect to BD. 
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Figure 6. SEM-images of (a) sharp; (b) smooth transition zones of AISI 316L and CoCrMo, with markers indicating locations of EDS-spectra measurements; (c) chemical composition based on obtained EDS-spectra, in wt.%. 
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Figure 7. Inverse pole figure mappings (IPFM), phase mappings (PM) and inverse pole figures (IPF) of (a–c) sharp and (d–f) smooth transition regions. Grain orientations plotted with respect to BD. 
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Figure 8. Correlation between chemical composition, analyzed by OES, and hardness distribution across the cross-section of AISI 316L/CoCrMo multi-material structures. (a) sharp transition, (b) smooth transition. 
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Figure 9. Results of tensile tests for specimens with (a) sharp and (b) smooth transition of AISI 316L and CoCrMo as well as (c) summary of mechanical properties, averaging three measurements for each transition. 
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Table 1. Chemical composition of the powder materials used in the investigation. In wt.%. AISI 316L also used in [31].
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	Alloy
	C
	Si
	Mn
	P
	S
	Cr
	Mo
	Ni
	Fe
	Co





	AISI 316L
	0.03
	0.7
	0.5
	0.015
	0.011
	16.5
	2.1
	13.0
	bal.
	-



	CoCrMo
	0.05
	0.9
	0.9
	-
	-
	27.2
	8.2
	-
	0.3
	bal.
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Table 2. (a) Chemical composition of the transition zones of MMAM samples of AISI 316L and CoCrMo determined by OES, in wt.%. (b) Computational phase composition based on equilibrium calculations in ThermoCalc.
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