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Abstract

:

Functionally graded materials (FGMs) have a characteristic whereby the composition and structure are gradually changed according to the location, and the mechanical properties or chemical properties are gradually changed accordingly. In this study, using a multi-hopper direct energy deposition 3D printer, an FGM material whose composition changes gradually from P21 ferritic steel to stainless steel 316L austenitic steel was fabricated. From optical microscope, scanning electron microscope, and X-ray diffraction analysis, columnar, cell, and point type solidified micro-structure and precipitations were observed depending on the deposited compositions. Electron probe microanalysis and electron backscatter diffraction analysis confirmed the component segregation, ferrite austenite volume fraction and phase distribution behavior according to compositions. In the FGM specimen test, the ultimate tensile strength of STS316L, which was the most fragile, was measured, and the toughness was measured for the notch area, which did not represent the FGM characteristics. Hardness showed changes according to FGM position and was suitable for FGM analysis. The maximum hardness was measured in the FGM duplex area, which was caused by grain refinement, precipitate strengthening, and solid solution strengthening. In nuclear power plant welds high strength can cause adverse effects on stress corrosion cracking, and caution is needed in applying FGM.
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1. Introduction


Functionally graded material (FGM) is characterized as a material whose material composition or structure gradually changes depending on location [1,2]. FGMs have the characteristics of gradually changing mechanical properties (strength, hardness, toughness, etc.), chemical properties (corrosion resistance, oxidation resistance), thermal properties (coefficient of thermal expansion, thermal conductivity) and wear characteristics depending on the composition and structure according to location.



FGM can provide suitable solutions when various characteristics are required simultaneously, or extreme characteristics are required in high-tech industries such as aerospace, nuclear power, national defense, energy, medical, electronics, automobile, chemical, cutting, etc. [3]. In addition, FGM facilitates commercialization by enabling the optimal combination of properties at an affordable price [4].



FGM was introduced in 1972 and the concept of metal FGM appeared in 1984. By 2021, 16 FGM international conferences were held, and the number of publications reached the level of 1500 per year [2].



FGM has been studied for metal, ceramic, metal–ceramic, ceramic–polymer, etc. depending on the material [5]. Depending on the manufacturing method, the number of studies were in the order of centrifugal force, powder metallurgy, additive manufacturing (AM), vapor deposition, infiltration, thermal spray, tape and slip casting, and electrodeposition [2,5,6].



With the recent development of a direct energy deposition (DED) 3D printer for alloy development equipped with a multi-hopper, AM FGM production using the device has become possible [3,7,8]. DED 3D printer AM produces 3D shapes by spraying metal powder on the base and dissolving it using laser [3,9,10,11]. AM FGM method is a method in which multiple hoppers are installed, and powders of different compositions are instantaneously sprayed and melted by controlling the amount of powder supplied between hoppers, and then laminated blocks can be manufactured. With DED 3D printer, small-scale alloys and alloy blocks with different compositions for each location can be produced, and FGM, high entropy alloy, metal matrix composite, and bimetallic studies using this technology are being conducted.



Metal AM FGM studies focus on nickel base alloy, titanium alloy, stainless steel, mold steel, tungsten carbide, and titanium carbide materials [2]. The mentioned materials are applied to gas turbines, jet engines, bio, automobiles, molds, etc. These are state-of-the-art products, and the commercialization of AM parts is actively underway in an industrial field where the profit from property improvement due to the application of AM technology exceeds the price increase of parts. Accordingly, AM powders for manufacturing parts are easy to secure and the price is reasonable. The material AM characteristics have been sufficiently studied, and basic information such as lamination process, microstructure, and characteristics for FGM research and development are convenient to obtain.



The AM FGM research in the fields of high stress, high corrosion, high radiation, and large temperature gradient such as nuclear power and aerospace was mainly conducted on nickel-based alloys [1,4,12,13,14,15], 300 series stainless steels, and Ti64 alloys [6,16,17].



The primary system of a nuclear pressurized water reactor is in a high-temperature, high-pressure, water, high-base, and high-radiation environment. Weldment of various materials such as nickel-based alloy, ferritic low-alloy steel, austenitic stainless steel, and Zircaloy are used in nuclear reactors. In particular, there are many welds between ferritic steel and austenitic stainless steel. Ferritic steels have high strength, resistance to radiation and low coefficient of thermal expansion [18]. Austenitic stainless steels have high corrosion resistance and toughness but contain a large amount of nickel and cobalt with radio-active activation coefficient. Therefore, in order to secure strength, corrosion resistance, abrasion resistance, and radiation resistance simultaneously, ferritic steel and stainless steel joint parts are used by welding or cladding [19].



In ferritic steel and stainless steel welds, residual stress occurs due to differences in compositions, strength, and thermal expansion coefficient. During operation of a nuclear power plant, the combined action of residual stress and corrosive water environment causes radioactive coolant leakage due to stress corrosion cracking (SCC), which is an important problem in nuclear power plants [7,19]. Because there is no fundamental solution to the problem, we replace parts when we find SCC through periodic inspection. In order to solve the SCC, studies such as crack generation due to differences in thermal and physical properties of ferritic steel and austenitic steel joints [3,20] and crack generation due to chemical composition differences were conducted [21,22].



A solution to solve SCC can be found by reducing the difference in physical and chemical properties by manufacturing FGM, whose composition continuously changes at the junction of ferritic steel and austenitic stainless steel using DED 3D printer. FGM research between ferritic steel and stainless steel provides studies between materials with different microstructure phases. Therefore, there is a high possibility that unexpected complex microstructure, precipitation phase, dissolution structure and behavior may occur. Previous studies on FGM of ferritic steel and austenitic steel have measured hardness and microstructure change by fabricating FGM with significant component changes to 25% or 50% [9,19,23]. Due to the compositional change being discontinuous, the studied materials were difficult to define as FGM and the microstructure analysis was not detailed.



In this study, a single material block of P21 and STS316L and an FGM block in which the component changes by 1% for every 0.3 mm were manufactured using a multi-hopper DED 3D printer. The compositions, microstructure, precipitation, hardness and tensile strength of each part of the FGM were analyzed, and stable phases were predicted for each location of the FGM using a thermodynamic tool. Through this study, the FGM characteristics between ferritic steel and austenitic steel are analyzed to discuss the possibility of SCC suppression using FGM in dissimilar metal welding. In addition, we confirm the applicability of microstructure analysis, mechanical property evaluation, and thermodynamic stability prediction of new materials generated by FGM and suggest material development methods using FGM and microanalysis.




2. Materials and Methods


The powders used for lamination of the DED 3D printer are P21 (MIDAS) and STS316L (MIDAS), and the shape is spherical with a size of 50 to 150 micrometers (Figure 1). The chemical compositions of each powder are summarized in Table 1.



The microstructure observation cuboid blocks were made of P21, STS316L and FGM (P21-STS316L). The sizes of blocks were 27, 27, 32 mm, respectively, and the stacking direction is described in the Figure 2b schematic diagram. Single composition blocks were laminated in a high-purity argon atmosphere using a multi-hopper DED 3D printer (InssTek, MX-Lab). The blocks were laminated with 90 layers to a thickness of 0.3 mm. The FGM block was laminated with a thickness of 0.3 mm and 100 layers while changing the P21 and STS316L by 1% each. The 3D printing parameters are summarized in Table 2.



Blocks for tensile and impact tests were made of P21, STS316L, and FGM in 100 × 10 × 1 and 55 × 10 × 2.5 sizes, respectively, and plate tensile specimens (ASTM E8, Figure 3a) and 1/4 inch sub-size (ASTM E23, Figure 3b) impact specimens were manufactured.



Specimens for microstructure analysis were fabricated by wire cutting and hot mounting of laminated material, and Macro, optical microscope (OM), scanning electron microscope (SEM), energy-dispersive X-ray spectroscopy (EDS), electron probe X-ray micro analyzer (EPMA), X-ray diffraction (XRD) and electron backscatter diffraction (EBSD) analysis were performed. Macrostructures were measured with a DSLR digital camera (Nikon D80, Tokyo, Japan) for the blocks in the etching state of 5% Nital (P21) and Glyceregia (STS316L, FGM) after one micro polishing. Inclusions were measured at 200 magnification using OM (Leica DM 27000M, Wetzlar, Germany) in the micro polishing condition. OM (Leica DM 27000M, Wetzlar, Germany), SEM (Hitachi, S-4800, Tokyo, Japan), EDS (HORIBA, EMAX, Kyoto, Japan) analysis were performed. XRD (PANAlytical, X’Pert PRO MPD, Malvern, UK) measured the entire area of the P21, STS316L, and FGM blocks under the conditions of target Ceramic Cu, measuring angle 45 to 75°, 20 mA, and 45 kV and precipitation phase analysis was performed with HighScore Plus software. For EBSD analysis specimens, after polishing the FGM block by one micrometer, colloidal silica polishing was performed to remove surface residual stress with an automatic polisher (Presi, Mecatech, Eybens, France). EBSD (JEOL 7200F, Tyoko, Japan, Oxford, NanoAnalysis, Abingdon, UK) was measured with 20 kV of accelerating voltage, 70 μm step size. Band contrast, inverse pole figure (IPF), phase fraction and distribution analysis were performed using TSL orientation imaging microscopy software. EPMA (JEOL JXA8530F (5CH), Tyoko, Japan) component analysis was performed on micro-polished blocks.



Vickers hardness, tensile and instrumented impact tests were performed for physical property analysis. Vickers hardness (HMV-3T) was measured using microstructure analysis specimens. The measuring distance was 1 mm, the load was 9.8 N, and the holding time was 10 s. For the tensile test, P21, STS316L, and FGM plate tensile specimens were evaluated using the MTS model 45. For the impact tests, instrumented impact tests were performed using Zwick/Roell PSW750.




3. Results and Discussion


3.1. Macrostructure and Microstructure


Figure 4a shows the wire cutting surface of the DED laminate. Wire cutting was performed perpendicular to the direction of DED stacking. In all blocks, the wire cut surfaces exhibited red rust of the electrochemically oxidized surface due to the Electrical Discharge Machine (EDM). In the STS316L block (Figure 4a), a color difference was observed due to the difference in oxidation properties owing to material change at the interface between the substrate carbon steel and STS316L. Figure 4b shows the etched block surfaces after mirror polishing. Laser welding pass layers were clearly observed. Large-scale welding defects such as lack of fusion, porosity, cracks, and undissolved [24] were not observed in the macrostructure analysis.



Figure 5 shows micro defects in the polished blocks. Inclusions were observed, several micrometers in size, in all blocks. In STS316L, inclusions with a size of ten micrometers or more were observed, and the appearance frequency was the highest among the materials. During printing, surface oxides in the atomizing powder might be absorbed into the block during lamination and remain [25]. Inclusions were fine, individually dispersed, and were generally less likely to be considered harmful inclusions several millimeters in length [26]. Therefore, the DED stacked blocks structure was judged to be sound. P21 and STS316L were Fe-based materials with Fe content of 70% or more, and the powder shapes were similar to a 50–100 μm diameter sphere. Accordingly, the powder density, fluidity, laser absorption rate, dissolution and vaporization properties affecting the weld properties were similar in the three material blocks, and the blocks integrity was also ensured well [27].



Figure 6 shows the content distribution measured through EDS of main components Fe, Cr, Ni, Mo, Mn, Al at 11 points at 1.5 mm intervals in the FGM block. The components changed almost linearly and continuously from P21 to STS316L and showed a distribution almost similar to the planned component distribution, so the block was well manufactured. A slight deviation of some components from the linear interpolation values of the two materials might be caused by volatilization and segregation during the melting and solidification process, or an injection amount error due to minute differences in properties between the two materials. The materials in this study were structural material, and the measured component differences were less than the allowable error range, so that would not cause considerable property differences. In the case of FEM lamination of materials that require sensitive properties, precise micro-composition control is necessary.



The shape of the DED laser welding beads according to the welding pass were observed in the OM image (Figure 7). Welding proceeded forward, backward, left and right on the laminated surface, and the welding paths were observed in sectoral shapes (vertical to the image) and band shapes (up and down horizontal to the image). In P21, white microstructures were observed along the surface of the weld bead, which were confirmed to be ferrite in the large magnification image (Figure 8). In continuous welding, austenizing due to reheating by the next pass welding on the weld bead surface and subsequent slow cooling was expected to form ferrite. In P21, the boundaries between the weld beads were clear and in STS316L that were faint. This was because in STS316L, there was no phase transformation even under reheat treatment by subsequent welding. In FGM, the microstructure was initially similar to P21, showed a specific microstructure in the mixed region, and gradually changed similar to final STS316L.



P21 showed the bainite structure in the 200× image (Figure 8a–c). At the beginning of the P21 block, microstructures with blurred phase boundaries were observed (Figure 8a). During multi-layer welding, the original structure could be degenerate by repeated reheating according to subsequent welding, and the phase boundary became blurred [28]. STS316L showed bimodal distribution grain composed of large grains with a diameter of near 50 micrometers and fine grains at the weld bead boundary. In the lamination area of the STS316L block, the grain size was large and the boundary between the beads was blurred. Particle size coarsening and component homogenization between weld beads occurred due to the heat treatment effect by subsequent welding. In the FGM block, the bainite microstructure observed at P21 was initially observed, and the same austenite structure as that of STS316L was observed at the end. In the middle of the FGM, distinct columnar dendrite structures not observed in other blocks were partially observed. The dendrites were observed in columnar shape and cell shape. Columnar dendrites grew during the solidification of the weld pool, and the dendrite shape was observed to be different from the columnar shape to the cell shape in the microstructure image according to the direction relationship between the cross section of the specimen and the dendrite column. Similar shapes and directions of dendrites were observed in the weld bead in the same direction because dendrite growth proceeded in the bead solidification direction and similar dendrites grew in the weld bead in the same direction. In the P21 and STS316L single material stacked blocks, dendrite was not observed because recrystallization occurred due to reheating during subsequent welding. Dendrite shapes were clearly observed in the FGM block. EBSD analysis confirmed the dendrites and the austenite structures surrounding them. The dual phase structure seems to have prevented homogenization due to subsequent heat treatment.



In the SEM image (Figure 9), as the mixing ratio with STS316L increased in the FGM region, the dendrite boundary became clear and the bainite region gradually decreased (Figure 9a,b). As the STS316L mixing rate further increased, again the dendrite boundaries faded (Figure 9c). At the weld bead interface, a mushy zone with a thickness of several micrometers was observed (Figure 9d). After the mushy zone, a number of fine dendrites were grown; the number gradually decreased, and the thickness increased to grow into columnar dendrites of a constant thickness. Porosity and shrinkage defects were observed at the weld bead boundary (Figure 9d). The inside of the dendrite was delta ferrite, and the strength was low due to component release during solidification. Dendrite external austenite had a high alloy content and could have higher strength than ferrite by solid solution strengthening. The deformation in the shrinkage appeared in the ferrite, and it seems to be due to the strength reversal phenomenon according to the alloy. With subsequent welding, the shrinkage was dissolved, but some remained. Shrinkage defects have a hollow tube shape and act as a crack initiation point during deformation, which can lead to a decrease in toughness.



In FGM, EBSD was measured at P21 volume fractions 100, 75, 50, 25, and 0%, and named as P100, P75, P50, P25, and P0, respectively. In the IPF, the prior austenite grain size was measured to be similar in bainite (P100, Figure 10a) and in austenite (P0, Figure 10e) as 40~50 micrometers. In the FGM dual phase region (P75, P50), structures of dendrite inner ferrite and outer austenite were observed. As columnar dendrites of ferrite structure were formed in the weld pool, the austenite stabilizing elements were discharged in the liquid phase and solidification was completed into the final austenite structure (Figure 10e). The austenite surrounding the dendrite effectively blocks dislocation movement, and the effective grains in the FGM state material cause a refining effect, which can lead to an increase in strength and hardness. Austenite showed a uniform distribution in P21-rich materials (P75, P50). In the STS316L-rich material (P25) ferrite distribution was biased in a prior austenite region.



In EPMA analysis, chromium segregations were observed in P75, P50, and P25 materials (Figure 11). The amount of chromium alloy increased from 0.65 wt% in P21 to 17.01% in STS316L, and segregation occurred between phases and positions in FGM. Chromium segregation distribution was measured similar to the dendrite size on a few micrometers scale. The distribution of chromium biased on the austenite grain size scale at P25 was similar to the non-uniform distribution of ferrite at EBSD P25. Therefore, it was determined that the main element that induced the dual phase shape characteristic in FGM was chromium. Chromium is a ferrite stabilizing element that induces ferrite in materials with a high content. Nickel content was high from 4.03 wt% of P21 to 10.02 wt% of STS316L, but segregation did not appear in all parts of FGM. Nickel was an austenite stabilizing element, and it was gradually mixed with P21 in FGM leading to an increase in the austenite fraction. Segregation of elements such as nickel, molly, and manganese, which were the main alloying elements, was not found and was distributed evenly, and alloy formation during powder mixing and dissolution during laser welding appeared to be correct.




3.2. Precipitations


As a result of the equilibrium diagram thermodynamics software (CALPAD Factsage) analysis, the BCC fraction decreased and the FCC fraction increased as P21 was mixed with STS316L (Figure 12a). As the tempering heat treatment temperature increases, the FCC fraction increases (Figure 12b). The carbide-forming elements were Cr, Mo, and V. In P21, the total amount of the corresponding elements was 0.77 wt%, and in STS316L, it increased to 19.05 wt%. As for carbides, M23C6 was the main element in the region with high P21, but as the STS316L fraction increased, carbides with large alloys such as M3C5 and M7C3 increased. As STS316L increased, the carbon content decreased and the amount of precipitation phase forming elements, e.g., Chromium and Molybdenum, increased (Table 1). The L12 phase occurs from 2% of STS316L and appears to be (Ni, Mn)3AlC kappa carbides formed by combining aluminum and carbon in P21 with nickel and manganese in STS316L [29]. The L12 phase started to occur as the STS316L was mixed and was maintained up to 30% and disappeared. That was because the carbon and aluminum content decreased as the STS316L fraction increased. At 30% or more of STS316L, a section where the precipitated phase disappeared, the matrix structure was changed to FCC and the total amount of carbon decreased as most carbon became solid solution. STS316L over 65%, sigma phase was formed. Sigma phase is an intermetallic compound between Fe and Cr. It has a layered structure and is an element that occurs when the cooling rate is slow at high temperature in high chromium steel [30]. The layered structure is likely to act as a crack initiation point and lowers the impact toughness [31].



The precipitated phase analyzed by XRD was L12 (Figure 13). The frequency of confirmation of precipitation was low during SEM and XRD analysis of the material in this study. The precipitation phase predicted by thermodynamic calculations is an equilibrium phase that occurs when maintained at the temperature for a long time. On the other hand, the materials used in this study were laser welding materials, so solidification was very fast and the high temperature exposure time for forming the precipitated phase was short, so it was judged that there was a limitation in the formation of the precipitated phase. The precipitation phase observed in the material often had the shape of spherical inclusions, had a low frequency of appearance, and was located inside of grain. They appeared to have been incorporated during welding without dissolving after they were created during the production of the base material powder. Since the precipitation phase was hardly generated, the precipitation strengthening effect by heat treatment was judged to be small and the solid solution strengthening effect by the solid solution alloy element was strong.




3.3. Mechanical Properties


The hardness of FGM initially started at a level similar to that of P21, and as it was mixed with STS316L the hardness increased and then decreased and converged to the same hardness as STS316L (Figure 14). The hardness increase was measured up to 30% of STS316L (Figure 14), and this section was similar to the section where the L12 secondary phase was generated on the state diagram (Figure 12a). The increase in hardness in the initial section of FGM seems to be caused by solid solution strengthening, generation of L12 intermetallic compounds, and grain refinement due to dual phase distribution inside and outside the dendrite by mixing stainless steel in the P21 matrix. As the ratio of STS316L increased, the matrix changed to austenite and the carbon solubility of the matrix increased, resulting in a decrease in the amount of carbide causing precipitation hardening. As the amount of carbon in the base was reduced to the extremely low level of STS316L, solid solution strengthening by carbon, an interstitial element with a large solid solution strengthening effect, decreased. As the ferrite austenite dual phase disappeared, the effect of refining the particle size was reduced, and as a result it was interpreted that the hardness was lowered to the level of STS316L. The FGM hardness between P21 and STS316L was not numerically proportional to the ratio of the two materials but strengthening and softening occurred according to the microstructure phenomenon. An increase in hardness in the initial section of FGM increases dissimilar metal weld adhesion, but may accelerate SCC [32]. Therefore, it is not suitable to apply FGM to the situation where SCC occurs in ferritic steel and austenitic steel welds in nuclear power plants. In addition, high hardness increases fatigue due to thermal deformation, so FGM is not suitable for reducing thermal fatigue of dissimilar welds. In the P21, STS316L single material block, the hardness decreased as it went to the surface where the lamination was finished. As the stacked block size increased, the surface moved away from the base, which was the heat sink, and the cooling was delayed. As a result, the heating temperature of the material increased and the holding time became longer, which might have increased the effect of grain coarsening or tempering and decreased the hardness.



Tensile test results for P21, STS316L and FGM materials were compared (Figure 15). The ultimate tensile strength (UTS) of FGM material was 619 MPa, which was similar to that of STS316L at 616 MPa. The elongation of FGM was 20%, which was between 12% of P21 and 60% of STS316L. The strength of the weakest part would be measured in the tensile test of the FGM bulk material, which had different strength for each part in the material. Therefore, the yield strength and UTS seem to be measured by the properties of the unmixed STS316L material, which had the lowest yield strength and UTS among FGMs. As for the elongation, FGM showed intermediate values between P21 and STS316L. STS316L total strain length was reduced as the strain was confined to the STS316 region in FGM. U. Savita et al. confirmed that the tensile curve of the attached material coincided with the stainless steel tensile curve when the elongation was recalculated for only stainless steel in in625 and stainless steel joining materials [14].



The fracture of tensile specimens of P21 material and STS316L material occurred near the center of the gage (Figure 16a,b). In the FGM material, the deformations were all biased to one side and the fracture occurred at the same location, 25% of the gage from the grip (Figure 16c). STS316L compositions were detected by EDS analysis of the fracture surface of the FGM tensile specimen (Figure 17, Table 3). In the FGM tensile specimen, fracture and deformation occurred only in the STS316L area outside of the FGM, so the FGM characteristics could not be identified from the FGM bulk material tensile test. Hardness tends to be proportional to yield strength [33]. Studies to predict tensile properties through instrumented indentation tests have been conducted [34]. In addition, studies on the strength evaluation of micro-specimens through the micro-pillar compression test have been conducted [35]. FGM strength and ductility studies can be conducted through indirect measurement of physical properties and conversion.



The 1/4T Charpy impact specimens were manufactured and instrumented impact tests were performed. P21, FGM, and STS316L showed high impact toughness in the order. In the graph of the instrumented impact test (Figure 18), the large absorbed energy is shown in the specimen with large force and travel distance. STS316L had low force and low total shock absorption energy. FGM had the highest force among the three materials, but had the shortest travel distance and showed a level of impact absorption energy similar to that of P21. In the impact test, the properties of the material of the notch region were measured. Therefore, in the FGM impact test, the characteristics of the P50 component material where the notch was located were measured. In FGM, specimens with changed notch positions can be manufactured and evaluated in order to secure impact characteristics according to the components of each part; however, there are restrictions on specimen production from small FGM blocks.





4. Conclusions


FGM blocks with continuously changing components over 0.3 mm and 100 layers from P21 to STS316L were successfully fabricated by a DED 3D printer, and the microstructure, component distribution and physical properties were evaluated. The stable matrix structure and precipitation phase were predicted by thermodynamic calculation, and the correlation with the microstructure and physical property changes could be confirmed. The important findings of this study are summarized below:




	
P21 and STS316L FGM blocks, whose components were precisely changed linearly depending on the part, could be manufactured with a multi-hopper metal DED 3D printer. P21 and STS316L are iron alloy spherical powders with similar density, fluidity, laser absorption rate, and dissolution properties. Therefore, FGM blocks with a sound microstructure at the level of a single material could be manufactured owing to smooth metal powder spraying, mixing and alloying;



	
In the DED 3D printing block P21 showed ferrite, STS316L showed austenite, and FGM showed ferrite, ferrite austenite duplex, and austenite microstructures, depending on the location. In P21 and STS316L, the dendrite structures disappeared due to the heat during welding; however, in the duplex area of FGM, the dendrites were maintained due to the interfaces between austenite phase in dendrite and ferrite phase inter dendrite. Precipitate phase was not observed in OM and SEM in FGM, and L12 phase was analyzed in XRD. L12 was one of the phases predicted by the Factsage thermodynamic calculations were not observed in the small magnification analysis, because the actual DED printing cooling rate was high and the alloy was supersaturated or the precipitate phases were finely formed;



	
In the FGM of P21 and STS316L, the hardness did not show an interpolation value between the properties of each material depending on the material mixing ratio; however, it increased to a larger value than P21 hardness, the strongest material among the two materials, and then decreased to the value of STS316L hardness. The hardness behavior was related to duplex phase fraction and distribution, precipitation strengthening, solid solution strengthening, and particle size refinement, according to the mixing of two materials with different components in FGM. High weld hardness improves bonding strength but reduces SCC and thermal fatigue properties. Therefore, setting a hardness target and forming an appropriate alloy is necessary to optimize the characteristics of the dissimilar metal welds;



	
FGM showed UTS of STS316L and intermediate elongation of STS316L and P21 single material. Impact toughness was measured at a level similar to that of P21. The strength of the weakest part of the FGM bulk tensile specimen was measured, and the impact toughness of the notched part of the impact specimen was measured. Since the material of FGM changes depending on the area, tensile and impact tests that measure only specific area characteristics are not suitable for FGM evaluation;



	
Alloy composition and physical properties change depending on location in FGM. Hardness can be measured by location of FGM, which is a suitable method for measuring FGM properties. Minimum scale alloy fabrication, evaluation, and analysis are possible with FGM fabrication, micro-hardness evaluation, OM, SEM, and XRD microstructure analysis. That can dramatically reduce time and cost of developing new alloys and securing material property database.








From this study, it is found that selection of welding materials based on physical property DB is necessary for improving FGM quality. In addition, it is confirmed that efficiency of new material production and physical property DB construction can be greatly improved by using DED 3D printing, FGM production, and microphysical property evaluation methods. FGM-based alloy development will be actively utilized as an efficient research method for development of materials that do not have existing physical property DB, such as high-entry alloys and extreme materials. In addition, the realization of shapes and components using the metal material property DB and DED 3D printing will contribute to the improvement of the industrial revolution manufacturing process that can highly personalize product manufacturing.
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Figure 1. Spherical Powders used for 3D Printing deposition: (a) P21; (b) STS316L. 
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Figure 2. Schematic diagram of DED deposited samples: (a) composition gradient; (b) deposition direction. 
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Figure 3. DED 3D printing specimen design with FGM (shaded area): (a) plate tensile specimen; (b) 1/4 thickness sub size impact test specimen. 
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Figure 4. DED block macro images: (a) EDM wire cut blocks; (b) Mirror polished and etched blocks. 10mm thickness base plates were located on the left. Different colors appeared after etching due to differences in chemical compositions from DED stacked blocks. 
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Figure 5. Inclusion distribution in DED samples: (a) P21; (b) STS316L; (c) FGM. 
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Figure 6. Compositions distributions of FGM block according to location by EDS analysis. 
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Figure 7. 50x OM microstructure images of P21, FGM and STS316L DED samples: (a) P21 start; (b) P21 middle; (c) P21 end; (d) FGM start; (e) FGM middle; (f) FGM end; (g) STS316L start; (h) STS316L h; (i) STS316L end. 






Figure 7. 50x OM microstructure images of P21, FGM and STS316L DED samples: (a) P21 start; (b) P21 middle; (c) P21 end; (d) FGM start; (e) FGM middle; (f) FGM end; (g) STS316L start; (h) STS316L h; (i) STS316L end.
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Figure 8. 200× OM microstructure images of P21, FGM and STS316L DED samples: (a) P21 start; (b) P21 middle; (c) P21 end; (d) FGM start; (e) FGM middle; (f) FGM end; (g) STS316L start; (h) STS316L h; (i) STS316L end. 
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Figure 9. FGM dendrite SEM microstructure images: (a) dendrite images began to reveal; (b) clear dendrites shown; (c) dendrite fading; (d) weld bead boundary mushy zone and dendrite internal crack initiation. 
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Figure 10. EPMA band contrast, IPF and phase map analysis by location and mixing ratio in FGM samples: (a) P21 100–STS316L 0%; (b) P21 75–STS316L 25%; (c) P21 50–STS316L 50%; (d) P21 25–STS316L 75%; (e) P21 0–STS316L 100%. 
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Figure 11. EPMA COMPO images and major components distributions by location and mixing ratio in FGM sample: (a) P21 100–STS316L 0%; (b) P21 75–STS316L 25%; (c) P21 50–STS316L 50%; (d) P21 25–STS316L 75%; (e) P21 0–STS316L 100%. 
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Figure 12. Thermodynamic equilibrium phase diagram depending on fraction between P21 and STS316L and temperature: (a) temperature range 500~700 °C; (b) temperature range 750~950 °C. 
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Figure 13. XRD intensity of P21, STS316L and FGM samples. 
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Figure 14. Micro-hardness measurement depending on location of P21, STS316L and FGM DED samples. 
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Figure 15. Tensile test curves of P21, STS316L and FGM: (a) stress–strain curves; (b) stress–stroke curves. 
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Figure 16. Fractured specimens after tensile tests: (a) P21; (b) STS316L; (c) FGM. 
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Figure 17. Shape and compositions of the fracture surface of FGM tensile specimen: (a) EDS analysis of shade area in fracture surface, shaded area; (b) EDS energy spectrum. 
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Figure 18. Instrumented Charpy impact tests results of 2.5 mm sub-size specimens of P21, STS316L and FGM: (a) force–travel curve; (b) Charpy impact energy. 
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Table 1. Chemical compositions (wt%) of the DED 3D printing powders used.
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	Element
	C
	Si
	Mn
	P
	S
	Ni
	Cr
	Mo
	Al
	Cu
	V





	P21
	0.21
	0.38
	0.38
	-
	0.003
	4.03
	0.65
	-
	1.11
	0.01
	0.12



	STS316L
	0.02
	0.49
	1.39
	0.033
	0.004
	10.02
	17.01
	2.03
	-
	-
	-
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Table 2. DED 3D printing process parameters.
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	Parameters
	Value





	Beam diameter
	0.4 mm



	Power
	200 W



	Depositions speed
	850 mm/min



	Deposition thickness
	0.3 mm/layer



	Deposition rate
	3 g/min



	Deposition mode
	Zigzag



	Hatch angle
	90°



	Gas flow
	Helium
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Table 3. Compositions of the fracture surface of the FGM tensile test specimen and deposited powders (wt%).
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Element

	
Fracture Surface

	
Powder




	
STS316L

	
P21






	
Al

	
0.08

	
-

	
1.11




	
Si

	
0.91

	
0.49

	
0.38




	
Cr

	
17.49

	
17.01

	
0.65




	
Mn

	
1.01

	
1.39

	
0.38




	
Ni

	
10.21

	
10.02

	
4.03




	
Mo

	
3.06

	
2.03

	
-
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