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Abstract

:

Laser directed energy deposition (LDED) can be deployed for depositing high-performance materials for various engineering applications. Alumina-forming steel is a high-performance material that possesses excellent corrosion and oxidation resistance, finding application in the power generation sector. In the present work, LDED using powder feeding (LDED-PF) was used to deposit Fe20Cr5.5AlY alloy using single-track, multi-track, and multi-layer deposition on SS 316L substrate. Response surface methodology (RSM)-based optimization was used to optimize the single-track deposition. The relationship between the track geometry parameters and the build rate with the LDED-PF processing parameters was studied. Further, the nonlinear relationship among the major process parameters was developed and an analysis of variance (ANOVA) was utilized to find significant parameters. The multi-track deposition yielded densely clad layers with a columnar grain structure. The presence of complex oxide slag of Y, Al, and Zr on the clad layer was detected. A micro-hardness of 240–285 HV was observed in the clad layer, with a hardness of 1088–1276 HV at the slag layer. The multi-layered structures showed a relative density of 99.7% with columnar growth and an average microhardness of 242 HV. The study paves the way for the deposition of dense alumina-forming steel structures for building components for power generation applications.
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1. Introduction


The transition to sustainable power generation is progressing briskly across the globe, increasing interest in biomass combustion [1]. The deployment of biomass in fossil fuel results in the generation of a hostile combustion environment, leading to the corrosion of boiler components and a reduction in operational efficiency [2]. In addition, the catastrophic breakdown of power plants is created by the corrosion of boiler pipes running in high-temperature environments. One of the methods to prevent hostile elevated temperature corrosion conditions inside boilers is to employ corrosion-resistant materials. However, corrosion-resistant materials are generally expensive, and it is not economically possible to substitute conventional ferritic steels. Presently, ferritic steels are used for manufacturing heat exchanger components, and nickel-based alloys are generally used for corrosion resistance as they form chromia layers on the surface [3]. One of the alternatives is the iron-based alloys (FeCr, FeAl, Fe–Cr–Al, etc.) due to the lower cost of the alloy as compared to other thermal barrier coatings and the availability of iron. The alloy possesses good mechanical properties, oxidation, and corrosion resistance characteristics, which increase their deployment in automotive, marine, and power generation sectors [4,5].



Fe–Cr–Al alloys are Fe-based ferritic materials having Cr and Al, with some containing 2–3% molybdenum (Mo). The major reason for the excellent surface properties of the alloy is its capability to create a thin, slow-growing, tenacious, and adherent α-alumina (α-Al2O3) oxide scale on its surfaces, which guards the alloys against additional degradation [6]. The surface protection of the Fe–Cr–Al alloys begins with the growth of weakly protective outward-growing transient Al2O3 phases (δ-Al2O3, θ-Al2O3, and γ-Al2O3), which start growing at temperatures below 900 °C. These transient phases are converted to stable α-Al2O3 phases over time [7,8,9]. At the same time, the α-Al2O3 growth is dominated in the initial phases of oxidation at higher temperatures (T > 1000 °C) [10]. The presence of Cr permits the α-Al2O3 with a lower content of Al due to the formation of Cr2O3 that acts as an easy nucleation site for α-Al2O3 [10,11,12]. The alloy also has a small quantity of reactive elements, such as Y, Hf, Zr, and Ce, to improve the adhesion of the oxide scale during cyclic oxidation conditions. It also allows the slow growth of the oxide scale. The oxides of these elements also aid to improve the creep resistance of the alloy through dispersion strengthening.



Generally, Fe–Cr–Al alloy components are produced using casting and deformation methods, such as hot rolling and powder metallurgy. However, the manufacturing of complex-shaped components with these processes is difficult due to their inherent limitations [6]. In addition, several techniques are reported in the literature, such as spraying techniques (based on arc [13], plasma [14], etc.), and laser cladding [15] for Fe–Cr–Al coating. Additionally, welding techniques, such as gas-tungsten arc welding (GTAW), tungsten inert gas welding (TIG), and laser welding, are deployed for depositing Fe–Cr–Al weld overlays. Among the different techniques, laser cladding can yield dense coatings with a fine microstructure, controlled dilution, and good metallurgical bonding with the substrate [16,17]. On the process side, laser cladding is a subset of laser directed energy deposition (LDED)-based additive manufacturing (AM). LDED permits the manufacturing of complex-shaped metallic components and the deposition of materials by using a laser source and dynamically fed feedstock material. The laser source is used to create a melt pool on the substrate for depositing the first layer, and the feedstock material is added to the developed melt pool. This permits the material deposition as per the trajectories generated from the digital model data. For building multi-layer structures, the materials are added to the melt pool formed on the previously built layer followed by a layer-by-layer deposition, which leads to the fabrication of 3D components [18,19]. LDED can be classified into LDED using wire feeding (LDE-WF) and LDED using powder feeding (LDED-PF). LDED-PF is widely used for its ability to build components with fine features and controlled laser energy density [20].



Researchers have attempted laser cladding of an Fe–Cr–Al alloy using LDED and its characterization. Liu et al. [21] deposited Fe-24.5Cr-4Al-0.56Y layers with constant process parameters by using a pre-placed layer of powder on the substrate and investigated the microstructure, build quality, and oxidation resistance. The deposited layer revealed micro-cracks, and excellent oxidation properties were observed at a temperature range of 1000–1200 °C. Nagarathnam and Komvopoulos [22] studied the LDED-PF of pre-mixed Fe–Cr–Al-Y and studied the effect of process parameters (laser power and scanning speed at a constant powder feed rate) on the microstructure, hardness, and oxidation behavior. The deposited layers exhibited a fine grain structure with a hardness of 409 kg/mm2, and excellent oxidation resistance. Hot corrosion studies on LDED-PF- and LDED-WF-deposited Fe–Cr–Al alloys were reported by Yang et al. [23] and Reddy et al. [1], respectively. Yang et al. [23] used pre-mixed Fe, Cr, Al, and Si powders to deposit the Fe-22Cr-5Al-2Si material with constant process parameters, and continuous hot corrosion tests were completed in a salt solution of Na2SO4 and K2SO4 at 800 °C in air. Meanwhile, Reddy et al. [1] used wire-based laser cladding of Kanthal APMT™ (an Fe–Cr–Al–Mo alloy) with constant process parameters for studying the effects of HCl and KCl on Fe–Cr–Al-clad layers at 450 °C.



The above studies focused on the effect of laser cladding on the corrosion behavior, oxidation behavior, and microstructural analyses with constant process parameters without providing information on process optimization. The literature review also indicates that there is a lack of systematic parametric studies and process optimization on the LDED-PF of Fe–Cr–Al–Y pre-alloyed powder. Thus, there is a need to develop the process for LDED-PF of Fe–Cr–Al–Y pre-alloyed powder with a maximum build rate and desired dilution to build high-quality cladding and engineering components.



The present research reports the effect of LDED-PF process parameters on the track geometry (width, height), dilution, and build rate. Subsequently, multi-objective optimization is performed to select optimal process parameters yielding a high build rate and target dilution. The study is further extended to the development and characterization of multi-track clad layers and multi-layered bulk structures. The understandings from the above investigations will be used to build large-area claddings and engineering components from Fe20Cr5.5AlY alloy using LDED-PF.




2. Materials and Methods


2.1. Materials


Gas-atomized Fe20Cr5.5AlY alloy powder with particle sizes ranging from 15 to 45 µm was procured from M/s Sandvik. The d10, d50, and d90 of the powder particles were 16.3 µm, 28.1 µm, and 48.4 µm, respectively. The powder has a spherical morphology with satellite particles as shown in Figure 1. The satellite particles are formed due to the faster solidification rates of smaller particles, which are adhered during atomization to the surface of the large particles. The chemical composition of the powder as provided by the supplier is given in Table 1. SS316L substrate is used as the base material for LDED-PF. Figure 1c presents the element spectrum of the powder obtained using energy dispersive spectroscopy (EDS) analysis. SS316L substrate is used as the base material for LDED-PF.




2.2. LDED-PF of Fe20Cr5.5AlY


Figure 2 presents the schematic of the LDED-PF system developed in-house and used for the deposition. The system essentially consists of IPG photonics make 1 kW continuous wave fiber laser; GTV make dual hopper powder feeder; Fraunhofer make coaxial deposition. A 6-axis Fanuc robotic arm and a 2-axis positioner are used for motion planning during the LDED-PF process. An operating system developed in-house is deployed to control the robotic system and the auxiliary components. PROERA 3D, a CAD/CAM software developed in-house is used for the tool path generation. Argon gas at a flow rate of 10 L per minute is used as shielding gas and carrier gas. A laser spot diameter of 1.2 mm at the substrate surface is used for the deposition [24,25].



Prior to the experiment, the laser power (P), scanning speed (V), and powder feed rate (F) were preliminarily analyzed by single-factor tests. It was observed that the track quality deteriorated significantly in terms of continuity, surface oxidation, and bonding with the substrate at P < 600 W and with F and V higher than 8 g/min and 11 mm/s, respectively. Based on the above, the range of process parameters for the design of experiments is selected. The process parameters and their levels selected for the design of experiments are provided in Table 2. Central composite design (CCD) methodology was used for the design of experiments, with the central point experiments repeated three times.



Response surface methodology (RSM), a well-recognized and powerful approach, was used to study the relationship between the LDED-PF process parameters and output responses. RSM is a comprehensive optimization method used to examine and optimize the effect of two or more factors on quality criteria. Compared with other experimental methods, RSM can provide a perfect correlation between the output and input factors with fewer experimental trials, while retaining high modelling accuracy [26,27].




2.3. Characterization


Single-tracks, multi-track clad layers, and multi-layered depositions are sectioned using water jet machining. The cut specimen is sectioned using a precision cutter, cold-mounted, and polished using an automatic polisher (Make: Metlab; Model: Metpol-A). The samples are electrochemically etched using an oxalic acid solution at 20 V for 5–10 s. Cross-sections of the single-track, multi-track clad layers and multi-layer structures are examined using a digital microscope (Make: Keyence; Model: VHX-7000) in polished and etched conditions. Microhardness measurements are taken using a Vickers automated hardness tester (Make: CLEMEX; Model: CMT) by applying a load of 300 gm for a dwell period of 15 s. Scanning electron microscope (SEM) (Make: Tescan, Model: VEGA3) with EDS (Make: Bruker, Model: Quantax) was used to analyze the composition of the samples. The density of the multi-layered samples (ρ) was measured using the Archimedes density analyzer (Make: GAOTEK; Model: GT00WI00ZV) using Equation (1).


  ρ =    W D   ρ w     W D  −  W w     



(1)




where WD, Ww and ρw are the dry weight, wet weight, and density of distilled water, respectively. The density of each sample was measured three times to obtain the average density. The reference material used for evaluating the relative density is 7.10 g/cc [28].





3. Results and Discussion


3.1. Effect of Process Parameters


3.1.1. Track Width


Track width (W) is a function of the LDED-PF process parameters. In order to understand the effect of LDED-PF process parameters on W, an experimental analysis is carried out using two combined parameters: laser energy per unit length (LEL) and powder feed per unit length (PFL). LEL is defined as the ratio between P and V (Equation (2)), while PFL is the ratio between F and V (Equation (3)) [19]. Figure 3 presents the effect of LEL and PFL on W.


  Laser   Energy   per   unit   Length   ( LEL ) =   L a s e r   P o w e r   S c a n   s p e e d   =  P V   



(2)






  Powder   Feed   per   unit   Length   ( PFL ) =   P o w d e r   F e e d   R a t e   S c a n   S p e e d   =  F V   



(3)







W increases with an increase in LEL as shown in Figure 3. A positive relation between W and LEL is mainly due to the increase in the laser irradiation energy with an increase in LEL, which leads to a higher melt pool temperature. During LDED-PF, the center of the melt pool will be at a higher temperature than the edges [29], which might be due to the Gaussian heat distribution and additional heat transfer at the edges. The difference in the temperature inside the melt pool leads to variations in the thermophysical properties within the melt pool. The major factors governing the melt pool dynamics are the surface tension gradient and the variation in viscous forces inside the melt pool. The Marangoni effect results in the mass transfer inside the melt pool as fluid moves from the region with a lower surface tension to the region with a higher surface tension. The Marangoni flow inside the melt pool is primarily dependent on the surface tension gradient (dγ/dT) within the melt pool [30]. A negative dγ/dT results in a reduction in surface tension with an increase in the temperature, which allows for outward melt pool flow. This results in the formation of a wider melt pool with an increase in LEL during LDED-PF. At the same time, an increase in PFL leads to the availability of more powder for deposition, leading to an increased track width. However, the effect of LEL is more significant as compared to that of PFL.



An analysis of variance (ANOVA) of the experimentally obtained data is performed to statistically examine the relative significance of the LDED-PF process parameters on the response variables. Table 3 presents the ANOVA of the track width. In Table 3, the columns SS and DF represent the sum of squares and degrees of freedom, respectively. The ratio between SS and corresponding DF drives the MS, and the F value is obtained from the ratio between the MS of each effect and the MS corresponding to the residual. The p-value indicates the significance of the process parameter on the response. Any control parameter having a p < 0.05 would have a significant impact on the selected response attribute [31]. P is the most significant process parameter influencing W and the contribution of P towards W is 84.6%. The Pareto chart presented in Figure 4 also shows that P is the most significant parameter in determining the W of Fe20Cr5.5AlY deposits. The response model of the W is shown in Equation (4). The R2 of 0.96 indicates a good correlation between the experimental values and predicted values and a p value < 0.05 for the model indicates its significance. It can be concluded that the model is significant with a 94.8% contribution towards explaining the behavior of W.


  W = 0.45 + 0.00432   P − 0.071   V − 0.2509   F − 0.000002   P × P + 0.00069   V × V + 0.01307   F × F + 0.000041   P × V + 0.000078   P × F + 0.00213   V × F  



(4)








3.1.2. Track Height


Figure 5 presents the variation in H as a function of LEL and PFL. As the LEL increases, the energy available for melting the fed powder particle and substrate increases, which further increases the catchment efficiency of the deposition and available energy in the melt pool. Catchment efficiency is defined as the ratio between the amount of material deposited to the amount of material fed to the melt pool for deposition. With an increase in the catchment efficiency, a greater amount of powder particles will be melted and deposited. The increase in LEL is also a function of the reduction in V. As V decreases, the interaction time between the laser beam and powder particle/substrate increases. The interaction time is defined as the ratio between the beam diameter and V. An increase in the interaction time increases the amount of powder captured by the melt pool and the availability of a greater amount of energy in the melt pool, which increases the deposit height. As V decreases and F increases, the PFL increases, which shows that a greater amount of powder is available for deposition. It can also be noted from Figure 5 that the effect of PFL is more significant as compared to that of LEL, which shows that amount of powder available per unit length has more of an effect on H.



An ANOVA is performed to statistically examine the relative significance of the LDED-PF process parameters on H as presented in Table 4. V and F are the most significant process parameters influencing the track height, while P has a lower effect. The contributions of V and F towards H are 47.6% and 40%, respectively. The Pareto chart presented in Figure 6 also shows that V and F are the most significant parameters in determining the H of the Fe20Cr5.5AlY deposits. The response model of the H is shown in Equation (5). The R2 of 0.96 indicates a good correlation between the experimental values and predicted values, and the model’s significance is indicated by the p value < 0.05. It can be concluded that the model is significant with a 97.6% contribution towards explaining the behavior of H.


H = 1.74 + 0.00446 P − 0.536 V − 0.055 F − 0.000005 P × P + 0.01980 V × V + 0.00268 F × F + 0.000161 P × V + 0.000134 P × F − 0.00059 V × F



(5)








3.1.3. Build Rate


The build rate (BR) is defined as the product of the track area and V. As seen in Figure 7, the BR increases with an increase in LEL and PFL. This is mainly due to the increase in W and H with an increase in LEL and PFL due to an increase in the amount of energy and powder available for deposition, respectively. However, the effect of PFL is found to be more significant as compared to that of LEL. This is mainly due to the higher influence of F on the amount of material available for deposition or the track area. Further, V governs how fast the deposition head moves to add materials during LDED-PF. A lower V can increase the track area due to higher values of W and H, while it decreases the speed at which the deposition is happening. On the other hand, a higher V increases the deposition speed and reduces the track area. An increase in the BR at the central region of the plot (refer to Figure 7) can be due to the above-mentioned effect of V on the BR.



ANOVA is performed to statistically examine the relative significance of the LDED-PF process parameters on the BR as presented in Table 5. F is the most significant process parameter influencing the BR, followed by P and V. The contribution of F towards the BR is 51%. The Pareto chart presented in Figure 8 also shows that F is the most significant parameter in determining the BR of the Fe20Cr5.5AlY deposits. The response model of the BR is shown in Equation (6). The R2 of 0.97 indicates a good correlation between the experimental values and predicted values and the model’s significance is indicated by the p value < 0.05. It can be concluded that the model is significant with a 97.32% contribution towards explaining the behavior of the BR.


BR = 5.83 + 0.0457 P − 3.324 V − 1.896 F − 0.000046 P × P + 0.1048 V × V + 0.0490 F × F + 0.001559 P × V + 0.001895 P × F + 0.0526 V × F



(6)








3.1.4. Dilution


Dilution (DL) is defined as the percentage of depth of track (D) to the sum of depth and height as shown in Equation (7). It indicates the extent to which the substrate is melted during LDED-PF deposition. It is ideal to have dilution to a certain degree to have a good metallurgical bond between the deposit and substrate. However, a higher value of DL can result in an increase in the mixing zone and over-melting of the previous layer during multi-layer deposition. DL increases with an increase in LEL and a reduction in PFL as shown in Figure 9. The increase in DL with an increase in LEL is mainly due to the increase in the amount of energy available to melt the substrate. On the other hand, with an increase in PFL, the amount of material available for absorbing the laser energy increases and the amount of laser energy impinging on the substrate is reduced, which results in a reduction in DL.


  D L =    D  D + H     × 100  



(7)







An ANOVA is performed to statistically examine the relative significance of the LDED-PF process parameters on DL as presented in Table 6. F is the most significant process parameter influencing DL, followed by P and V. The contributions of F and P towards DL are 56.9% and 13.2%, respectively. The Pareto chart presented in Figure 10 also shows that F is the most significant parameter in determining the DL of Fe20Cr5.5AlY deposits. The response model of DL is shown in Equation (8). The R2 of 0.89 indicates a good correlation between the experimental values and predicted values and the model’s significance is indicated by the p value < 0.05. It can be concluded that the model is significant with an 89.5% contribution towards explaining the behavior of DL.


DL = 71.5 + 0.094 P + 13.20 V − 4.34 F − 0.000006 P × P − 0.438 V × V + 0.719 F × F − 0.00380 P × V − 0.00488 P × F − 0.344 V × F



(8)









3.2. Multi-Objective Optimization


The multi-objective optimization approach is used to establish the optimum solution, which is the best possible combination of LDED-PF process parameters which meets two objectives to achieve a maximum build rate and target dilution of 10%. One of the approaches to solving a multi-objective optimization problem is the use of a desirability function, which converts the values of the estimated responses into a free scale. Generally, the value ranges from 0 to 1, in which 0 and 1 indicate the unsatisfactory level and the target or acceptable limit, respectively [30]. According to the desirability plot in Figure 11 and the resulting optimum setting of parameters shown in Table 7, the most desirable operating conditions are P = 800 W, V = 10 mm/s, and F = 8 g/min with the desirability value of 0.94. Table 8 presents the comparison between the predicted values and actual measured values, which shows good agreement. Therefore, the established prediction models can accurately predict the geometric characteristics of single tracks adequately.




3.3. Multi-Track Deposition


Figure 12a,b presents the top view and 3D profile of the deposited clad layer, respectively. It can be seen that the clad layer is defect-free at the macroscale. The partially melted powders are observed on the surface of the clad layers, which is typically seen during the LDED-PF deposition. The waviness pattern on the surface is mainly due to the linear scanning strategy deployed for the study. Figure 12c presents the surface profile of the top layer of deposition along a central plane, which indicates a maximum surface deviation of 0.42 mm on the surface. Figure 12d presents the cross-section of the multi-track clad layer. The clad layer is largely defect-free in nature. It shows sound metallurgical bonding between the substrate and clad layer without any sign of delamination or defects in the fusion zone. The curvature of the fusion zone proves that substantial melting of the substrate material occurred. Micro-pores are seen at some locations, which are a mix of spherical and elongated pores. The spherical pores are gas pores that may be developed during laser cladding due to gas entrapment in the melt pool. In addition, as gas-atomized powders are used for deposition, the gas pores can also be due to pores trapped inside the powder particles during powder production. The irregular pores are due to a lack of complete fusion at some locations during the deposition.



The presence of irregularly shaped inclusions is observed occasionally in the as-deposited sample as labelled in Figure 12d. In order to understand the composition of these inclusions, an EDS analysis was performed on one of the isolated slag deposits (region 1) as shown in Figure 13a. Fe and Cr are absent at the inclusion, while the presence of Al, Y, and Zr at the inclusion is evident. This can be due to the formation of a complex oxide slag layer, which is formed during the deposition. Subsequent to the deposition, they are retained in the matrix of the alloy. The developed oxide slag layers can be a combination of Y3Al5O12 (YAG), Al2O3, and ZrO2, which are formed during LDED-PF. Similar observations are reported on oxide dispersion-strengthened (ODS) alloys built using LDED-PF [32]. In addition, it can also be noted from Figure 13a that the composition is uniform in the deposited layer (region 2). This is indicated by the uniform distribution of the elements along the grain and grain boundaries, which shows that there are no precipitation effects during LDED-PF of the alloy.



The microstructure of the clad layer is presented in Figure 13b. The presence of elongated and spherical pores discussed previously can be seen with the ~15 µm size. The microstructure is primarily columnar in nature, which is mainly oriented parallel to the build direction. However, the inclination of the grain growth is evident along the cross-section, which is produced by the curvature of the melt pool. During the LDED-PF process, the powder was captured by the high-energy laser and a melt pool was formed. The heat flow was mainly dissipated from the melt pool to the substrate, which led to a high-temperature gradient. The grains prefer to grow opposite to the direction of heat transfer. It can also be seen that the average grain size is ~125 µm in the bottom zone of the clad, while the grain size is ~170–180 µm in the top region of the clad.



Micro-hardness measurements along the clad layer show the hardness ranges from 240 to 285 HV, with a hardness of ~225 HV at the substrate as shown in Figure 14a. A comparison with the literature shows that similar hardness values are observed for Fe–Cr–Al wire deposited using laser welding [33]. Hardness indentations are taken at the slag layer, and a microhardness in the range of 1088–1276 HV is observed. In addition, cracks are seen to originate from the tip of the indentation, indicating the brittle nature of the slag layer as seen in Figure 14b.




3.4. Multi-Layer Deposition


Figure 15a presents the photographic view of 20 mm × 20 mm × 5 mm multi-layered Fe20Cr5.5AlY structures built using LDED-PF. The Archimedes density analysis indicates an average density of 7.08 g/cc with a relative density of 99.7%. The cross-sectional analysis of the bulk structures indicates that the deposition is majorly defect-free except for the presence of a few micro-pores (indicated with red circle) as seen in Figure 15b. The pores are a mix of circular and irregular pores, indicating the presence of gas porosities and a lack of fusion pores. The presence of a slag layer is observed in the multi-layered structures (as labelled in Figure 15b) similar to the multi-track clad layer. Details on the slag formation were explained earlier. The microstructural analysis shows the presence of columnar growth with an increase in the grain size as the deposition moves from the bottom layers to the top layers as seen in Figure 15c,d. The fine grain structure at the bottom layers can be due to the substrate effect which provides a larger thermal gradient and higher cooling rates. As the deposition moves from the bottom layer to the top layer, the heat accumulation may reduce the cooling rates and increase the grain size. Figure 15e presents the micro-hardness values of the multi-layered structures. The average micro-hardness is 243 HV, which is higher than the average microhardness reported for Kanthal® APM (225 HV) [28], which can be due to the fine grain structure typically observed in LDED-PF. The micro-hardness values obtained for multi-layered structures are lower than the single-layer deposition, which can be the effect of continuous thermal cycling and relatively lower cooling rates due to the preheating effect from the previous layer during multi-layer deposition.





4. Conclusions


The present work focused on the process development for LDED-PF of Fe20Cr5.5AlY, an alumina-forming steel from single-tracks to multi-tracks and multi-layer deposition. The following conclusions can be derived from the work:




	
The single-track analysis shows that W and H are mainly governed by LEL and PFL, respectively. P contributes significantly to the W, while V and F mainly govern the H.



	
BR and DL were considered for optimizing the process parameters. BR and DL are mainly dependent on the F, and the effect of P on the BR and DL is found to be more significant than that of V.



	
The multi-objective optimization approach using the desirability function indicates that the most desirable operating conditions for maximum BR and desired DL are P = 800 W, V = 10 mm/s, and F = 8 g/min. The established prediction models were found to accurately predict the geometric characteristics of single tracks satisfactorily.



	
The multi-track deposition yielded densely clad layers with the presence of few micro-pores. The microstructure was mainly columnar and the microhardness ranged from 240 to 285 HV. The presence of irregularly shaped inclusions was observed occasionally in the as-deposited sample, which was rich in the oxides of Al, Y, and Zr, with a hardness of 1088–1276 HV.



	
The multi-layer deposition indicated a density of 99.7%, and the presence of micro-pores and slag layers were also observed. The columnar growth was finer at the bottom layers, with an increase in the grain size as the deposition moved to the top layer. The average micro-hardness of multi-layered bulk structures was 243 HV, which is higher than the average microhardness reported for commercially available Kanthal® APM.








The study paves the way towards the development of large-scale claddings and the fabrication of components using Fe20Cr5.5AlY for power generation applications. The study will be extended to the analysis of the bulk properties of depositions by evaluating adhesive properties at different temperatures.
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Figure 1. Fe20Cr5.5AlY powder used for LDED-PF (a) morphology at low magnification, and (b) morphology at higher magnification; (c) element spectrum. 
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Figure 2. Schematic of LDED-PF system used for deposition. 
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Figure 3. Effect of LEL and PFL on W. 
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Figure 4. Pareto chart (significance level, α = 0.05) of the standardized effects of process parameters on W. 
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Figure 5. Effect of LEL and PFL on H. 
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Figure 6. Pareto chart (significance level, α = 0.05) of the standardized effects of process parameters on H. 
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Figure 7. Effect of LEL and PFL on BR. 
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Figure 8. Pareto chart (significance level, α = 0.05) of the standardized effects of process parameters on BR. 
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Figure 9. Effect of LEL and PFL on DL. 
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Figure 10. Pareto chart (significance level, α = 0.05) of the standardized effects of process parameters on dilution. 
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Figure 11. Desirability plot of BR and DL. 






Figure 11. Desirability plot of BR and DL.



[image: Machines 11 00058 g011]







[image: Machines 11 00058 g012 550] 





Figure 12. Multi-track clad layer: (a) photographic view, (b) 3D map, (c) geometry profile, (d) cross-section. 
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Figure 13. Cross-section analysis of the clad layer: (a) EDS mapping of slag, (b) microstructure. 
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Figure 14. Microhardness: (a) along the clad layer, (b) indentation at the slag layer. 
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Figure 15. Multi-layer structures. (a) Photographic view; (b) Cross-section image; (c) Microstructure at the interface; (d) Microstructure at top layers; (e) Microhardness measurements. 
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Table 1. Chemical composition of the powder.






Table 1. Chemical composition of the powder.





	Element
	Weight Percentage (%)





	Cr
	20.6



	Al
	5.3



	Si
	0.34



	Hf
	0.18



	Mn
	0.16



	Ni
	0.10



	N
	0.05



	Zr
	0.04



	Y
	0.03



	C
	0.01



	Fe
	Balance
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Table 2. Process parameters and levels.
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Parameter

	
Code Levels




	

	
−1

	
0

	
+1






	
P (W)

	
600

	
700

	
800




	
V (mm/s)

	
7

	
9

	
11




	
F (g/min)

	
4

	
6

	
8
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Table 3. ANOVA analysis of W.






Table 3. ANOVA analysis of W.













	Source
	DF
	Adj SS
	Adj MS
	F-Value
	p-Value





	Model
	9
	0.376492
	0.041832
	23.36
	0.000



	 Linear
	3
	0.364450
	0.121483
	67.83
	0.000



	  P
	1
	0.335256
	0.335256
	187.19
	0.000



	  V
	1
	0.011972
	0.011972
	6.68
	0.032



	  F
	1
	0.017223
	0.017223
	9.62
	0.015



	 Square
	3
	0.008997
	0.002999
	1.67
	0.249



	  P × P
	1
	0.001527
	0.001527
	0.85
	0.383



	  V × V
	1
	0.000021
	0.000021
	0.01
	0.917



	  F × F
	1
	0.007401
	0.007401
	4.13
	0.077



	 Two-Way Interaction
	3
	0.003045
	0.001015
	0.57
	0.652



	  P × V
	1
	0.000545
	0.000545
	0.30
	0.596



	  P × F
	1
	0.001922
	0.001922
	1.07
	0.331



	  V × F
	1
	0.000578
	0.000578
	0.32
	0.586



	Error
	8
	0.014328
	0.001791
	
	



	 Lack-of-Fit
	5
	0.013970
	0.002794
	23.41
	0.013



	 Pure Error
	3
	0.000358
	0.000119
	
	



	Total
	17
	0.390820
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Table 4. ANOVA analysis of H.






Table 4. ANOVA analysis of H.













	Source
	DF
	Adj SS
	Adj MS
	F-Value
	p-Value





	Model
	9
	0.412403
	0.045823
	21.91
	0.000



	 Linear
	3
	0.376645
	0.125548
	60.03
	0.000



	  P
	1
	0.000029
	0.000029
	0.01
	0.909



	  V
	1
	0.200789
	0.200789
	96.01
	0.000



	  F
	1
	0.175828
	0.175828
	84.07
	0.000



	 Square
	3
	0.021678
	0.007226
	3.46
	0.071



	  P × P
	1
	0.006191
	0.006191
	2.96
	0.124



	  V × V
	1
	0.016998
	0.016998
	8.13
	0.021



	  F × F
	1
	0.000310
	0.000310
	0.15
	0.710



	 Two-Way Interaction
	3
	0.014079
	0.004693
	2.24
	0.160



	  P × V
	1
	0.008256
	0.008256
	3.95
	0.082



	  P × F
	1
	0.005778
	0.005778
	2.76
	0.135



	  V × F
	1
	0.000045
	0.000045
	0.02
	0.887



	Error
	8
	0.016731
	0.002091
	
	



	 Lack-of-Fit
	5
	0.016227
	0.003245
	19.29
	0.017



	 Pure Error
	3
	0.000505
	0.000168
	
	



	Total
	17
	0.429135
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Table 5. ANOVA analysis of BR.
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	Source
	DF
	Adj SS
	Adj MS
	F-Value
	p-Value





	Model
	9
	18.2006
	2.02229
	30.83
	0.000



	 Linear
	3
	15.0137
	5.00457
	76.29
	0.000



	  P
	1
	5.3092
	5.30915
	80.93
	0.000



	  V
	1
	0.0366
	0.03655
	0.56
	0.477



	  F
	1
	9.6680
	9.66801
	147.38
	0.000



	 Square
	3
	0.9055
	0.30185
	4.60
	0.037



	  P × P
	1
	0.5625
	0.56250
	8.57
	0.019



	  V × V
	1
	0.4761
	0.47609
	7.26
	0.027



	  F × F
	1
	0.1040
	0.10403
	1.59
	0.243



	 Two-Way Interaction
	3
	2.2813
	0.76044
	11.59
	0.003



	  P × V
	1
	0.7780
	0.77802
	11.86
	0.009



	  P × F
	1
	1.1486
	1.14856
	17.51
	0.003



	  V × F
	1
	0.3547
	0.35475
	5.41
	0.049



	Error
	8
	0.5248
	0.06560
	
	



	 Lack-of-Fit
	5
	0.5107
	0.10214
	21.72
	0.015



	 Pure Error
	3
	0.0141
	0.00470
	
	



	Total
	17
	18.7254
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Table 6. ANOVA analysis of dilution.
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	Source
	DF
	Adj SS
	Adj MS
	F-Value
	p-Value





	Model
	9
	310.460
	34.496
	7.62
	0.004



	 Linear
	3
	257.661
	85.887
	18.96
	0.001



	  P
	1
	46.094
	46.094
	10.18
	0.013



	  V
	1
	14.341
	14.341
	3.17
	0.113



	  F
	1
	197.227
	197.227
	43.54
	0.000



	 Square
	3
	25.444
	8.481
	1.87
	0.213



	  P × P
	1
	0.011
	0.011
	0.00
	0.962



	  V × V
	1
	8.299
	8.299
	1.83
	0.213



	  F × F
	1
	22.423
	22.423
	4.95
	0.057



	 Two-Way Interaction
	3
	27.355
	9.118
	2.01
	0.191



	  P × V
	1
	4.622
	4.622
	1.02
	0.342



	  P × F
	1
	7.607
	7.607
	1.68
	0.231



	  V × F
	1
	15.126
	15.126
	3.34
	0.105



	Error
	8
	36.239
	4.530
	
	



	 Lack-of-Fit
	5
	34.772
	6.954
	14.22
	0.027



	 Pure Error
	3
	1.467
	0.489
	
	



	Total
	17
	346.699
	
	
	










[image: Table] 





Table 7. Optimization results of the model.
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	Solution
	P
	V
	F
	DL

Fit
	BR

Fit
	Composite

Desirability





	1
	800.000
	9.9343
	8.00000
	9.9984
	7.19410
	0.945959



	2
	800.000
	10.0016
	7.98200
	9.9133
	7.20655
	0.937121



	3
	800.000
	10.0728
	7.98913
	9.8141
	7.24508
	0.929358



	4
	766.339
	9.7252
	8.00000
	9.9824
	6.95365
	0.915554



	5
	799.675
	7.0000
	8.00000
	10.0000
	6.84436
	0.904328
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Table 8. Predicted and actual values under optimum process parameters.






Table 8. Predicted and actual values under optimum process parameters.





	
Optimized Process Parameters

	
BR (mm3/min)

	
DL (%)




	
P

	
V

	
F

	
Predicted

	
Actual

	
Predicted

	
Actual






	
800

	
10

	
8

	
7.19

	
8.9

	
9.99

	
11
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