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Abstract

:

This study’s novel 13Ni400 maraging steel parts are additively manufactured through a selective laser melting process. The Taguchi approach is adopted to evaluate the combined influence of process variables (energy density), viz., laser power, layer thickness, hatch spacing, and scan speed, on responses like relative density, microhardness, surface roughness, and tensile strength. The powder and material characterization studies are conducted in terms of an optical microscope, scanning electron microscope (SEM), electron backscatter diffraction (EBSD), X-ray diffraction (XRD), and fractography analysis to explore the pre- and post-fabrication scenarios of the build parts. The consequences of energy density and process variables are studied through meticulous parametric studies. Finally, the optimum level of built parameters is identified and validated by a confirmative test predicting an average error of ~1.80%. This work is proficient in producing defect-free parts with maximum densification and improved mechanical properties for newly developed 13Ni-400 maraging steel by the selective laser melting (SLM) technique.
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1. Introduction


Additive manufacturing (AM) is a revolutionary innovation that has gained worldwide attention. It works by building parts layer by layer instead of cutting material away like traditional methods. This approach allows for the production of near-net-shaped parts that are very close to the final shape, reducing the need for further processing [1,2]. Additive manufacturing technology allows the production of components with exceedingly complex forms and geometry that would be difficult or impossible to create using traditional manufacturing procedures [3]. In this manufacturing technique, process planning is not required because the product can be made directly using CAD data [4,5]. Selective laser melting (SLM) stands as a prominent additive manufacturing (AM) technique, garnering considerable attention from researchers due to its rapid evolution and growing implementation [6,7,8]. SLM is normally recognized by means of the laser-based powder bed fusion (LPBF) technique, and this technique was used to manufacture various types of materials, including titanium, steel, iron, nickel, aluminum, and copper-based alloys [9,10,11,12,13,14,15]. The investigation of novel metallic materials for SLM has been ongoing in recent years. As steel has good mechanical properties like hardness, tensile strength, and machinability, it has a wide range of applications in aerospace as well as in the tool industry [16,17,18]. In the additive manufacturing sector, maraging steel was used to replace several grades of austenitic steel, which has good strength, thermal stability, and fatigue life [19,20].



The most commonly used maraging steels on the market today are 18Ni300. Until now, many researchers have studied different aspects of various grades of maraging steel in SLM, such as the effect of process parameters and heat treatments on the mechanical and microstructural properties of the maraging steel. Several studies are mentioned in this context below. Mao et al. [21] studied the mechanical properties and nanoprecipitation behavior of 18Ni-300 grade maraging steel. Additionally, response surface methodology and analysis of variance were used to optimize the process parameters. Wang, Q. et al. [22] studied the microstructure and mechanical behavior of 24CrNiMo steel manufactured by LPBF. Tang et al. [23] attempted to optimize the energy density and scan strategy to form a good quality of 24CrNiMo low alloy steel by SLM. Cheng et al. [24] studied the microstructural evolution and mechanical properties of FeCo15Cr14Ni4Mo3 maraging steel by a selective laser melting process. Vishwakarma et al. [25] studied different build strategies for 18Ni300 and their effect on the mechanical properties. Suryawanshi et al. [18] studied the fatigue, tensile, and fracture properties of selectively laser-melted maraging steel. Bai et al. [26] studied the mechanical properties and microstructure of multimaterial parts prepared by the AM technique. Gao et al. [27] studied the influence of various heat treatment conditions on the mechanical properties and microstructure of Fe-11Cr-9Ni-6Co-3Mo maraging steel. Contuzzi et al. [28] studied the mechanical and microstructural changes in the maraging steel after heat treatment.



Furthermore, a few studies are also reported on the effect of alloying elements on the phase transformation and mechanical behavior of maraging steel. In this context, a few studies are reported below. Fel’dgandler and Savkina [29] studied the phase transformation of martensitic steel after the addition of alloys. Maraging steels can reach exceptional strength levels through a synergistic combination of three techniques: optimization of chemical composition, preventing the conversion of martensite to austenite, and intermetallic phase precipitation. Michaud et al. [30] investigated the consequences of different alloying elements like Ni, Cr, and Co on carbide precipitation and the mechanical properties of martensitic steel. Schnitzer et al. [31] investigated copper’s influence on precipitation in maraging steel. Zeisl et al. [32] have studied the precipitation behavior of cobalt-free maraging steel. Tan, C. et al. [33] studied the nanoparticle precipitation behavior and microstructure of selectively laser-melted 18Ni300 maraging steel. de Souza et al. [34] investigated the effects of component position, layer thickness, and laser speed on the 18Ni300 maraging steel. Patil et al. enhanced the mechanical properties of maraging steel through surface modifications [35].



Along with these alloying element studies, several studies reported on the optimization of process parameters by using different techniques. Some studies are mentioned in this context below. Tan, C. et al. [36] studied the effect of different build directions on the microstructure and mechanical properties of selectively laser-melted maraging steel. Conde et al. [37] studied the influence of microstructure on the martensite to austenite transition of 18Ni300 maraging steel. Ferreira et al. [38] studied predictive models for optimization of 18Ni300 maraging steel. Wang, Y. et al. [39] studied the parameters used for turning maraging steel. Casalino et al. [40] have attempted to statistically optimize the process parameters of selectively laser-melted 18Ni300 maraging steel. Mutua et al. [41] optimized the process parameters and studied the effect of different heat treatment conditions on mechanical properties and microstructure on selectively laser-melted 18Ni300 maraging steel. Yao et al. [42] studied the laser-based directed energy deposition method to find the best possible process parameter after heat treatment to achieve a good mechanical property of 18Ni300. da Fonseca et al. [43] studied the synergistic molybdenum-cobalt effect, which enhances the hardening. Mehmood et al. [44,45] studied the RSM technique to easily identify the influence of variables and levels, resulting in a robust design that saves time and money in the lab. Sun et al. optimized the selective laser melting parameters for Ti6Al4V by the Taguchi method [46].



After a critical review of past literature on the various grades of selectively laser-melted maraging steel, it is evident that many researchers have studied different aspects of maraging steel in selective laser melting, such as the consequences of process parameters and heat treatments on the mechanical and microstructural investigations of the build parts. However, it is observed that a novel material like 13Ni400 maraging steel is yet to be studied and thus remains an area for exploration for the researchers. The material finds extensive applications in fabricating numerous aerospace parts, viz., landing gear, undercarriage, and rocket motor cases. Due to the presence of elements like nickel, cobalt, molybdenum, and titanium, the material is appropriate for high-strength, hardness, and good machinability applications. It is important to know the ideal percentage of nickel and molybdenum present in maraging steel, as the price of nickel has continuously risen over the last two decades. The extraction of nickel from ore affects greenhouse gas emissions, which pollute the atmospheric air. After studying the phase diagram of Fe-Ni-Mo, it was noticed that lowering the weight percentage of nickel and increasing the weight percentage of molybdenum can enhance the strength of the material. Thus, in 13Ni400 maraging steel, the weight percentage of nickel is considerably reduced with the objective of achieving the highest possible mechanical property, cost economy, and reduced air pollution. It is also observed that the process optimization of the SLM process is not properly addressed in the literature. Considering the ever-increasing demand and widespread applications of the novel grade of maraging steel in the aerospace and tooling industries, parametric optimization of the novel 13Ni400 Maraging steel for product development holds immense importance. However, among various optimization approaches, the Taguchi method stands out for its exceptional efficiency and cost-effectiveness. It excels through its smart utilization of methods like orthogonal arrays and its emphasis on ensuring optimal performance while keeping expenses in check. When compared with other methods, it emerges as a first choice for achieving maximum results with minimal resources [46,47,48,49].



In line with the above concerns, the primary aim of this study is to investigate the printability of 13Ni400 maraging steel using the selective laser melting process. A comprehensive examination is undertaken to assess the consequences of critical process parameters, including laser power, layer thickness, hatch spacing, and scan speed, on critical outcomes such as relative density, surface roughness, hardness, and tensile strength. Furthermore, the research incorporates powder and material characterization through X-ray diffraction (XRD), scanning electron microscopy (SEM), electron backscatter diffraction (EBSD), and fractography analysis to evaluate the pre- and post-fabrication scenarios. To facilitate the systematic exploration of this multifaceted investigation, a Taguchi L9 (3^4) orthogonal array is employed as a statistical tool for experiment planning and process optimization. The results derived from this statistical approach are subsequently validated through confirmatory experiments, thus underscoring the significance of this research in advancing our understanding of selective laser melting for 13Ni-400 maraging steel, with broader implications for additive manufacturing.




2. Materials and Methods


2.1. Materials


In this work, novel 13Ni-400 grade maraging steel alloy powders are used for experimentation and are brought from Indo-MIM, India. The gas atomization technique is used to prepare the powders, and the average size of the powder particle is in the range of 10–48 μm. Powder morphology is studied using scanning electron microscopy (SEM) micrographs, as shown in Figure 1. It is observed that granular powder particles are spherical in shape with three different magnitudes, viz., small, medium, and large. Research manuscripts reporting large datasets that are deposited in a publicly available database should specify where the data have been deposited and provide the relevant accession numbers. If the accession numbers have not yet been obtained at the time of submission, please state that they will be provided during review. They must be provided prior to publication. For the SLM process, a broader packing density of the powder bed is recommended, which results in decreased surface roughness and porosity in the produced part. This particle size distribution is supposed to result in a densely constructed component because these results of powder particle size distribution are in line with previous studies [50]. An optical emission spectrometer and an energy dispersive X-ray spectroscopy were used to evaluate the chemical composition of this gas-atomized powder, and the findings reveal the precise proportions of key elements in 13Ni400 maraging steel. In weight percent (wt.%), the composition comprises 12.99% nickel (Ni), 13.34% cobalt (Co), 9.86% molybdenum (Mo), 0.23% titanium (Ti), 0.17% aluminum (Al), and a nominal carbon (C) content of 0.01%. Iron (Fe) predominates as the balance of the composition. A similar chemical composition can be found elsewhere [51].




2.2. Selective Laser Melting Process


In this study, an iFusion SF1 selective laser melting machine is used to fabricate parts. This machine has a 500 W Yb:YAG fiber laser with a wavelength of 1064 nm and a laser focus beam of 80 µm. The building platform of this machine is circular, and the size of the building platform of this machine is 150 mm in diameter and 180 mm in height. In the current investigation, the scan rotation between consecutive layers is 67°. During the process of building the specimen, nitrogen gas is used as a shielding gas to achieve low levels of oxygen and avoid oxidation of the parts.




2.3. Experimental Design and Planning


Experimental tests were conducted utilizing the Taguchi method. Taguchi’s approach involved designing experiments with orthogonal arrays, allowing for the exploration of different combinations of parameters and their associated levels in each experiment. An L9 orthogonal array was employed to investigate the effect of energy density and independent variables, including laser power, scanning speed, layer thickness, and hatch spacing, on four responses: relative density, tensile strength, microhardness, and surface roughness of additively manufactured parts. Table 1 shows the values of the ranges and levels of the independent variables.



A series of tensile specimens are built to analyze the influence of SLM parameters on the tensile strength, microhardness, microstructure, surface roughness, phase, and relative density. Specimens were designed and printed as per the ASTM E8 standard (as shown in Figure 2). This study includes several input parameters, such as laser power, layer thickness, hatch spacing, and scan speed. To study the effect of input parameters on response variables, energy density as a common factor is used, and all response results are plotted against energy density.




2.4. Calculation of Performance Measures


2.4.1. Calculation of Energy Density (Ed)


The factor for process optimization is the energy density, which is estimated by Equation (1)


    E   d   =   P     v × h × d      



(1)




where     E   d     represents the energy density (J/mm3), P represents the laser power (W), v represents the laser scan speed (mm/s), h represents the hatch distance (mm), and d represents the powder bed layer thickness (mm).




2.4.2. Calculation of Relative Density (RD)


Archimedes principle is used for calculating the relative density of additively manufactured specimens. The additively manufactured samples are mounted on a METTLER TODELO analytical precision balance (METTLER TOLEDO Solutions: Giessen, Germany) to conduct the experiment. The relative density (RD) is calculated using Equation (2) below.


  R e l a t i v e   d e n s i t y =   W e i g h t   o f   t h e   s a m p l e   i n   a i r   ( W 1 )   W e i g h t   o f   t h e   s a m p l e   i n   a i r     W 1   − W e i g h t   o f   t h e   s a m p l e   i n   w a t e r   ( W 2 )    



(2)








2.4.3. Calculation of Surface Roughness (Ra)


The surface roughness of as-built samples is examined with the MarSurf XR20 equipment (SWISS Instruments Limited: Mississauga, ON, Canada). For each specimen, surface roughness is measured five times, and after recording the results, the average value of all five results is calculated, and that value is considered a final measurement. This process is repeated for all twenty-nine runs.




2.4.4. Calculation of Microhardness


For measuring the hardness of the as-built parts, ZHR Rockwell hardness tester (ZHR8150CLK) is used. ASTM E18 standard is used while performing experiments. Rockwell hardness is measured under a load of 150 kgf. The microhardness test is conducted ten times on the top surface of the as-built parts. After recording the hardness values, the average of ten values is considered the final measurement.




2.4.5. Calculation of Tensile Strength


To analyze the mechanical properties of 13Ni400, tensile tests were performed according to the ASTM E8 standard by using a universal testing machine. The INSTRON 8516 tensile testing machine was used to perform experiments and is equipped with a 25 mm elongation extensometer. A SEM analysis revealed the fractography of the tensile specimens. Table 2 shows the experimental design matrix for the parameters created using Taguchi method, as well as the obtained performance measures.






3. Results and Discussion


3.1. Relative Density


Relative density is one important parameter of the design matrix used in this study and was measured by the Archimedes principle, which is represented in Equation (2). Figure 3 represents the relationship between energy density (Ed) and relative density. Relative density is measured in terms of percentage.



It is seen from Figure 3 that relative density increases as energy density increases. The energy density (Ed) varies from 20.83 to 162.50 J/mm3. There is a sharp rise in the value of relative density in zone 1. The minimum value of relative density is found at Ed = 20.83 J/mm3. As Ed increases, the density of the build specimen increases, with typical values between 88 and 97%. In zone 2, it is observed that relative density is relatively constant with respect to energy density. The maximum value of relative density is found in zone 3 when Ed = 162.50 J/mm3. The theoretical density of this material is 8.15 g/cm3, indicating that the relative density of fabricated parts varies between 88.65 and 99.87%, attaining virtually full density. It is observed that using intermediate values of laser power, scan speed, and hatch spacing results in the highest density. It is also clear that if the layer thickness is too large, the relative density will suffer. Whenever the laser power exceeds a specific threshold, the metal molten pool experiences severe evaporation and dispersion, resulting in a shortage of liquid metal to fill the molten track and many gaps, causing the relative density to drop.




3.2. Surface Roughness


Figure 4 represents the variation of surface roughness (Ra) with respect to energy density. For all nine samples, the surface roughness value is measured for a 5 mm travel length, and values are recorded at three different spots. The mean of all Ra values is considered while plotting the graph.



As illustrated in Figure 4, the surface roughness (Ra) value decreases as energy density increases. There is a brisk drop in the value of surface roughness in zone 1. In this zone, the surface roughness (Ra) value decreases from 8.37 μm to 5 μm. In zone 2, it is observed that the rate of drop in the value of surface roughness is relatively slower as compared with zone 1. In this zone, surface roughness is between 4.97 μm and 2.64 μm. The minimum value of surface roughness of 2.31 μm is found in zone 3 when Ed is between 140 J/mm3 and 165 J/mm3. It is observed that samples prepared with lower laser power support produce defects in fabricated parts, which create hills and valleys on the surface of additively manufactured parts. Thus, laser power plays an important role in achieving a good surface finish because, because of the higher value of laser power, effective melting of the powder is observed.




3.3. Microstructure


Under the action of a laser, metal powder transforms from a solid state to a liquid state, and the crystal grains grow and rearrange to form a component. Figure 5a–f depicts optical microscope (OM) pictures of completed specimens in build plane (horizontal) and lateral plane (vertical) cross sections for varied relative densities. It is observed that relative density is the most important factor that affects the mechanical properties of the parts. Therefore, the samples with lower, medium, and higher values of tensile strength are examined by optical microscopy. Figure 5a,b shows the clear laser scan tracks on the build plane at lower magnification of the optical microscope. It is found that for specimens P7 and P4, the powder of maraging steel 13Ni400 is completely melted, and the crystallization structure of the melted areas has a semi-elliptical shape. Figure 5c shows improper melting of the powder for sample number P3. Figure 5d shows that on the lateral plane, metal powders are fused together and a semi-elliptical pattern is formed, whereas in Figure 5e, along with that same pattern of grains, some voids are observed. Partial melting causes significant porosity at lower energy densities. As a result, irregular scanning traces with large spheres and pores are formed, as revealed in Figure 5f.



Figure 6a–i shows scanning electron microscopic images for various build conditions. From Figure 6, it is observed that in samples P7 and P4, grain boundaries are visible at higher magnification with columnar and cellular (equiaxed) crystal morphology. It is observed that the length and width of the columnar crystals are between 35.24–71.19 μm and 0.61–0.74 μm, respectively. For the equiaxed crystals, the size is between 0.35 and 0.82 μm. Moreover, in parts P7 and P4, the same crystal grains are observed. Again, in part number P3, a greater number of voids and irregular balls are formed. A smaller energy density results in improper melting, hence the balling effect observed. Less laser power and low scanning speed can be the reasons for the balling effect. This negative impact might cause the liquid scan track to break apart during SLM, resulting in spherical-shaped particles. Hence, it can be concluded that limited liquid formation results in balling occurrences, while sufficient liquid formation generates continuous tracks. A higher cooling rate slowed crystal grain development, resulting in smaller crystal grains. It is observed in Part P7 that the maximum number of equiaxed crystals is present, whereas in Part P4, columnar crystals are more prevalent. Similar observations were also reported by previous researchers [21]. Figure 7 shows the image quality (IQ), average grain size, and misorientation angle of grains for samples P7 and P4.



Figure 7a shows the microstructural image of sample P7, indicating a prevalence of fine grains and a limited number of columnar grains. The dominant grain orientations are observed along the (111) and (101) planes. Moving on to Figure 7b, the average grain size of sample P7 is quantified as 5.18 ± 0.05 µm. This sample exhibits a higher percentage of equiaxed grains, leading to a more uniform distribution of stresses and improved mechanical performance. Sample P7 has smaller grain sizes, which make the material stronger and harder. This is because smaller grain sizes increase the grain boundary area, leading to better mechanical properties. Figure 7c displays the high-angle (HAGB) and low-angle grain boundaries (LAGB) in the microstructure of sample P7. It is found that approximately 51% of the grain boundaries fall into the high-angle category. Such high-angle grain boundaries impede grain growth during processing and contribute to strengthening the material.



Figure 7d illustrates the microstructural image of sample P4, where a relatively high grain orientation is observed along the (111) and (101) planes, suggesting a random orientation of grains. Figure 7e shows that the average grain size of sample P4 is measured at 9.74 ± 0.10 µm, which is higher compared with sample P7. The analysis further reveals that sample P4 exhibits a considerably higher proportion (61.48%) of low-angle grain boundaries in Figure 7f compared with the percentage of HAGB. The superior performance of sample P7 over sample P4 can be attributed to several key factors observed during the experimental analysis. Notably, sample P7 possesses a smaller average grain size diameter (5.28 μm) compared with sample P4 (9.74 μm). The combination of a smaller average grain size, a higher proportion of equiaxed grains, and a greater fraction of high-angle grain boundaries in sample P7 results in its superior mechanical properties and overall strength compared with sample P4 under the given conditions.




3.4. XRD Analysis


Figure 8 shows the comparison of XRD patterns for raw powder along with built parts at various process parameter combinations. Raw powder includes predominantly martensite (α) and very few traces of the austenite (γ) phase, as can be seen in the XRD pattern of fabricated parts P7, P4, and P3.



The phase composition of the as-built parts (P7, P4, and P3) formed by SLM is nearly identical to that of raw powder, while the austenite (γ) phase in the raw powder pattern (111) is unseen after part formation by SLM. The   α   phase diffraction peaks in the as-built sample change to small diffraction angles, indicating an increase in lattice parameters (a = 0.2886 nm) over the raw powder (0.2879 nm), which may be interpreted as the solute entrapment phenomenon in SLM caused by non-equilibrium rapid solidification. It is observed that the intensity of the austenite (γ) phase in raw powder (200) and (220) is reduced in the as-built samples.




3.5. Microhardness


Figure 9 depicts the relationship between microhardness and energy density. For each sintered item, hardness is measured at five spots with a load of 10 kgf, followed by 150 kgf for a 10 s dwell time, and the mean microhardness value is considered while plotting the graph.



It is noticed that, as the energy density changes from 20.83 J/mm3 to 162.50 J/mm3, the hardness value increases from 25 to 44 HRC. The increase in hardness was particularly prominent in “zone 1” of the sample, which refers to a specific region or area within the material that underwent the laser processing. In this zone, the microhardness (localized hardness on a small scale) showed a substantial rise with changing energy density. On the other hand, “zone 2” of the sample displayed only minor variations in microhardness when the energy density changed between 60 and 120 J/mm3. This suggests that the effect of energy density on the microhardness in this zone was not as pronounced as in zone 1. This study found that the highest microhardness value of 44 HRC was achieved in “zone 3” when the energy density was 162.50 J/mm3. The reason behind this observation is related to the laser power used during the processing. Higher laser power translates to increased energy input, which results in a more rapid rate of melting and deposition during the building process. This, in turn, causes a greater degree of material transformation and solidification, leading to higher microhardness in zone 3. Similar observations are also reported elsewhere [23].



Figure 10 shows the comparison of microhardness values obtained for various grades of maraging steel with 13Ni400 grade. The findings from the comparison indicate that the 13Ni400 grade of maraging steel exhibits a higher level of hardness when compared with two other grades, namely 18Ni300 and Fe11Cr9Ni6Co3Mo [27]. The reason behind the higher hardness of the 13Ni400 grade can be attributed to the presence of a higher weight percentage of cobalt (Co) in its composition. Cobalt plays a crucial role in enhancing the material’s strength through two processes: solid solution hardening and ordering during precipitation. Solid solution hardening refers to the strengthening effect that occurs when atoms of different elements are incorporated into the crystal lattice of the base material. In this case, cobalt atoms are introduced into the structure of the maraging steel, which increases its hardness. Moreover, during the precipitation process, which involves the formation of new phases within the material, the presence of cobalt further reinforces the steel’s structure, contributing to its hardness. Although cobalt itself does not directly participate in any precipitation reactions, its presence facilitates the formation of stronger precipitates, leading to improved hardness characteristics [29]. In the Fe-Ni-Mo (Iron-Nickel-Molybdenum) alloy system, cobalt has a remarkable impact on enhancing age hardness, even though it does not directly participate in the precipitation reactions. This means that cobalt plays a crucial role in improving the alloy’s mechanical properties, making it stronger and more durable over time.




3.6. Tensile Test


Figure 11a–d shows the stress strain curve, comparisons of ultimate tensile strength values for different grades of maraging steel, a graph of energy density vs. yield strength, and a graph of energy density vs. ductility, respectively. The stress strain curves for the parts P7, P4, and P3 are shown in Figure 11a. After the successful completion of nine experimental runs for the manufactured parts, it was noticed that the ultimate tensile strength of the samples varied from 863 MPa to 1308 MPa. The specimen with relative densities between 88.65% and 97.56% exhibits poor tensile behavior, whereas the specimen with a relative density between 97.56% and 99.87% retains superior strength as well as elongation. For all specimens, fracture elongation ranges from 2.43% to 10.27%.



Figure 11b shows the comparison of ultimate tensile strength values obtained for various grades of maraging steel with 13Ni400 grade. According to Figure 11b, 13Ni400 grade has a higher ultimate tensile strength than 18Ni300, FeCo15Cr14Ni4Mo3, and Fe-11Cr-9Ni-6Co-3Mo grade of maraging steels [18,19]. This is due to the higher percentage of molybdenum (Mo) in the 13Ni400 maraging steel as compared with other grades. In maraging steel, molybdenum acts as a relatively strong precipitation-hardening element. Molybdenum gradually improves the strength of the Fe-Ni matrix through solid solution hardening and aging when added in lower concentrations [29]. Figure 11c depicts the variance in yield strength with respect to energy density for the nine built parts, and the ultimate tensile strength of the samples varies from 1308 MPa to 863 MPa. The yield strength values show a brisk rise with an increase in energy density from 20–60 J/mm3, and this is because the increase in laser power improves the rate of melting of powder. There is a steady rise in the value of yield strength while energy density increases by 60–160 J/mm3. Increasing laser power generates more heat, and that is the reason for proper melting and the production of impermissible bonds between two layers, which results in an increase in the ultimate tensile strength of the as-built parts. Figure 11d shows the variation of ductility with respect to energy density. As energy density increases, the ductility of the built parts also improves, from 2.5% to 10.2%. The parts with lower energy densities show lesser ductility as improper melting is observed because of less laser power. A higher value of laser power increases the rate of melting and deposition in the built parts, which in turn causes a rise in the value of ductility.



Figure 12 presents the fracture morphology of a specimen after a tensile test. In sample P7, characterized by a relative density of 99.87%, the observation reveals uniformly-sized dimples and particles that resulted in ductile fracture behavior. During the tensile test, the specimen experienced substantial plastic deformation, with micro-cavities present at the precipitates. Subsequently, these voids coalesced, leading to a fracture formation facilitated by rapidly increasing tears. Moreover, sample P4 exhibits the presence of microholes, which cause premature fractures compared with sample P7. The fracture morphology illustrates that the use of lower laser power did not completely melt the material, resulting in weak bonding and a brittle fracture. In sample P3, the presence of a balling effect and holes is evident, attributed to the brittle fracture characteristics. The visual examination indicates that all samples fractured at locations where defects were present. The occurrence of fragile fractures can be attributed to macro-voids generated during the low-energy density sintering process. Consequently, enhancing relative density and minimizing defects can significantly improve the tensile properties of fabricated components.




3.7. Optimization of Independent Variables and Validation of the Proposed Work


Numerical optimizations of the SLM fabrication process of 13Ni400 maraging steel were carried out through Design Expert software (version 13) by setting different goals. The desirability function is used in the software to complete numerical optimization. The process parameters of additively manufactured 13Ni400 maraging steel developed by the SLM process are optimized for achieving the minimum attainable surface roughness, maximum relative density, microhardness, and ultimate tensile strength. Thirty alternative solutions were predicted by design expert software, each with a different degree of independent variables. The approach with the highest desire value is selected as the ideal selective laser melting parameter condition [51]. The optimal conditions of input parameters along with the coded level are represented in Table 3.



From the table, the optimum parameters to build a specimen of 13Ni400 maraging steel grade by selective laser melting technique are found to be a scanning speed of 920 mm/s, hatch spacing of 0.09 mm, laser power of 311 W, and layer thickness of 0.02 mm. Once the optimized process conditions are identified, it is mandatory to validate them by conducting a confirmative test. Therefore, experiments are conducted again under optimized process parameters to authenticate the proposed work. When the predicted and experimental results are compared, only ~1.80% of the error exists. This validation encompassed critical material properties, including relative density, surface roughness, microhardness, and tensile strength. The predicted relative density of 99.95% closely aligned with the experimental value of 99.90%, resulting in a negligible percentage error of ~0.05% and an average error of ~1.80%. While surface roughness exhibited a slightly higher percentage error of ~3.51%, both microhardness and tensile strength displayed errors of ~2.27% and ~1.36%, respectively, indicating minor deviations from predicted values. Despite these variations, the overall agreement between predicted and experimental results underscores the efficacy of the optimization process. The high relative density achieved suggests robust material consolidation under the optimized SLM parameters, reinforcing the study’s credibility. A similar type of validation was reported by previous researchers [51].



The research explores the selective laser melting (SLM) process for 13Ni400 maraging steel, revealing insights into process parameter optimization and resulting material properties. Findings indicate that higher energy density and smaller layer thickness enhance relative density and microhardness, while increasing hatch spacing negatively impacts relative density. Optimal tensile strength is achieved at specific energy densities, underscoring the importance of parameter balance. Moreover, the microstructural analysis highlights the influence of cooling rate on crystal grain growth, with higher cooling rates resulting in smaller equiaxed crystals and enhanced material strength. The phase composition of the specimens remained consistent with the raw powder, with the martensite phase dominating and minimal traces of austenite. The comparison of experimental and predicted results validates the efficiency of the optimization process, reaffirming the study’s credibility. Overall, these findings contribute to the understanding and optimization of SLM parameters for producing high-performance metal components with superior material properties.





4. Conclusions


This research study investigated the additive manufacturing of 13Ni400 maraging steel using the selective laser melting (SLM) process. A newly developed gas-atomized powder was used for building specimens, and the process parameters were optimized using the Taguchi approach. The influence of laser power, scanning speed, layer thickness, and hatch spacing on relative density, surface roughness, microhardness, and tensile strength was analyzed. This work is helpful in selecting optimum process conditions to build defect-free SLM parts with maximum densification. The optimum input conditions for achieving parts with maximum densification and the highest attainable property while printing SLM of 13Ni400 are found to be scan speed 920 mm/s, hatch spacing of 0.09 mm, laser power of 311 W, and layer thickness of 0.02 mm. The optimum process conditions are verified by conducting a confirmative test with an average error of ~2.09%. The following are the important findings of the study:




	
It is observed that relative density and microhardness initially increase rapidly as energy density increases from 19 to 60 J/mm3 and then tend to remain constant when energy densities increase from 60 to 120 J/mm3. The ANOVA results revealed that the energy density, layer thickness, and hatch spacing significantly influence the relative density of additively manufactured 13Ni400 maraging steel parts. It was found that higher energy density and smaller layer thickness positively contribute to achieving higher relative density. Additionally, increasing hatch spacing negatively affects relative density. This finding is crucial for achieving denser and defect-free components using SLM, which is essential for applications requiring high material integrity.



	
The parts produced with an energy density greater than 162.50 J/mm3 have a relative density closer to 100% and a microhardness of 44 HRC. The ANOVA results demonstrated the significance of laser power and scan speed in determining the microhardness of the additively manufactured parts. Increasing laser power elevated the microhardness, whereas higher scan speeds had the opposite effect. Properly balancing these parameters is vital to achieving optimal microhardness and ensuring the components exhibit superior mechanical strength and wear resistance.



	
The phase compositions of the specimen and powder are nearly identical. The martensite phase largely dominates the phase compositions of selectively laser-melted 13Ni400 samples, with very few traces of austenite. The austenite (γ) phase in the powder pattern (111) is unseen after forming in SLM. SLM produces components with a fine cellular structure and coarse granules. The crystal grain growth is reduced by the higher cooling rate, resulting in smaller crystal grains. The samples that possess a higher cooling rate result in a higher number of equiaxed crystals.



	
The EBSD study of 13Ni400-grade maraging steel reveals significant differences in microstructure and grain boundaries between samples P7 and P4. Sample P7 exhibits a prevalence of fine grains with dominant orientations along the (111) and (101) planes, contributing to a more uniform stress distribution and improved mechanical performance. The smaller grain size and higher percentage of equiaxed grains in sample P7 result in enhanced material strength and hardness. Additionally, the presence of a higher fraction of high-angle grain boundaries in sample P7 impedes grain growth during processing and further strengthens the material.








Further experimental research in selective laser melting (SLM) for 13Ni400 maraging steel could delve into exploring additional process parameters like post-processing methods for enhancing properties, assessing scalability for industrial use, and exploring potential applications in the aerospace, automotive, and medical industries. Addressing these aspects can advance understanding and utilization of SLM for producing high-performance metal components.
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Figure 1. SEM image of 13Ni-400 maraging steel. 
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Figure 2. Schematics and photo of the tensile specimen fabricated using the SLM process and used in the present study. 
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Figure 3. Plot showing relative density variation with respect to energy density for 13Ni400 fabricated by SLM. 
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Figure 4. Plot showing surface roughness variation with respect to energy density for 13Ni400 fabricated by SLM. 
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Figure 5. Optical microscopic images of samples for different relative densities with different cross section planes (a–c) build plane for samples P7, P4, and P3, respectively, and (d–f) lateral plane for samples P7, P4, and P3, respectively. 
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Figure 6. SEM micrographs of samples for different relative densities at different magnifications (a–c) for samples P7, (d–f) for sample P4, and (g–i) for sample P3, respectively. 
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Figure 7. Electron back scattered diffraction analysis (Image quality, Grain size and Misorientation) for (a–c) as built sample P7 and (d–f) as built sample P4. 
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Figure 8. XRD patterns of the 13Ni400 powder and as-built samples with combinations of different process parameters. 
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Figure 9. Plot showing microhardness variation with respect to energy density for 13Ni400 fabricated by SLM. 
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Figure 10. Comparative chart of microhardness of additively manufactured different grades of maraging steel. 
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Figure 11. (a) Stress-strain curves for different densities; (b) a comparative chart of ultimate tensile strength of additively manufactured different grades of maraging steel; (c) a plot showing variation of yield strength with respect to energy density; and (d) a plot showing variation of ductility with respect to energy density. 






Figure 11. (a) Stress-strain curves for different densities; (b) a comparative chart of ultimate tensile strength of additively manufactured different grades of maraging steel; (c) a plot showing variation of yield strength with respect to energy density; and (d) a plot showing variation of ductility with respect to energy density.



[image: Jmmp 08 00052 g011]







[image: Jmmp 08 00052 g012] 





Figure 12. Fracture morphologies of tensile specimens for different relative densities. 
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Table 1. Range of process parameters used for optimization using Taguchi method.
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Parameters

	
Levels




	
−1

	
0

	
1






	
Laser Power (W)

	
180

	
285

	
390




	
Layer Thickness (mm)

	
0.02

	
0.04

	
0.06




	
Hatch Spacing (mm)

	
0.08

	
0.10

	
0.12




	
Scanning Speed (mm/s)

	
800

	
1000

	
1200











 





Table 2. Experimental design matrix of the parameters designed by Taguchi methodology with obtained performance measures.
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Run

	

	
Input Parameters

	
Energy

Density

(J/mm3)

	
Response Values




	
Part

No.

	
Laser Power (W)

	
Layer Thickness (mm)

	
Hatch Spacing (mm)

	
Scan Speed (mm/s)

	
Relative Density (%)

	
Ultimate Tensile Strength (MPa)

	
Microhardness (HRC)

	
Surface Roughness (μm)






	
1

	
P1

	
180

	
0.02

	
0.08

	
800

	
140.63

	
99.56

	
1269 ± 15

	
41

	
2.41




	
2

	
P2

	
180

	
0.04

	
0.1

	
1000

	
45.00

	
94.37

	
1051 ± 21

	
29

	
6.03




	
3

	
P3

	
180

	
0.06

	
0.12

	
1200

	
20.83

	
88.65

	
863 ± 22

	
25

	
8.37




	
4

	
P4

	
285

	
0.02

	
0.1

	
1200

	
118.75

	
99.41

	
1258 ± 30

	
40

	
2.64




	
5

	
P5

	
285

	
0.04

	
0.12

	
800

	
74.22

	
98.15

	
1162 ± 27

	
37

	
4.23




	
6

	
P6

	
285

	
0.06

	
0.08

	
1000

	
59.38

	
97.56

	
1127 ± 14

	
34

	
4.97




	
7

	
P7

	
390

	
0.02

	
0.12

	
1000

	
162.50

	
99.87

	
1308 ± 18

	
44

	
2.31




	
8

	
P8

	
390

	
0.04

	
0.08

	
1200

	
101.56

	
99.25

	
1236 ± 22

	
39

	
3.29




	
9

	
P9

	
390

	
0.06

	
0.1

	
800

	
81.25

	
98.42

	
1189 ± 12

	
36

	
3.64











 





Table 3. At optimum circumstances, the experimental and anticipated values of response.
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Optimum Circumstances

	
Coded Level

	
Actual Level






	
Scan speed (mm/s)

	
0.6

	
920




	
Hatch spacing (mm)

	
1

	
0.09




	
Laser power (W)

	
0.1333

	
311




	
Layer thickness (mm)

	
−1

	
0.02




	
Response

	
Predicted Values

	
Experimental Values

	
% Error

	
Average Error (%)




	
Relative density (%)

	
99.95

	
99.90

	
0.0500

	
1.7983




	
Surface roughness (mm)

	
2.20

	
2.28

	
3.5088




	
Microhardness (HRC)

	
45

	
44

	
2.2728




	
Tensile strength (MPa)

	
1340

	
1322

	
1.3616
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