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Abstract


Inconel 718 (IN718) is a nickel-based superalloy which is widely used in aerospace, oil, and gas industries due to its outstanding mechanical properties at high temperatures, corrosion, fatigue resistance, and excellent weldability. Selective laser melting (SLM), one of the most used powder-bed based methods, is being extensively used to fabricate functional IN718 components with high accuracy. The accuracy and the properties of the SLM fabricated IN718 parts highly depend on the process parameters employed during fabrication. Thus, depending on the desired properties, the process parameters for a given material need to be optimized for improving the overall reliability of the SLM devices. In this study, design of experiment (DOE) was used to evaluate the dimensional accuracy, composition, and hardness corresponding to the interaction between the SLM process parameters such as laser power (P), scan speed (v), and hatch spacing (h). Contour plots were generated by co-relating the determined values for each characteristic and the process parameters to improve the as-built characteristics of the fabricated IN718 parts and reduce the post-processing time. The outcome of this study shows a range of energy density values for the IN718 superalloy needed to attain optimal values for each of the analyzed characteristics. Finally, an optimal processing region for SLM IN718 fabrication was identified which is in accordance with the values for each characteristic mentioned in literature.
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1. Introduction


Inconel 718 (IN718) is an age-hardenable nickel-based alloy that was developed in the 1960s by the International Nickel Company [1,2]. IN718, with an exceptional weldability property, is found to be indifferent to strain-age cracking. IN718 has the ability to maintain good chemical and mechanical properties at high temperatures, and the working temperature of IN718 is between −257 °C to 704 °C [3]. IN718 is also known for its corrosion-resistance properties, creep-resistance behavior, and high strength [4]. Thus, IN718 is termed as a “superalloy” [5]. IN718 is one of the most commonly used superalloys and accounts for about 35% of all superalloys produced in the 1980s [6]. Due to these properties of IN718 superalloys, they have applications in fields such as nuclear power plants, gas turbines, aircraft engines, and combustion chambers [2]. The high presence of Fe and Co makes IN718 economical to use, thus making it one of the most used alloys in the field of oil and gas [7]. IN718 is composed of chromium, molybdenum, aluminum, titanium, cobalt, niobium, and nickel, with nickel being the highest proportion. The commonly seen phases in IN718 are γ, γ’, γ”, δ, MC, and laves [8]. The major phase of IN718 is the gamma (γ) phase, as it is mainly comprised of Ni and forms an austenitic face-centered-cubic (FCC) matrix [9,10]. γ” and γ’ are the strengthening phases of IN718. The γ” phase is found to be comparatively higher than the γ’ phase; thus, it is the prevalent strengthening phase in IN718 [11]. The traditional techniques for the fabrication of IN718 include cast and wrought. Cast IN718 is found to be fundamentally stronger at higher temperatures due to the presence of coarse grains [9]; hence, it has applications in aircraft engines, turbines, and nozzles. Wrought IN718 has a relatively more homogenous, finer microstructure than cast IN718. Thus, wrought IN718 has better tensile and fatigue strength, rupture properties, and has applications in gas turbines and in aerospace industry parts that require high impact strength [9]. Cast IN718 specimens must be heat-treated at high temperatures to increase their homogenization and in turn improve their mechanical properties [12]. Therefore, heat treatment is required for IN718 manufactured using casting and powder metallurgy to obtain the desired properties. This heat treatment leads to oxidation and thus increases the brittleness of the IN718 specimens. Thus, to overcome these difficulties, additive manufacturing techniques like selective laser melting (SLM), selective laser sintering (SLS), electron beam melting (EBM), and direct energy deposition (DED) offer a viable solution as their processes allow us to tailor the microstructure based on our needs [13].



SLM is a layer-by-layer AM technique which uses a recoater/roller to deposit powder on the printing bed/substrate. A laser is then used to melt the powder and fuse them to form the designed part [14]. The printing bed/substrate goes down by a layer, and another layer of powder is then deposited. This process continues until the entire part is fabricated [15]. The SLM technique can be used to fabricate geometrically complex parts with high density (~100%) and thus eradicates the need for post-processing [16]. A few of the SLM process parameters such as laser power (LP), scan speed (SS), hatch spacing (HS), and layer thickness (LT) can be controlled and thus helps us to tailor the properties of the fabricated part as per our need [17].



Studying the microstructure of IN718 specimens fabricated using the SLM technique helps us understand the melting and re-melting processes and examine the defects associated with the process. In a study conducted by Amato et al. [18], it was seen that columnar microstructures are seen parallel to the build direction. Brenne et al. [19] studied the effect of high laser power on the microstructure of SLM fabricated IN718 and found columnar grains along the build direction with a high grain aspect ratio compared to the studies which used lower laser power. On the contrary, non-columnar grains were seen in a study conducted by Tucho et al. [20]. They concluded that this might have been due to differences in process parameters and boundary conditions compared to other studies [20]. Fine dendritic structures are commonly seen in as-built IN718 samples along with phases of laves between the dendritic areas [21,22,23]. Yi et al. [24] studied the effect of laser power and scan speed on the geometrical accuracy and noted that, as the scan speed decreased and laser power increased, there was an increase in the deviation of the part from the designed Computer-Aided design (CAD) model. In a similar study, conducted by Sadowski et al. [25], it was noted that the dimensional accuracy of parts decreased with an increase in laser power. If not chosen properly, the process parameters can cause defects like the “balling effect”, residual porosity, and warpage, which affect the dimensional accuracy of the parts [26]. Gong et al. [27] measured hardness along the build direction and established that the hardness values at the top surface were comparatively higher than that at the bottom surface and concluded that this was due to the presence of laves phases which are brittle in nature. Kozior et al. studied the effect of the printing direction on the surface texture of the 316L steel and found that surface roughness varies significantly with a change in the orientation of the fabrication [28]. Various hardness analyses, like Vickers and Rockwell tests, are usually conducted to obtain and evaluate the hardness of SLM fabricated components. A hardness of around 500 HV has been reported. Chlebus et al. [23] along with Amato et al. [18] and Wang et al. [17] stated an increase in the hardness values after heat treatment operations. Thus, optimizing these process parameters is an important step in controlling the microstructural and mechanical properties [14].



In this work, the Design of Experiments (DOE) methodology was used to construct an experiment that evaluated the CAD deviation, composition, and hardness of SLM fabricated IN718 against the three critical processing parameters: laser power, scanning speed, and hatch spacing.




2. Materials and Methods


2.1. Design of Experiments


Minitab v19 (Minitab Inc., State College, PA, USA) was used in order to establish the response surface methodology (RSM) technique. A Central Composite Design (CCD) [29,30] technique, which is part of the most widely used RSM technique (DOE method), was used in this study. The CCD technique establishes the standardized efficient parameters and their subsequent relationship by performing the least amount of required experiments. Statistically, CCD is an experimental method for the RSM to build a second-order design to get an optimized response. The energy density was calculated with the help of the following equation [31]:


   E v  =  P  v × h × t    



(1)




where Ev (J/mm3) is energy input, P (W) is laser power, v (mm/s) is scanning speed, h (μm) is hatch distance, and t (μm) is layer thickness.



To simplify the experiment, layer thickness (t) was kept 40 μm, and the stripes scan strategy (direction of the laser movement) as shown in Figure 1 was used for all the test specimens. The ranges of defined process parameters are shown in Table 1. By using the set of defined ranges shown in Table 1, for every parameter suggested by the CCD approach, a total of 20 different combinations of LP, SS and HS were achieved with the help of Minitab v19 software (Minitab Inc., State College, PA, USA), as seen in Table 2. This was followed by the parts having dimensions of 5 mm × 5 mm × 6 mm being fabricated with the obtained 20 different process parameters. For each process parameters’ combination, 3 samples were fabricated (a total of 3 × 20 samples). In the next step, several analysis tests were conducted on the fabricated parts to achieve the required results (i.e., geometrical accuracy, required phase composition, and attainment of the desirable hardness values). The observed results were then integrated into a second-order polynomial model and the coefficients of regression were obtained in Minitab v19. Finally, 3D plots and corresponding 2D contours of different parameters were plotted, and then the required parameters were built and marked on each of the 2D contours where the actual CAD geometry, desired phase composition, hardness, and surface values are equivalent to those of the desired values. The effects of each parameter and the corresponding required geometrical CAD values, phase compositions, and the hardness results can be predicted by calculating the value of ζ for each of the analyzed characteristics in the following equation:


  ζ =  a 1  +    a 2  LP   −    a 3  SS   −    a 4  HS   −    a 5    LP  2  +    a 6    SS  2  +    a 7    HS  2  −    a 8  LP × SS −    a 9  LP × HS   +    a  10   SS × HS  



(2)




where ζ is the predicted response, a1–a10 are the constants, LP is laser power, SS is scan speed and HS is hatch spacing.




2.2. Powder Preparation and Fabrication


The IN718 samples were fabricated with the help of an EOS M290 SLM laser powder-bed fusion process printer (EOS GmbH, Electro Optical Systems, Krailling, Germany), which was equipped with a 400 W Ytterbium fiber laser and had a building volume of 250 mm × 250 mm × 325 mm. IN718 powder was obtained from EOS North America (Pflugerville, TX, USA), and the scanning electron microscope (SEM) micrograph of the fresh powder can be seen in Figure 2a. ImageJ [32], a license-free software was used to analyze the particle size and with the help of those results, and a histogram of the particle-size distribution was generated, as shown in Figure 2b. The analysis revealed that the powder had an average particle size of 12 microns. Energy-dispersive X-ray spectroscopy (EDS) analysis was performed on the fresh powder, and the composition of the IN718 powder is shown in Table 3. This powder was used to fabricate the test samples with a dimension of 5 mm × 5 mm × 6 mm.




2.3. Experimental Procedure


A FaroArm® Edge and Laser ScanArm (Faro, Lake Mary, FL, USA) coordinate measuring machine was used to scan the samples and obtain the data of co-ordinate points (point cloud) of the IN718 samples. These coordinates were then converted into a CAD model. Finally, the length, width, and height of each CAD model were measured at six different points using Polyworks Inspector software (Innovmetric, Novi, MI, USA) and their average values have been reported. A Vickers hardness test was conducted using a LECO LM 300 AT (LECO, St. Joseph, MI, USA) micro-hardness tester on each sample. The test was performed by applying a load of 500 g for 10 s and a minimum of four indentations were done in order to report the average number for each side. Finally, in order to perform compositional analysis, the samples were cut using a TECHCUT 5™ precision low-speed saw (Allied High-Tech Products, Inc., Rancho Dominguez, CA, USA). The samples were cut along the XY direction from the top surface, and the thickness of the cut samples was 2 mm. The compositional analysis was conducted using a Bruker D8 Advance X-ray diffractometer (XRD) (Bruker Corporation, Madison, WI, USA) for each fabricated sample. The voltage and the current of the X-ray source were maintained at 40 kV and 40 mA, while the x-ray source was Cu k-alpha, and measurements were made at room temperature with a wavelength of 1.5406 Å, step intervals of 0.04° in 2θ between 30° and 100°, and a locked coupled scan type with a scan speed of 1 s/step. The XRD results obtained from the Bruker D8 Advance X-ray diffractometer were interpreted using X’Pert HighScore Plus (Panalytical, Almelo, The Netherlands).





3. Results


3.1. Dimensional Analysis


The geometrical accuracy analysis was performed with the help of Coordinate Measuring Machine (CMM) measurements for all the 3 × 20 fabricated IN718 samples. The reason for performing dimensional analysis was to compare the effects of different process parameter combinations on the geometrical accuracy of the fabricated parts. This was conducted to establish a relationship between process parameters in order to determine an optimized set of parameter ranges for fabrication. The measured height values are shown in Table 4. Upon analyzing the results obtained in Table 4, the height of the samples differed as the scan speed varied, keeping laser power and hatch spacing constant. Considering a constant laser power of 285 W and a constant hatch spacing of 110 μm and varying the scan speed from 798.5 mm/s to 960 mm/s, it can be seen that the height of the as-built specimens decreased from the desired value of 6.007 mm to 5.972 mm. A similar trend is observed when the laser power and scan speed are kept constant at 256.5 W and 1056 mm/s, respectively, and the hatch spacing is increased from 99 μm to 121 μm, and the height of specimens increases by 51 μm from 5.971 mm to 6.022 mm. Finally, we see that the height values increase from 5.971 mm to 6.011 as the laser power is increased from 256.5 W to 313.5 W while maintaining the scan speed and hatch spacing constant at 1056 mm/s and 121 μm, respectively. In this study, the height of 8 out of the 20 combinations of process parameters exceeded the desired height (max height deviation of 22 μm), while 11 out of the 20 combinations of process parameters resulted in parts whose heights were less compared to that of the designed part (with a max height deviation of 29 μm).



The values obtained for height from Table 4 were then entered into Minitab, and a model was established. It was noted that the height of the alloy specimen was affected by the scan speed as it is inferred from the Pareto chart for height (Figure 3). The most accurate value for height resulted from the parameter with a laser power of 237 W, scan speed of 960 mm/s, and a hatch spacing value of 110 μm, which yielded a height of exactly 6 mm. From the response surface regression tool in Minitab, the regression equation was found as shown in the equation below:


Height = 8.31 − 0.00646 × LP − 0.00178 × SS − 0.0101 × HS + 0.000007 × LP2 + 0.000001 × SS2 + 0.000041 × HS2 + 0.000001 × LP × SS + 0.000027 × LP × HS − 0.000007 × SS × HS



(3)







In a Pareto chart, the effectiveness of the statistical significances of the main, square, and interaction of the laser processing parameters (LP, HS and SS) on the height of the samples are presented (Figure 3). This chart indicates that scan speed plays a significant role in determining the height of fabricated IN718 parts. The influence of laser processing parameters is further investigated by the contour plots shown in Figure 4.



Secondly, the measured width of the fabricated samples is shown in Table 4. By evaluating Table 4, we notice that the width of the samples decreases with an increase in the scan speed of the fabricated samples, while the laser power and hatch spacing is kept constant. Examining Table 4, we can see that the width of the as-built specimens decreases from 5.000 mm to 4.993 mm as the scan speed increased from 960.0 mm/s to 1121.5 mm/s, while the hatch spacing and laser power was maintained at 110 μm and 285.0 W. A similar trend is observed when the hatch spacing varies from 121 μm to 99 μm, and the width of the samples decreases from 5.001 mm to 4.997 mm while the laser power and scan speed are kept constant at 256.5 W and 864 mm/s. The same trend can be observed when the laser power increased from 237.1 W to 285.0 W, and the width of the samples increased from 4.987 to 5.000 at a scan speed of 960 mm/s and 110 μm. The width of 8 samples met the designed CAD value of 5.000 mm, while 10 samples resulted in values lesser than that of 5.000 mm, and 2 samples attained a width more than the designed value.



The measured width values from Table 4 were then processed using the response surface regression tool in Minitab in order to establish and analyze the relationship between the width of the fabricated samples and the process parameters. The below equation represents the regression of influencing parameters on the width of the samples.


Width = 4.679 − 0.00067 × LP + 0.000874 × SS + 0.00045 × HS − 0.000004 × LP2 − 0.000000 × SS2 − 0.000001 × HS2 + 0.000001 × LP × SS + 0.000016 × LP × HS − 0.000004 × SS × HS



(4)







In a Pareto chart, the effectiveness of the statistical significances of the main, square, and interaction of the laser processing parameters (LP, HS and SS) on the width of the samples are presented (Figure 5). This chart indicates that scan speed plays a significant role in determining the width of fabricated IN718 parts. Figure 6 shows contour plots of the measured width for all fabricated samples. As it is presented, the scan speed plays a major role in establishing the width of an SLM fabricated IN718 part. This trend is different from that observed in the relationship between the height and the process parameters.



The measured lengths of the as-fabricated IN718 specimens are as represented in Table 4. Examining Table 4, we observed that the length of the samples increased as the scan speed reduced with the laser power and hatch spacing kept constant. For example, it was noted that the length of the specimens increased from 4.992 mm to 5.000 mm when the scan speed decreased from 1121.5 mm/s to 960 mm/s, while the laser power and hatch spacing were kept constant at 285 W and 110 μm, respectively. A similar change in length (4.996 mm to 5.000 mm) was seen when the hatch spacing was reduced from 121 μm to 99 μm as the scan speed and laser power remained constant at 864 mm/s and 256.5 W, respectively. Lastly, the length of the samples decreased from 5.000 mm to 4.989 mm as the laser power decreased from 285 W to 237.1 W at a constant scan speed of 960 mm/s and constant hatch spacing at 110 μm. Of the 20 fabricated samples, 8 samples yielded a length of 5.000 mm, while 11 samples had a length between 4.969 mm to 4.999 mm, and one sample produced a length of 5.002 mm.



The regression of influencing parameters on the length of the samples is represented in the equation below. In a Pareto chart, the effectiveness of the statistical significance of the main, square, and interaction of the laser processing parameters (LP, HS and SS) on the length of the samples are presented (Figure 7). This chart indicates that scan speed plays a significant role in determining the length of fabricated IN718 parts.


Length = 4.655 − 0.00089 × LP + 0.000753 × SS + 0.00167 × HS − 0.000003 × LP2 − 0.000000 × SS2 − 0.000014 × HS2 + 0.000001 × LP × SS + 0.000013 × LP × HS − 0.000002 × SS × HS



(5)







From the contour plots in Figure 8, we can see that scan speed affects the length of an as-built part significantly, as determined by the response surface regression tool in Minitab.




3.2. X-ray Diffraction (XRD) Analysis


The compositional analysis was carried out using an X-ray Diffractometer. The different phases of IN718 such as γ, γ’, and γ” were observed in all 20 fabricated samples. As expected, the γ phase was found to be the major phase in all the fabricated samples (60–75%), and the rest were comprised mostly of γ’ and γ” phases (the strengthening phases of IN718). The δ phase (the thermally stable phase of IN718) was present in traces and had a composition similar to that of the γ” phase. The γ” phase is one of the secondary strengthening phases of IN718 composed of Ni3Nb, and thus its plays an important role in the mechanical properties of the fabricated sample. From Table 5, it is clear that the γ” phase increase with an increase in the energy density of the samples, and it is observed that as the laser power increases from 237.1 W to 285 W, the percentage of γ” phase increases from 13.4% to 14.14% when the scan speed and hatch spacing are kept constant at 960 mm/s and 110 μm, respectively. It is noticed that the γ” phase decreases by 5.39% when the hatch spacing varies from 99 μm to 121 μm at constant scan speed (864 mm/s) and laser power (256.5 W) values. The same trend of decrease in the percentage of the γ” phase (17.68% to 12.92%) can be seen for constant laser power (313.5 W) and constant hatch spacing (121 μm) values with increasing scan speed values (864 mm/s to 1056 mm/s).



The regression of influencing parameters on the percentage of γ” present in the samples is represented in the equation below.


γ” = 193.6 + 0.306 × LP − 0.1669 × SS − 2.425 × HS − 0.000094 × LP2 + 0.000051 × SS2 + 0.00641 × HS2 − 0.000235 × LP × SS − 0.00025 × LP × HS + 0.001097 × SS × HS



(6)







In a Pareto chart, the effectiveness of the statistical significances of the main, square, and interaction of the laser processing parameters (LP, HS and SS) on the percentage of γ” present in the samples are presented (Figure 9). This chart indicates that the interaction between scan speeds plays a significant role in determining the percentage of γ” in the fabricated IN718 parts.



From the contour plots in Figure 10 and the response surface regression tool, it is evident that the combination of scan speed and hatch spacing plays an important role in the development of γ” phases.




3.3. Hardness Analysis


Vickers hardness values were determined on the top surfaces for all of the 20 as-built parts. The Vickers hardness values, and the resultant contour plots are represented in Table 6 and Figure 12, respectively. Analyzing Table 6, we can see that the hatch spacing plays a significant role in determining the hardness of the samples. It is evident that as the hatch spacing increases (110 to 128.5 μm), the hardness of the samples decreases from 271.733 HV to 260.28 HV as the scan speed (960 mm/s) and laser power (285 W) are kept constant. The same trend can be seen as the scan speed increases from 798.5 mm/s to 960 mm/s; the hardness values decrease by 13.867 HV from 285.600 HV to 271.733 HV as the laser power and hatch spacing are constant at 285 W and 110 μm, respectively. The Vickers hardness values are found to increase from 260.702 HV to 271.733 HV as the laser power increased from 237.1 W to 285 W while the scan speed and hatch spacing were kept constant at 960 mm/s and 110 μm. The equation below represents the regression of influencing parameters on the hardness of the fabricated samples.


Hardness = 125 + 3.78 × LP − 0.231 × SS − 4.32 × HS − 0.00210 × LP2 + 0.000179 × SS2 + 0.0118 × HS2 − 0.001763 × LP × SS − 0.00648 × LP × HS + 0.00299 × SS × HS



(7)







In a Pareto chart, the effectiveness of the statistical significances of the main, square, and interaction of the laser processing parameters (LP, HS and SS) on the hardness of the samples are presented (Figure 11). This chart indicates that the hatch spacing plays a significant role in determining the hardness of the fabricated IN718 parts.



From the contour plots in Figure 12 and the response surface regression tool, it is evident that the hatch spacing affects the hardness of the IN718 parts.



Upon processing the found values of height, width, length, γ″ and the hardness in Minitab, it was found that for a small combination set of process parameters, the values for all the aforementioned factors can be obtained as per the desired configurations. The region marked in orange in Figure 13 represents the optimal processing region of the laser process parameters.





4. Discussion


The interrelations among the various process parameters and geometrical dimensions like height and length were obtained. Evaluating the height values in Table 4, it is evident that as the energy density increases at lower scan speeds and constant values of laser power and hatch spacing, the height of the samples increases. For example, when the laser power and hatch spacing were kept constant at 256.5 W and 121 μm, respectively, and the scan speed changed from 864 mm/s (Ev = 61.3 J/mm3) to 1056 mm/s (Ev = 50.2 J/mm3), the height of the sample decreased from 6.011 mm to 5.971 mm. The same trend can be seen when the laser power and hatch spacing were maintained at 313.5 W and 99 μm, respectively; with the scan speed varying from 1056 mm/s (Ev = 75 J/mm3) to 864 mm/s (Ev = 91.6 J/mm3), the height increased from 5.993 mm to 6.005 mm. From the Pareto chart in Figure 3, it is seen that the scan speed is the dominant factor in determining the height of the fabricated IN718 samples. This variation in height of the as-built samples can be associated with the applied energy density of the samples. Higher energy density leads to deeper melt pools, which lead to epitaxial solidification and bonding. Epitaxial bonding increases the grain growth and formation of longer grain structures like columnar and dendritic grains which alter the height of the fabricated samples, whereas lower energy density values have shallower melt pools and equiaxed grains which lead to lower height values [29].



Similarly, from Table 4, it can be seen that the lengths of most of the fabricated IN718 specimens increase with an increase in the energy density impacted by the scan speed. For instance, it can be seen that as the energy density changes from Ev = 57.8 J/mm3 (SS = 1121.5 mm/s) to Ev = 67.5 J/mm3 (SS = 960 mm/s), the length of the specimen changes from 4.992 mm to 5.000 mm at a constant laser power of 285.0 W and a constant hatch spacing of 110 μm. With the help of Table 4, it can be observed that the width of the fabricated IN718 as-built samples increases with an increase in the amount of energy density applied similar to the trend seen in the length of the samples. For example, the width of the samples increased from 4.993 mm to 5.000 mm as the energy density increased from Ev = 57.8 J/mm3 to Ev = 67.5 J/mm3 as the scan speed decreased from 1121.5 mm/s to 960 mm/s. This deviation in length and width can be attributed to the influence of various process parameters on the energy density of the specimens. As discussed earlier, from Table 4, it can be deduced that the range of deviation for width and length is due to the contraction, as lower energy density leads to faster cooling and vice versa. Similarly, higher scan speed values have shown increased deviation in width and length as the laser travels faster, thereby imparting significantly lesser energy at the heat zone. Lower energy values lead to defects such as porosities and balling effects which occur due to lack of proper cohesion [31]. From the Pareto charts in Figure 5 and Figure 7, we can deduce that the scan speed is the dominant factor in determining the length of the as-fabricated samples.



The compositional analysis using XRD revealed the presence of γ, γ’, and γ″ phases in the as-built specimens. For example, the γ″ of the samples decreased from 19.06% to 13.60% as the energy decreased from Ev = 91.6 J/mm3 to Ev = 75.0 J/mm3 as the scan speed increased from 1056 mm/s to 864 mm/s. As the energy density increases, the Nb present in the IN718 alloy forms precipitates (Ni3Nb), which is the strength-hardening phase. However, a further increase in the overall energy density leads to a transformation of the γ″ phase to the thermally stable δ phase. The composition of γ″ and δ phases are the same, but they differ in the crystal structure [33]. The δ phase is a brittle phase which consumes the strength, inducing Nb in the alloy. This transformation might hinder the high-temperature applications of IN718, where characteristics like tensile and yield strengths are important [8]. From the Pareto chart in Figure 9, it is clear that the scan speed is the dominant factor in determining the percentage of γ″ in the as-built samples.



Finally, the hardness, as a mechanical property, was considered, as it correlates the laser process parameters and the chemical composition [34]. For instance, as the energy density increased from the Ev = 75.0 J/mm3 to Ev = 91.6 J/mm3, with a decrease in the hatch spacing values from 121 μm to 99 μm, the Vickers hardness of the samples increased from 273.813 HV to 308.584 HV. Lower hatch spacing leads to higher energy densities, which in turn affect the epitaxial bonding and the chemical composition of the as-built specimen. As discussed earlier, proper interlayer bonding promotes better adhesion. This, in turn, may lead to fewer defects and also increase the presence of the γ″ phase [27]. As the compositional analysis revealed the presence of γ’, γ″ strength hardening phases in the heat-affected zones, the magnitude of the hardness can be associated with the presence of the aforementioned subsidiary phases. The presence of higher percentages of the strengthening phases shall result in an increase in the Vickers hardness values [34]. From the Pareto chart in Figure 11, it is clear that the hatch spacing is the dominant factor in determining the hardness of the SLM fabricated IN718 specimens.




5. Conclusions


The motivation of this study primarily is to correlate the effect of process parameters on the properties of IN718 specimens using the RSM technique. Abiding by the principles of RSM methodologies and SLM process design, the following conclusions can be made with the help of the Pareto charts:




	
The scan speed plays a significant role in determining the dimensions of the as-built parts. The deviation in height can be attributed to a lack or abundance of thermal energy as numerous metallurgical characteristics like grain growth and epitaxial bonding are directly influenced by the variation in scan speed.



	
The γ″ phase of the as-built IN718 samples is influenced by the scan speed employed. The scan speed plays a crucial role in defining the critical energy density levels, which in turn defines the percentage (%) of the γ″ phase.



	
Hatch spacing is the dominant factor in establishing the hardness of the IN718 specimens. The hatch spacing and energy density are interdependent, which thereby influences the temperature buildup in the heat-affected zones. As the compositional analysis revealed the presence of γ′, γ″ strength hardening phases in the heat-affected zones, the magnitude of hardness can be associated with the presence of the aforementioned subsidiary phases.



	
An optimal processing region was obtained for IN718 which depicts the relationship between the examined physical properties and the defined laser process parameters which will enhance the fabrication quality of the as-built IN718 specimens.
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Figure 1. Schematic depicting the stripes scan strategy used during the SLM process. 
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Figure 2. (a) SEM micrograph of powder; (b) particle size distribution for commercial EOS IN718 powder. 
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Figure 3. A Pareto chart to compare the relative magnitude and the statistical significance of the main, square, and interaction of the laser processing parameters on the height of fabricated IN718 samples. The reference line on the chart (α ≤ 0.05) indicates the scan speed square effect on the height is significant. 
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Figure 4. Contour plots showing the effects of different laser processing parameters on the height of fabricated samples. The CAD file was designed with the height of 6 mm. A desired range of 6 ± 0.01 μm is presented as a yellow region in the contour plots. The regions in blue and green represent areas of height that are higher and lower than the designed CAD value of 6 mm, respectively. 
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Figure 5. Pareto chart to compare the relative magnitude and the statistical significance of the main, square, and interaction of the laser processing parameters on the width of fabricated IN718 samples. The reference line on the chart (α ≤ 0.05) indicates the scan speed effect on the width is significant. 
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Figure 6. Contour plots showing the effects of different laser processing parameters on the width of fabricated samples. The CAD file was designed with a width of 5 mm. A desired range of 5 ± 0.01 μm is presented as a yellow region in the contour plots. The regions in green represent areas of width which are lower than the designed CAD value of 5 mm, respectively. 
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Figure 7. A Pareto chart for a reduced model to compare the relative magnitude and the statistical significance of the square and interaction of laser processing parameters on the length of fabricated IN718 samples. The reference line on the chart (α ≤ 0.05) indicates the hatch space square effect on the length is significant. 
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Figure 8. Contour plots showing the effects of different laser processing parameters on the length of fabricated samples. The CAD file was designed with a length of 5 mm. A desired range of 5 ± 0.01 μm is presented as a yellow region in the contour plots. The regions in green represent areas of length which are lower than the designed CAD value of 5 mm, respectively. 
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Figure 9. A Pareto chart for a reduced model to compare the relative magnitude and the statistical significance of the square and interaction of the laser processing parameters on the γ” of fabricated IN718 samples. The reference line on the chart (α ≤ 0.05) indicates the interaction between the scan speed and hatch spacing effect on the γ” is significant. 
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Figure 10. Contour plots showing the effects of different laser processing parameters on the percentage of the γ” phase of different samples; the desired ranges for the γ” phase are presented in yellow areas. The regions in green and blue represent areas of γ” which are lower and higher than the desired value, respectively. 
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Figure 11. A Pareto chart for a reduced model to compare the relative magnitude and the statistical significance of the square and interaction of the laser processing parameters on the width of fabricated IN718 samples. The reference line on the chart (α ≤ 0.05) indicates the interaction between the laser power and hatch spacing effect on the hardness is significant. 
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Figure 12. Contour plots showing the effects of different laser processing parameters on the hardness of different samples; the desired ranges for hardness are presented in yellow areas (a higher value of hardness). The regions in green represent areas of hardness which are lower than the desired value. 
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Figure 13. Contour plot showing the optimal processing region of the laser process parameters presented in orange. 
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Table 1. The range of effective process parameters.






Table 1. The range of effective process parameters.





	
Factors

	
Range and Levels




	
Low (−1)

	
(−α)

	
Central (0)

	
(+α)

	
High (+1)






	
Laser Power (W)

	
237

	
261

	
285

	
309

	
333




	
Scan Speed (mm/s)

	
798

	
879

	
960

	
1041

	
1122




	
Hatch Spacing (µm)

	
92

	
101

	
110

	
119

	
128











 





Table 2. The 20 suggested sets of process parameters were obtained from the RSM technique.
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	Laser Power (W)
	Scan Speed (mm/s)
	Hatch Spacing (μm)
	Energy Density (J/mm3)





	256.5
	864.0
	99.0
	75.0



	256.5
	864.0
	121.0
	61.3



	313.5
	864.0
	121.0
	75.0



	237.1
	960.0
	110.0
	56.1



	285.0
	960.0
	110.0
	67.5



	313.5
	864.0
	99.0
	91.6



	256.5
	1056.0
	121.0
	50.2



	285.0
	960.0
	91.5
	81.1



	285.0
	960.0
	110.0
	67.5



	332.9
	960.0
	110.0
	78.8



	313.5
	1056.0
	121.0
	61.3



	285.0
	798.5
	110.0
	81.1



	285.0
	960.0
	110.0
	67.5



	285.0
	1121.5
	110.0
	57.8



	285.0
	960.0
	110.0
	67.5



	285.0
	960.0
	110.0
	67.5



	313.5
	1056.0
	99.0
	75.0



	285.0
	960.0
	128.5
	57.8



	256.5
	1056.0
	99.0
	61.3



	285.0
	960.0
	110.0
	67.5










 





Table 3. The chemical composition of IN718 powder obtained from EOS.






Table 3. The chemical composition of IN718 powder obtained from EOS.





	Element
	Ni
	Cr
	Nb
	Mo
	Ti
	Al
	Fe





	wt%
	53.59
	19.81
	3.20
	2.10
	1.33
	1.54
	Balance










 





Table 4. Average measured values of length, width, and height for all samples compared to the designed CAD values of 5 mm, 5 mm, and 6 mm for length, width, and height, respectively.
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	Laser Power (W)
	Scan Speed (mm/s)
	Hatch Spacing (μm)
	Energy Density (J/mm3)
	Length (mm)
	Width (mm)
	Height (mm)
	SD * of Length (mm)
	SD * of Width (mm)
	SD * of Length (mm)





	256.5
	864.0
	99.0
	75.0
	5.000
	5.001
	5.997
	0.0133
	0.0526
	0.0766



	256.5
	864.0
	121.0
	61.3
	4.996
	4.997
	6.011
	0.0364
	0.0172
	0.0613



	313.5
	864.0
	121.0
	75.0
	4.990
	4.997
	6.018
	0.0354
	0.0122
	0.0887



	237.1
	960.0
	110.0
	56.1
	4.989
	4.987
	6.000
	0.0320
	0.0458
	0.1091



	285.0
	960.0
	110.0
	67.5
	5.000
	5.000
	5.972
	0.0347
	0.0349
	0.0633



	313.5
	864.0
	99.0
	91.6
	4.969
	4.965
	6.005
	0.0239
	0.0333
	0.0626



	256.5
	1056.0
	121.0
	50.2
	5.000
	5.000
	5.971
	0.0000
	0.0171
	0.0460



	285.0
	960.0
	91.5
	81.1
	4.987
	4.988
	5.985
	0.0267
	0.0359
	0.0717



	285.0
	960.0
	110.0
	67.5
	5.000
	5.000
	5.972
	0.0347
	0.0349
	0.0633



	332.9
	960.0
	110.0
	78.8
	4.990
	4.989
	5.986
	0.0146
	0.0554
	0.0859



	313.5
	1056.0
	121.0
	61.3
	4.999
	4.997
	6.011
	0.0098
	0.0102
	0.0676



	285.0
	798.5
	110.0
	81.1
	4.980
	4.981
	6.007
	0.0431
	0.0271
	0.0887



	285.0
	960.0
	110.0
	67.5
	5.000
	5.000
	6.021
	0.0347
	0.0349
	0.0510



	285.0
	1121.5
	110.0
	57.8
	4.992
	4.993
	6.018
	0.0123
	0.0060
	0.0564



	285.0
	960.0
	110.0
	67.5
	5.000
	5.000
	5.972
	0.0347
	0.0349
	0.0633



	285.0
	960.0
	110.0
	67.5
	5.000
	5.000
	5.972
	0.0347
	0.0349
	0.0633



	313.5
	1056.0
	99.0
	75.0
	4.994
	4.996
	5.993
	0.0251
	0.0108
	0.0688



	285.0
	960.0
	128.5
	57.8
	4.994
	5.000
	5.999
	0.0200
	0.0059
	0.0717



	256.5
	1056.0
	99.0
	61.3
	5.002
	5.003
	6.022
	0.0248
	0.0218
	0.0898



	285.0
	960.0
	110.0
	67.5
	5.000
	5.000
	5.972
	0.0347
	0.0349
	0.0633







* SD: Standard deviation.













 





Table 5. Values of constituent phases.






Table 5. Values of constituent phases.





	Laser Power (W)
	Scan Speed (mm/s)
	Hatch Spacing (µm)
	Energy Density (J/mm3)
	γ (%)
	γ’ (%)
	γ″ (%)





	256.5
	864.0
	99.0
	75.0
	71.50
	8.84
	19.66



	256.5
	864.0
	121.0
	61.3
	71.90
	13.83
	14.27



	313.5
	864.0
	121.0
	75.0
	65.33
	16.99
	17.68



	237.1
	960.0
	110.0
	56.1
	70.69
	15.91
	13.40



	285.0
	960.0
	110.0
	67.5
	69.52
	16.34
	14.14



	313.5
	864.0
	99.0
	91.6
	71.95
	8.99
	19.06



	256.5
	1056.0
	121.0
	50.2
	65.90
	17.70
	16.40



	285.0
	960.0
	91.5
	81.1
	67.68
	16.23
	16.09



	285.0
	960.0
	110.0
	67.5
	69.52
	16.34
	14.14



	332.9
	960.0
	110.0
	78.8
	70.85
	16.02
	13.13



	313.5
	1056.0
	121.0
	61.3
	72.20
	14.88
	12.92



	285.0
	798.5
	110.0
	81.1
	66.05
	17.45
	16.50



	285.0
	960.0
	110.0
	67.5
	69.52
	16.34
	14.14



	285.0
	1121.5
	110.0
	57.8
	68.55
	18.19
	13.26



	285.0
	960.0
	110.0
	67.5
	69.52
	16.34
	14.14



	285.0
	960.0
	110.0
	67.5
	69.52
	16.34
	14.14



	313.5
	1056.0
	99.0
	75.0
	69.98
	16.42
	13.60



	285.0
	960.0
	128.5
	57.8
	71.77
	12.11
	16.12



	256.5
	1056.0
	99.0
	61.3
	76.23
	11.32
	12.45



	285.0
	960.0
	110.0
	67.5
	69.52
	16.34
	14.14










 





Table 6. Average values of hardness on the top surfaces of all samples.






Table 6. Average values of hardness on the top surfaces of all samples.





	Laser Power (W)
	Scan Speed (mm/s)
	Hatch Spacing (μm)
	Energy Density (J/mm3)
	Average Vickers Hardness (Top Surface)
	SD * of Vickers Hardness (mm)





	256.5
	864.0
	99.0
	75.0
	272.468
	3.709



	256.5
	864.0
	121.0
	61.3
	264.722
	21.413



	313.5
	864.0
	121.0
	75.0
	273.813
	16.988



	237.1
	960.0
	110.0
	56.1
	260.7017
	18.564



	285.0
	960.0
	110.0
	67.5
	271.733
	7.695



	313.5
	864.0
	99.0
	91.6
	308.584
	32.483



	256.5
	1056.0
	121.0
	50.2
	261.5784
	31.921



	285.0
	960.0
	91.5
	81.1
	289.544
	46.731



	285.0
	960.0
	110.0
	67.5
	271.733
	7.695



	332.9
	960.0
	110.0
	78.8
	270.404
	22.95



	313.5
	1056.0
	121.0
	61.3
	270.27
	10.343



	285.0
	798.5
	110.0
	81.1
	285.600
	6.081



	285.0
	960.0
	110.0
	67.5
	271.733
	7.695



	285.0
	1121.5
	110.0
	57.8
	265.804
	15.608



	285.0
	960.0
	110.0
	67.5
	271.733
	7.695



	285.0
	960.0
	110.0
	67.5
	271.733
	7.695



	313.5
	1056.0
	99.0
	75.0
	270.39
	13.743



	285.0
	960.0
	128.5
	57.8
	260.28
	11.284



	256.5
	1056.0
	99.0
	61.3
	272.468
	3.709



	285.0
	960.0
	110.0
	67.5
	271.733
	7.695







* SD: Standard deviation.














© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).



























media/file8.jpg
Term

Factor Name

B
A LP
€ B ss
AC c HS

BB

BC

AB
cc

0.0 0.5 1.0 13 20 25
Standardized Effect





media/file13.png
Factor Name

A LP
B SS
C HS

00 05 10 15 20 25 30 35
Standardized Effect





media/file26.png





media/file12.jpg
Term

B Factor Name
m s
A C HS
AC
AA
AB
C
BC
cC

00 05 10 15 20 25 30 35
Standardized Effect






media/file18.jpg
1100} i

8 <ns - 12s
H A i
o S+ PR+
o aes
Laser Power ) Lo Power )
Ny ph
Ha
oy

Scan Specd ()





media/file9.png
Term

Factor Name
A LP
B SS
AC C HS

BB

BC

N

00 05 10 15 20 25
Standardized Effect





media/file14.jpg
g (m)
H
-

Hold Vlues

Laser Power (W) Laser Power (W)

Tengeh )

o Values

Haten Spacing ()

Scan Strategy (m)





media/file20.jpg
2228

2 3 4
Standardized Effect

Factor

Name
Lp
8
HS





media/file23.png
Scan Speed (mnvs)

a5 Hardness (HV) Hardness (HV)
125
] < 260 O < 260
1050 B 260 - 275 E 120 W 260 - 27
275 — 290 = 275 — 290
1000 > 290 e0 115 > 290
3
950 Hold Values g 110 Hold Values
HS 110 7 SS 960
= 105
900 [
= 100
850
95
800 ———
x”g 'i"Q ﬂ,@ "',\Q “,Q '\9? ’é@ ":\Q o '?'Q ﬁ’@ '*l"Q “PQ “',\Q "f“Q '*fib %.QQ %\Q o ‘?’Q

Laser Power (W)

Hatch Spacing (jum)

Laser Power (W)

Hardness (HV)

5
2 & < 260
120 W 260 - 275

275 — 290
115 > 290

Hold Values

1101

LP 285
105
100
95

800 850 900 950 1000 1050 1100
Scan Speed (mm/s)





media/file5.png
Term 2228

BB Factor Name
AC B s
BC o HS
AA
cC

C

B
AB

A

00 05 10 15 20 25
Standardized Effect





media/file15.png
Scan Speed (mm/s)

length (mm) length (mm)

1100

125
m < 494 A < 4920
1050 W 494 - 499 E 120 W 4920 - 4955
499 - 5.01 = 4.955 — 4.990
1000 > 5.01 e 115 > 4990
: © i
950 Hold Values € 110 Hold Values
HS 110 w SS 960
= 105
900 -
= 100
850
95
800
'\)'\\ A'A.Q ~ ‘Q AA?Q AQ:Q Acp -_\QQ -.\Q -:9 -:"Q A)‘Q a"‘_Q ﬂ\‘\\' AA"-Q A::Q Adb -_‘QQ -‘\Q -:9 .:"Q
Laser Power (W) Laser Power (W)
length (mm)
125 ;
] < 494
120 W 494 - 499
B 499 - 501
> 5.01

115

Hold Values
LP 285

110

105

Hatch Spacing (jum)

100

95

800 850 900 950 1000 1050 1100
Scan Strategy (mm/s)





media/file19.png
Scan Speed (mm/s)

1100

1050

1000

950

900

850

800 %=

WP AR (0B F S S B F

Laser Power (W)

Hatch Spacing (jum)

1251

1201

115

110

105

100

95

125
io] < 125
W 125- 150 E 120
150 - 17.5 =
- .
17.5 g 115
-
Hold Values g 110
HS 110 »
= 105
S
= 100

95

BB S S H 5SS 5P

Laser Power (W)

,Y"
H < 12.
B i125- 150
150 — 1
> 1

Hold Values
LP 285

800 850 900 950 1000 1050 1100

Scan Speed (mm/s)

,Y"
o <
W25 -

15.0 —
>

12.5
15.0
17.5
17.5

Hold Values
SS 960





media/file2.jpg





nav.xhtml


  metals-10-01180


  
    		
      metals-10-01180
    


  




  





media/file11.png
Scan Speed (mnvs)

Width (mm) Width (mm)

1100

125
o < 4.94 o < 494
1050 W 494 - 499 g 120 B 395 - 499
499 - 5.01 = 499 - 5.01
1000 > 5.01 gL 115 > 501
Hold Values [ ;
950 HS 110 s 110 Hold Values
7} $S 960
f 105
900 =
= 100
8§50
95
8§00
5}\ “‘Q \‘Q A\\\ :-Q ab QQ S L ‘-Q A).‘\\' A"-Q A‘Q n,'\-\\ h::Q —\‘*L\ ‘-\\.Q —\Q —a;\\. —l‘Q
Ay A AF AL AT AT N " YR v v P v ’ ’ . 2 2 r
Laser Power (W) Laser Power (W)

Width (mm)
125

O < 494

404 — 4060

120 B 194 $.9¢
499 - 501

o > %01

115

Hold Values

e LP 285

105

Hatch Spacing (jum)

100

95

800 850 900 950 1000 1050 1100
Scan Speed (mm/s)





media/file6.jpg
g o) i ()
£ . e
Wil g i
HodVaes  E 1o Hold Values
wine  Ew o

Laser Power ()

e
e
R

Hold Values

Hateh Spaciag ()

0. 330 5% %50 1000 103 1100
‘Scan Speed (mms)






media/file24.jpg
Scan Speed (mmy/s)

Laser Power (W)

"
v

—tys

-— 175
Hardness T

]

-- 2
Height

—5,00

== 601

Width

Hold Values
HS 110





media/file1.png





media/file10.jpg
ower (V)

Width )

Wi (n)

<
Beslio
Hold Values Hold Vatues

FPower (W)

Wiath )

Hold Values

Scan Specd ()





media/file7.png
Scan Speed (mm/s)

1100 Height (mm) 12 Height (mm)
m < 599 a < 599
10501 599 - 6.01 T 120 599 — 6.01
W 601 - 603 = W 601 - 603
1000 s} > 6.03 En 115 a > 6.03
“
950- Hold Values g 1107 Hold Values
HS 110 ) SS 960
= 1051
9001 &
= 1007
850
95
800
R £ LSS S0P
Laser Power (W) Laser Power (W)
Height (mm)
2 I8l < 599
. 599 — 6.01
120
E_ M s01 - 603
; 115 . > 6.03
g
s 110 Hold Values
o LP 285
g 105
3
= 100

95

800 850 900 950 1000 1050 1100
Scan Speed (mm/s)





media/file16.jpg
Term

2228

2 3
Standardized Effect

4

Factor

Name
Lp
S8
HS





media/file3.png
Volume percentage (%)

40

30

0-6 6-12 12-18 18-24 24-30
Particle diameter (qum)






media/file22.jpg
lardness (Y,
Hardness (HV) Harduess (HV)

Laser Power (W) Laser Power (W)

Hardness (1Y)

Sean Specd ()






media/file17.png
Factor Name

A LP
B SS
C HS

L v T

0 1 2 3 4 5

Standardized Effect





media/file4.jpg
Term

Factor Name

BB
A Lp
B ss
c HS

»bwaB 888

00 05 10 15 20 25
Standardized Effect





media/file25.png
Scan Speed (mm/s)

11001

10501

10001

9501

9001

8501

800+

gp—

R AT I JRO PR

Laser Power (W)

Y"

—
- 175
Hardness T

Width
— 499
-

Length
— 399
== 5.01

Hold Values
HS 110





media/file0.jpg





media/file21.png
Factor Name

A LP
B SS
C HS

0 1 2 3 4 5 6
Standardized Effect





