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Abstract

:

Laser powder bed fusion is an attractive technology for producing high-strength stainless steel alloys. Among the stainless steels, 2507 super duplex stainless steel (2507 SDSS) is known for its excellent combination of corrosion resistance and high strength. Although there are some studies that aimed at optimizing the laser powder bed fusion (LPBF) printing parameters to print highly dense 2507 SDSS parts; However, a full optimization study is not reported yet. This study aims at optimizing the printing parameters for 2507 SDSS, namely: laser power, scan speed, and hatch distance. The response surface methodology was used in generating a detailed design of experiment to investigate the different pore formation types over a wide energy density range (22.22–428.87 J/mm3), examine the effects of each process parameter and their interactions on the resulting porosity, and identify an optimized parameter set for producing highly dense parts. Different process parameters showed different pore formation mechanisms, with lack-of-fusion, metallurgical or gas, and keyhole regimes being the most prevalent pore types identified. The lack-of-fusion pores are observed to decrease significantly with increasing the energy density at low values. However, a gradual increase in the keyhole pores was observed at higher energy densities. An optimal energy density process window from 68.24 to 126.67 J/mm3 is identified for manufacturing highly dense (≥99.6%) 2507 SDSS parts. Furthermore, an optimized printing parameter set at a laser power of 217.4 W, a scan speed of 1735.7 mm/s, and a hatch distance of 51.3 µm was identified, which was able to produce samples with 99.961% relative density. Using the optimized parameter set, the as-built 2507 SDSS sample had a ferrite phase fraction of 89.3% with a yield and ultimate tensile strength of 1115.4 ± 120.7 MPa and 1256.7 ± 181.9 MPa, respectively.
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1. Introduction


Laser powder bed fusion (LPBF) is an additive manufacturing technique in which a laser energy source is used to melt successive powder layers generating three-dimensional parts based on computer-aided design (CAD) models [1]—a review of the technology has been reported in [2]. The advances in the technology end-use parts with enhanced material quality, density, and consequently improved mechanical properties have grown significantly in recent years. Moreover, due to field applications such as medical, oil, and aerospace, which require manufactured parts with high quality and reliability, the LPBF process optimization has been significantly investigated with success [3,4,5,6].



It has been reported that more than 100 parameters play role in the LPBF manufactured part quality [7,8,9]. However, it was found that the laser power (p), scan speed (v), hatch distance (h), and layer thickness (t) had the most prominent effect on the microstructure and mechanical properties of the printed parts [10]. The term volumetric energy density (ED) is a factor that is commonly used to guide the LPBF printing process optimization [11], and can be calculated using Equation (1). This factor relates the different printing parameters together and indicates the amount of energy input to the powder material during the printing process.


    E   D   =   p   v · h · t    



(1)







LPBF technology has some advantages over conventional manufacturing methods, including design freedom, manufacturing of complex part designs, reduced part weight, production of nearly net-shaped parts, and decreasing waste material [12]. However, one major drawback of LPBF is the formation of pores (i.e., porosity) in the final printed parts, which can lead to compromised mechanical properties [13]. Several pore formation mechanisms have been reported in LPBF, with keyhole mode pores, metallurgical or gas pores, and lack-of-fusion pores being the three most prevalent types associated with the printing process parameters [14]. Keyhole mode pores form when the energy density (ED) is too high (i.e., due to high laser power, slow scan speed, or low hatch distance), causing rapid metal vaporization at the meltpool surface resulting in a metal vapor recoil pressure that pushes the meltpool surface downwards and closes in on itself creating a cavity filled with metal vapor and shielding gas, referred to as keyhole or vapor depression [15]. The resulting keyhole pores are usually rounded but not completely spherical. Lack-of-fusion pores form when the energy density is too low, causing an insufficient melting of the powder, which results in large pores with irregular shapes and sizes, and often containing unmelted trapped powder particles [16]. Metallurgical or gas pores are mostly spherical and relatively small in size and are observed in the intermediate regime of energy density. These pores form due to the shielding gas entrapment, porosity of feedstock powder particles, or alloy vapors within the molten pool [2].



There are some studies that have used high-resolution microcomputed X-ray tomography (µCT) imaging to investigate the keyhole and lack-of-fusion pores under a range of identified printing process parameters [17,18]. As such, µCT imaging is adopted in this study for the porosity characterization and quantification analysis. The use of laboratory X-ray tomography for an in-depth examination of additively manufactured parts, along with several efforts to image various porosity types is reviewed in [19]. Moreover, the use of real-time fast microcomputed X-ray imaging has successfully been used in porosity formation analysis. This includes studies on the keyhole pore formation and particle spatter in meltpool dynamics [20], the dynamics of defects and meltpool showing the mechanisms of pore formation [21], and the keyhole vapor depression formation threshold [22], amongst others. Furthermore, a distinct reported observation is that the vapor depression threshold is lower than expected and is present across the entire range of typical LPBF energy densities; however, the formation of keyhole porosity is only present in cases where the vapor depression is deep and unstable [22,23].



There is a wide range of materials that have an optimized process parameter set (i.e., can be successfully printed) in commercial LPBF systems, including titanium (Ti) alloys [24], aluminum (Al) alloys [25,26,27], cobalt (Co) alloys [28], nickel (Ni) alloys [29,30], and stainless steels [31,32]. Among the stainless steels, duplex stainless steels (DSSs) are known for their excellent combination of corrosion resistance and mechanical properties in different environmental conditions and are widely used in petrochemical, marine, nuclear, and chemical applications [33]. DSSs microstructure has two phases, namely ferrite (α) and austenite (γ) phases. Furthermore, it is important to maintain a roughly equal amount of ferrite and austenite phases (i.e., 1:1 ratio) to ensure high strength and enhanced corrosion resistance.



Recently, 2507 super duplex stainless steel (2507 SDSS) has gained considerable attention due to its high tensile and fatigue strength, good toughness, excellent pitting corrosion resistance, high weldability and formability, and high stress corrosion cracking resistance in chloride and sulfide environments, which is the reason for its wide adaption in heat exchangers, desalination plants, and pressure vessels and boilers industry systems [34]. In recent years, the adoption of LPBF in processing 2507 SDSS powder to manufacture highly dense parts with enhanced qualities has been investigated with success. Davidson et al. [35] studied the laser power influence on the resulting part quality and microstructure of 2507 SDSS. The scan speed, hatch distance, and layer thickness were kept constant at 590 mm/s, 120 µm, and 50 µm, respectively, while the laser power varied from 50 to 400 W resulting in an energy density range from 14.1 to 113 J/mm3. The resulting samples showed randomly distributed pores which were attributed to both insufficient melting at lower laser powers (i.e., lack of fusion pores) and entrapped gases at higher energy densities (i.e., keyhole pores). The highest reported sample density was 90.8% at an energy density of 70.62 J/mm3 and the as-built sample microstructures were mainly ferritic with small amounts of austenite phases along the grain boundaries. Saeidi et al. [36] succeeded in manufacturing 2507 DSS samples with a relative density of 99.5% using a laser power of 190 W, scan speed of 750 mm/s, hatch distance of 100 µm, and a layer thickness of 20 µm with a reported energy density of 126.67 J/mm3. Kunz et al. [37] investigated the properties of 2507 SDSS manufactured by LPBF and reported a relative density of 99.6% using a laser power, scan speed, hatch distance, and layer thickness of 160 W, 1333.33 mm/s, 100 µm, and 50 µm, respectively with a calculated energy density of 24 J/mm3.



Considering the literature studies on 2507 SDSS, a full analysis of the laser power, scan speed, and hatch distance influence and their interactions during the manufacturing process on the resulting part quality and microstructure is not yet reported, which signifies clear research gaps. Furthermore, the current research studies on 2507 SDSS show a wide optimized energy density range from 24 to 126.67 J/mm3 with fluctuating laser power, scan speed, and hatch distance parameter sets ranging from 160 to 250 W, 590 to 1333.33 mm/s, and 100 to 120 µm, respectively [35,36,37]. As a result, it is challenging to decide which parameter set is the most reliable, and a need for a thorough 2507 SDSS parameter investigation is highlighted. In this study, the authors adopted the response surface method (RSM) to investigate the influence of laser power, scan speed, and hatch distance on the resulting sample quality and find an optimized parameter set capable of producing almost fully dense parts.



Statistical techniques, such as the RSM and analysis of variance (ANOVA), have been previously adopted and proven to be useful in the process parameter optimization of LPBF technology [38,39,40]. Wang et al. [38] investigated the LPBF process parameter effect on the sample microstructure and mechanical properties of a nickel-based superalloy using the RSM approach. They succeeded in increasing the resulting sample tensile strength by applying the RSM approach to optimize the process parameters. Terner et al. [39] successfully optimized the laser power and scan speed process parameters to manufacture high-density CoCr-Mo alloy samples using RSM. Deng et al. [40] succeeded in manufacturing 316L samples with high density and low surface roughness by applying the RSM approach.



In summary, this paper investigates the influence of laser power, scan speed, and hatch distance on the resulting 2507 SDSS sample porosity (i.e., sample quality) fabricated by LPBF. High-resolution microcomputed X-ray tomography (µCT) and optical microscope (OM) images were utilized to assess the resulting sample porosity and investigate the various pore formation types along the entire energy density range. The RSM approach is adopted to investigate the influence of each parameter and find a set of optimized printing parameters capable of manufacturing 2507 SDSS samples with minimum porosity (i.e., high density). Moreover, the microstructure and tensile properties of 2507 SDSS printed samples using the optimized process parameters are investigated as well. The findings of this study can be used as a stand-alone guide in selecting optimum printing process parameters to manufacture low porosity, high mechanical properties, and reliable 2507 SDSS samples using LPBF technique.




2. Materials and Methods


2.1. Material and Equipment


The SDSS 2507 powder produced by gas atomization is supplied by Sandvik Osprey (Neath, UK). The powder’s chemical composition is shown in Table 1. The morphology of the powder particles significantly affects the fluidity and melting behavior of the powder in the LPBF process; parameters such as powder particle shape and size distribution influence the manufactured sample quality [1]. The Morphologi G3 shape image analyzer provided by Malvern Panalytical (Malvern, UK) is used in the characterization process of 2507 SDSS powder particles (Figure 1). Based on 113,626 counted particles, results showed that the particles are mostly spherical with a circularity mean of 0.954 ± 0.059 (Figure 1b), where a circularity value of 1 depicts a complete spherical particle shape. The particle size distribution is shown in Figure 1c, with a mean particle diameter of 28.63 ± 9.04 µm.



All samples were manufactured using the ORLAS Coherent 250W LPBF printer (Santa Clara, CA, USA). The ORLAS 250W printer uses an FLS 150 fiber laser with a wavelength of 1070 nm, a beam diameter of 40 µm, a laser power of up to 250 W, and a scanning speed of up to 3000 mm/s. The printing process of all samples was conducted in an argon environment with a constant oxygen level of 0.01%, and the scanning direction change between successive layers was kept at 45°.




2.2. Response Surface Methodology


RSM is a statistical approach that uses a design of experiment (DoE) for developing metrology, fitting a regression model between input and output parameters, and optimizing the process outcomes [41]. The term “DoE” refers to a group of methods (full factorial, central composite, box-Behnken, etc.) for generating a set of trials whose outcomes are dependent on the input factors. In this study, three factors are optimized namely; laser power (p), scan speed (v), and hatch distance (h), while the layer thickness (t) is kept constant at 25 µm. The layer thickness (t) is usually overlooked in the optimization process and kept constant; However, enhanced qualities are observed with thin layer thicknesses [42], hence a layer thickness of 25 µm was selected.



The selected DoE type determines the number of trials, combinations, replication, and randomization of the factors to investigate the cause-and-effect relationships between inputs and outputs with a certain level of confidence. Considering a full factorial DoE for three factors with five levels, the number of trials is 53 = 125. However, manufacturing and measuring 125 trials (i.e., cubes) is not practical in terms of cost and time. The number of trials can be reduced to 20 using the central composite design (CCD) seen in Figure 2. The CCD is a sufficient five-level fractional factorial DoE with center and star points used to fit quadratic models. In a three-factor CCD, the model is composed of 8 factorial points (blue circles), a center point (red circle), and 6 star points which are at a distance (α) from the center point and are set to a default value of 1.6818 to ensure design rotatability as shown in Figure 2 (top view). The range of the factorial points (1,−1) for all three factors is identified based on the previous SDSS 2507 studies [36,37,38]. Then, the center and star points are calculated and reported, as seen in Table 2. The star points establish new low and high extreme values for all three factors. In this study, the center point was replicated six times to investigate the location effect on build plate on print quality. Minitab software (version 19, Minitab, Pennsylvania, USA) was utilized to generate the various run sets seen in Table 3 based on the CCD template shown in Figure 2. A total of 20 cubes with dimensions of (5 × 5 × 5) mm were designed, and each cube was assigned different printing parameters following the order seen in Table 3.



Following the manufacturing process, the output (i.e., porosity) of all 20 manufactured samples is measured and analyzed; then, a polynomial quadratic regression model is fitted for each output using Minitab 19. The generalized quadratic regression model is defined as follows [41]:


  Y =   b   0   +   ∑  i = 1   n      b   i     x   i     +   ∑  i = 1   n      b   i i       x   i     2     +   ∑  i < j   n      b   i j     x   i     x   j     + e  



(2)




where Y is the predicted response,     x   i     and     x   j     are the input factors;     b   0     is the intercept term,     b   i     is the linear term coefficient,     b   i i     is the squared term coefficient,     b   i j     is the interaction term coefficient, and e is the observed experimental error. The polynomial quadratic regression model is widely adopted as it considers non-linear effects and investigates the factor interaction influence on the predicted response. Following the acquisition of the polynomial regression model, adequacy and accuracy checking analysis is carried out to ensure that the fitted model is satisficing the regression assumptions and provides tolerable approximations of the response; then, analysis of variance (ANOVA) is utilized along with surface and contour plots to study the influence of input factors on the resulted porosity. Finally, the input factors are optimized using the regression model to produce minimum Y values (i.e., minimum porosity); a flow diagram summary of the RSM is seen in Figure 3.




2.3. Mechanical Testing


Tensile strength analysis was conducted on manufactured tensile samples using the optimized parameter set that resulted from the RSM. A total of three cylindrical tensile samples were manufactured by the ORLAS Coherent 250W LPBF printer (Coherent, Santa Clara, CA, USA). The tensile specimens were designed according to the ASTM A370/ASME SA-370 standard with a total length of 80 mm and a testing diameter of 6.36 mm, as shown in Figure 4. The tensile testing was performed in a universal testing machine at room temperature (25 °C), with a strain rate of 10−3 s−1.




2.4. Characterization Methods


High-resolution microcomputed X-ray tomography was utilized in the porosity characterization process. Using the ZEISS Xradia 620 Versa X-ray μCT (Oberkochen, Germany) with a voltage of 140 kV, a power of 21.01 W, and an exposure time of 3 s, micro CT reconstructed images were generated which revealed the inner porosity profile of the LPBF manufactured samples. Then, porosity characterization and quantification analysis were conducted using Dragonfly 21 software (version 21, Dragonfly, Montreal, Canada). Dragonfly porosity analysis is based on color-segmenting each layer of the 3D CT reconstructed images to distinguish between the solid material (purple) and pores (green), as shown in Figure 5. The Olympus optical microscope (Tokyo, Japan) was utilized to capture OM images for different pore types.



To observe the cross-section microstructure, samples were mounted and ground successively to 2000 grit, and then polished with diamond paste. After that, the polished specimens were etched in a 3 wt% Nital solution. Field Emission–Scanning Electron Microscope (FE-SEM), Zeiss Sigma (Gemie) was utilized for microstructural analysis. Furthermore, the XRD patterns were measured using a Rigaku UItima IV diffractometer (Co Ka radiation with a wavelength λ = 1.78886 Å). Besides, a semi-quantitative analysis using reference intensity ratios (RIR) was performed for phase fraction which uses the ratio between intensity of the strongest peak of identified phase and the strongest peak of a standard (corundum was internationally used) in a 50-50 mixture (I/Ic) to determine the abundance of that phase in a sample.





3. Results and Discussions


3.1. Porosity Characterization Analysis


All 20 samples were successfully printed as seen in Figure 6. The resulting porosities for all samples were measured and reported in Table 4. Figure 7 and Figure 8 show the various porosity formation regimes with increasing energy density. At lower energy densities, the meltpool and scan track become shallow and thin, causing a lack of fusion between adjacent tracks and successive layers, which results in the formation of large and irregular pores (i.e., lack-of-fusion pores) seen in Figure 8a–c. It can be observed that increasing the energy density resulted in a sharp decrease in the lack-of-fusion pores, where increasing the energy density from 22.22 J/mm3 to 66.67 J/mm3 showed a porosity reduction from 45.60% to 4.61% (Figure 7 “Red dots”). Following the lack-of-fusion regime, a narrow optimal energy density range from 68.24 J/mm3 to 126.67 J/mm3 (Figure 7 “green diamonds”) is observed in terms of porosity reduction with a porosity range from 0.33% to 0.04%. This intermediate regime is observed to have pores that are relatively small (Figure 8d,e), which are presumably attributed to trapped gas between powder particles (i.e., metallurgical pores). A gradual increase in the porosity is observed following the intermediate regime, with a porosity increase from 0.15% to 1.56% (Figure 7 “blue triangles”). The gradual increase in porosity is attributed to keyhole mode porosity seen in Figure 8f–h, which are present due to high energy densities that cause deep meltpools with strong dynamics resulting in entrapped pore vapors as the meltpool propagates.



Examining the replicated center point samples (i.e., samples 3, 4, 6, 10, 13, and 20 based on Table 3) having a constant laser energy density of 68.24 J/mm3, it is evident from porosity readings that the sample location influences the resulting porosity. Although samples 3, 4, 6, and 10 showed relatively close porosity readings within the 0.33% to 0.85% range. However, samples 13 and 20 are observed to experience significant irregularity in porosity readings with 2.26% and 3.01%, respectively. This can be attributed to positioning these samples farthest from the shielding gas and recoater sweep directions as seen in Figure 6, resulting in insufficient shielding gas and powder spread which can adversely affect the resulting sample density. Davidson and Ferrar et al. [35,43] reported similar observations and attributed the behavior to the sample location from the sweep and shielding gas directions. One distinct note they reported is that the argon flow rate is higher at the plate’s front and decreases along the back, which leads to insufficient condensate vapor removal causing incident laser radiation absorption or laser beam scattering that results in surface semi-sintered particles. As such, it is always favorable to position the samples in the middle of the build plate whenever possible.



Further quantitative porosity analysis is conducted for the lack-of-fusion, metallurgical or gas, and keyhole pore regimes based on samples 16, 2, and 19 with energy densities of 22.22 J/mm3, 103.85 J/mm3, and 428.87 J/mm3, respectively. The pore size and shape for each regime are summarized in Table 5 in terms of feret diameter and aspect ratio, respectively. The aspect ratio is a value between 0 to 1 and provides insights into the pore shape where a low aspect ratio (less than 0.5) indicates a flat-like shape (i.e., irregular), and a high aspect ratio (higher than 0.5) is an indication of spherical pores. The lack-of-fusion pores are observed to be relatively large and have irregular shapes with a mean feret diameter and mean aspect ratio of 0.26 mm and 0.33, respectively. This is clearly seen in Figure 9a,d, with large irregular-shaped pores having trapped unmelted powder particles, hence the resulting high porosity of 45.6%. As the energy density increases from 22.22 to 103.85 J/mm3, an optimal intermediate regime is observed having relatively small and spherical pores shown in Figure 9b,e with a mean feret diameter and mean aspect ratio of 0.05 mm and 0.65, respectively. Following the intermediate regime and as the energy density increases from 103.85 J/mm3 to 428.84 J/mm3, a gradual increase in pores is observed which is attributed to keyhole pores at higher energy densities. The pores are observed to be roundish and slightly larger than the metallurgical or gas pores (i.e., intermediate regime) shown in Figure 9c,f with a mean feret diameter and aspect ratio of 0.09 mm and 0.57, respectively.




3.2. Response Surface Methodology Analysis


3.2.1. Regression Model Equation


A quadratic regression model is developed which correlates the laser power (p), scan speed (v), and hatch distance (h) with the response (i.e., porosity) based on Equation (2). Using Minitab 19 software, the input factors (p, v, h) and experimental porosity results seen in Table 4 were used as the base for the fitted regression model. The multiple regression analysis techniques found in RSM are used to estimate the model’s coefficients, and the response can be expressed by the following quadratic Equation:


     Porosity   ( % ) = 88.5 − 0.901 ( p ) − 0.0155 ( v ) − 0.399 ( h ) + 0.003166  (  p 2  )  + 0.00001  (  v 2  )  + 0.00145  (  h 2  )  −     0.00015  ( p . v )  − 0.00046  ( p . h )  + 0.000401  ( v . h )      



(3)








3.2.2. Model Adequacy and Accuracy Checking


Model adequacy and accuracy checking is essential to check the fitted model and ensure that it provides a fair approximation of the porosity response. Unless the regression model shows an adequate fit, the analysis or optimization of the fitted response may result in poor or inaccurate outcomes. The model adequacy is checked using the residuals, which result from the difference between the observed values and fitted values predicted by the regression model. The normal probability plot of the residuals seen in Figure 10a is one way to check if the model satisfies the normality assumption. It can be observed that the normality assumption is valid and satisfied as the residuals are approximately distributed along a straight line. Figure 10b shows the predicted values distribution versus the residuals. It is evident that the residuals are randomly distributed with no obvious trends, suggesting a constant variance between the residuals. Therefore, the model satisfies the constant variance assumption.



The regression model accuracy is evaluated using metrics such as the root mean squared error (RMSE) and mean absolute error (MAE), which are calculated according to Equations (4) and (5):


    R S M E =       1   n     ∑  i = 1   n    (   Y   i a c t u a l     −   Y   i p r e d i c t e d   )   2       0.5    



(4)






  M A E =   1   n     ∑  i = 1   n      (   Y   i a c t u a l   −   Y   i p r e d i c t e d   )      



(5)




where n is the number of samples,     Y   i a c t u a l     is the resulting experimental porosity, and     Y   i p r e d i c t e d     is the predicted porosity using the regression model. The RSME and MAE results for the developed regression model are within the acceptable range with values of 4.735% and 3.917%, respectively. The model adequacy and accuracy results are satisfactory; therefore, it can be concluded that the regression model’s fitting is sufficient to describe the porosity response.




3.2.3. ANOVA and Response Surface Analysis


The ANOVA analysis results seen in Table 6 indicate the statistical data of the regression model. The significance of each calculated regression coefficient is tested and evaluated. These tests indicate whether the terms significantly influence the response values. The p-value test results seen in Figure 11 show how significant the effect of each term is on the resulting porosity, where a calculated p-value of less than 0.05 is an indication that the term has a statistical significance of 95% confidence level. It is evident that the linear terms of laser power, scan speed, and hatch distance have a significant effect on the resulting porosity with p-values of 0.001, 0.001, and 0.004, respectively. The non-linear effect (i.e., squared term) is only observed to be significant for the laser power with a p-value of 0.003, whereas higher p-values of 0.173 and 0.311 are seen for the scan speed and hatch distance, respectively, indicating that the non-linear effect of these factors is not significant. This can be observed from the factor vs. porosity main effect plots seen in Figure 12a, where a stronger parabolic trend is seen with the laser power than with speed and hatch factors. Furthermore, the power vs. porosity plot additionally shows the sharp porosity decrease when increasing the power from 69.3 W to around 150 W, followed by a gradual increase in porosity for higher power values. Anton [23] reported a similar observation with increasing the laser power, where he stated a very sharp lack of fusion porosity drop at low laser power values followed by a gradual increase in keyhole porosity at higher power values. Moreover, the speed vs. porosity and hatch vs. porosity plots (Figure 12a) indicate that increasing the scan speed and hatch distance results in higher porosity profiles.



Regarding the interaction term and as shown in Figure 11, the factor interaction between speed and hatch (BC) is observed to be significant with a p-value of 0.011, whereas interactions between power and speed (AB), and power and hatch (AC) are observed to be insignificant with p-values of 0.163 and 0.755, respectively. This can be observed from the factor vs. porosity interaction plots shown in Figure 12b, where increasing the laser power seems to not influence the speed and hatch curves seen in the (power*speed) and (power*hatch) plots. However, as seen from the (speed*hatch) plot, increasing the speed is observed to influence the various hatch curves, which indicates a strong interaction effect between the speed and hatch factors.



Based on the regression model, three-dimensional (3D) surface graphs and equivalent contour plots seen in Figure 13 were generated to illustrate the influence of each process parameter (i.e., factors) on the resulting sample porosity. The influence of laser power and scan speed on the porosity is shown in Figure 13a,b at a fixed hatch distance of 50 µm. It can be observed that higher porosities are seen with decreasing the laser power and increasing the scan speed. When the laser power goes to less than 80 W and the scan speed higher than 1400 mm/s, the porosity is observed to be higher than 35%. This can be attributed to the resulting low energy density with, respectively, lower and higher laser power and scan speed values leading to lack-of-fusion pores. Although increasing the laser power while decreasing the scan speed shows a reducing trend in the porosity; however, having extreme higher laser power and lower scan speed settings is observed to adversely influence the sample density with a porosity range from 1 to 10%. This can be attributed to the resulting higher energy densities and the associated keyhole pores. This indicates that extreme low laser powers coupled with high scan speeds or extreme high laser powers coupled with low scan speeds should be avoided during the LPBF process to reduce the resulting print porosity (i.e., improve the sample density).



Figure 13c,d show the effect of laser power and hatch distance on the porosity at a fixed scan speed of 1000 mm/s. It is evident that a combination of low laser power and high hatch distance results in a significant increase in the resulting porosity. This can be observed when setting the laser power to less than 80 W and the hatch distance higher than 120 µm, which resulted in a porosity profile higher than 40%. This is attributed to having significantly low energy densities (less than 22.86 J/mm3) leading to the prominent presence of lack-of-fusion pores, which indicates that lower laser power and higher hatch distance settings should be avoided. Generally, high hatch distances must be avoided as it can cause insufficient laser overlap leading to poor melting of the powder. This can be observed at the higher ends of the laser power and hatch distance porosity profiles in Figure 13c,d. Although the energy density is sufficient (ED = 73.33 J/mm3) having a laser power and hatch distance of 220 W and 120 µm, respectively. However, a high porosity profile (10–15%) is observed, which can be attributed to the formation of lack-of-fusion pores due to the poor melting resulting from insufficient laser overlap at high hatch distances.



Figure 13e,f show the effect of the scan speed and hatch distance on the resulting porosity at a fixed laser power of 170 W. It can be observed that higher scan speeds coupled with high hatch distances result in high porosity profiles. This is seen when setting the scan speed and hatch distance to 1800 mm/s and 140 µm, respectively, which resulted in a porosity profile higher than 40%. Although decreasing the scan speed and hatch distance results in a reduction in the porosity. However, setting extremely low scan speeds and hatching distances is observed to increase the porosity, which is attributed to the resulting high energy densities causing instabilities in the meltpool and the formation of keyhole pores. This indicates that extreme high scan speeds coupled with high hatch distances or extreme low scan speeds coupled with low hatch distances should be avoided to maintain low porosity profiles during the LPBF printing process.




3.2.4. Parameter Optimization for Porosity


The laser power, scan speed, and hatch distance parameters were optimized to achieve minimum porosity outcomes. In order to increase the model’s prediction accuracy, the highest non-significant terms (AC and CC) were eliminated from the regression model, as seen in Equation (6):


  Porosity   ( % ) = 82.5 − 0.915 ( p ) − 0.0141 ( v ) − 0.219 ( h ) + 0.003079  (  p 2  )  + 0.000009  (  v 2  )  − 0.00015   ( p . h )  + 0.000401  ( v . h )    



(6)







Minitab 19 was utilized to generate three optimized parameter sets capable of producing samples with minimum porosities at an identified porosity range from 0% to 1%, as seen in Table 7. All three optimized sets (1, 2, and 3) have a fixed layer thickness of 25 µm with a calculated energy density of 142.72 J/mm3, 97.69 J/mm3, and 87.16 J/mm3, respectively. Three replicated samples were manufactured for each set at different locations (Figure 14) to validate each optimized parameter set. The samples were organized into columns (left, middle, and right) where each column has different position patterns (closest, middle, and farthest) from the shielding gas direction, as seen in Figure 14.



Table 8 shows the experimental porosity results based on the optimized combination of printing parameters. It can be observed that the three sets produced almost fully dense samples with relative densities higher than 99.837% (i.e., porosities less than 0.163%). Furthermore, the experimental porosity results agree well with the predicted values, with a maximum reported residual of 0.032, indicating the possibility of successfully predicting the porosity using the regression model. One distinct observation is that the first sample row closest to the shielding gas showed superior porosity results compared to the other replicates (Table 8, green highlighted), which indicates that the shielding gas direction effect is more significant than the sweep direction. Figure 15 shows cross-section CT images of the optimized first row samples. Sample 1 showed higher porosity results than samples 2 and 3, which can be attributed to the relatively higher energy density of 142.72 J/mm3 that resulted in the formation of keyhole pores seen in Figure 14a. Sample 2 (Figure 15b and Figure 16) with a laser power, scan speed, and hatch distance of 217.4 W, 1735.7 mm/s, and 51.3 µm, respectively, showed optimal reduced porosity results of 0.011% (i.e., a relative density of 99.989%). As a result, set 2 was selected as the optimized printing parameters for 2507 SDSS and was adopted in printing the tensile samples for tensile strength property characterization.





3.3. Microstructure Analysis


The XRD patterns of 2507 SDSS in different process parameters employed in the LPBF process are depicted in Figure 17. Duplex stainless steels consist of ferrite (bcc) and austenite (fcc) phases. The formation of the ferritic microstructure is followed by nucleation of the austenite phase at grain boundaries of the ferrite grains during the cooling cycle [33]. However, due to insufficient time as a result of the high cooling rate in the LPBF process, the phase transformation from ferrite to austenite is not favorable and this rapid cooling cycle in the LPBF process cause excessive ferritization. As can be seen, with the increase of energy density during the LPBF process, the diffraction intensities of the ferrite phase increase. Ferrite phase fraction increased from 73 % to 89.3 % and then 94.7 % with the increase of energy density from 22.22 J/mm3 to 97.69 J/mm3 (optimized set) and then 428.87 J/mm3, respectively. The reason for this change of ferrite fraction with the increase of energy density could be related to chemical composition change due to extremely high melt pool temperatures. It can be assumed that with increase of energy density, austenite stabilizer elements such as N during LPBF processing will be vaporized and reduce the austenite content [44]. However, in order to get an optimal phase balance and restore the equilibrium duplex microstructure and mechanical properties of DSSs, post-processing heat treatment is recommended.



Kunz et al. [37] investigated the microstructure of LPBF produced 2507 SDSS parts and they found out that ferrite is the dominant phase and there is a limited amount of austenite in grain boundaries after the LPBF process. In order to increase the austenite fraction in duplex stainless steel, further solution annealing and heat treatment are recommended as Kunz et al. achieved 43.3% austenite fraction after solution annealing. In another study on 2205 SDSS with chemical composition close to 2507, Haghdadi et al. [45], reported austenite fraction of 2% mostly distributed in grain boundaries after LPBF process. Furthermore, they observed austenite promotion of 45% after heat treatment.



Figure 18 shows the microstructure evolution of the 2507 SDSS specimens at optimum energy density along the building direction. As Kunz et al. [37] observed in their study, the square-like microstructure can be seen along the building direction which is due to the scanning strategy during the LPBF process. In another study, Nigon et al. [46] observed the same kind of square-like microstructure along the building direction of 2205 SDSS parts produced by LPBF.




3.4. Tensile Strength Analysis


The printed tensile samples using the optimized printing parameters are shown in Figure 19, and the resulting yield strength, ultimate tensile strength (UTS), and elongation tensile properties are reported in Table 9. Figure 20 presents the tensile stress-strain curves of the printed tensile samples. Sample 1 exhibited the highest yield and ultimate tensile strength of 1254.50 MPa and 1403.10 MPa, respectively, followed by sample 2 with a yield and ultimate tensile strength of 1131.70 MPa and 1366.70 MPa, respectively. However, sample 3 exhibited the lowest tensile properties with a yield and ultimate strength of 960.10 MPa and 1000.30 MPa, respectively. This behavior can be attributed, as mentioned before, to the position of each sample from the shielding gas. As shown in Figure 19, sample 3 is positioned farthest from the shielding gas, leading to an insufficient shielding gas flow rate which adversely affects the sample density (i.e., causing reduced mechanical results).



Table 10 compares the average 2507 SDSS tensile properties of the printed three samples to the DIN EN 10088-3 standard. The LPBF samples showed higher UTS of 1256.7 ± 181.9 MPa, and lower elongation of 10.7 ± 1.7%. This behavior can be attributed to the higher ferritic microstructure of 89.3 %. Kunz et al. [37] reported a similar mechanical behavior of LPBF printed samples with UTS and elongation of 1031 MPa and 14%, respectively. They attributed this behavior to the resulting high ferritic microstructure of LPBF printed samples. Moreover, their heat-treated samples showed an increase in the austenite formation leading to a reduction in tensile strength and an increase in elongation (i.e., meeting the minimum requirements of the DIN EN 10088-3 standard).





4. Conclusions


In this study, the LPBF printing parameters, namely: laser power, scan speed, and hatch distance—were optimized to print highly dense 2507 super duplex stainless steel samples. A detailed design of the experiment using the RSM was conducted to investigate the various pore formation types along a wide energy density range (22.22–428.87 J/mm3), analyze the influence of each process parameter and their interactions on the resulting porosity, and find an optimal parameter set capable of producing highly dense printed parts. Moreover, an investigation was conducted on the microstructure and tensile properties of printed samples using the selected optimized parameter set. The following is a summary of the study’s key findings:




	(1)

	
Being the most prevalent pore types associated with the printing process parameters—the lack-of-fusion, gas or metallurgical, and keyhole pore regimes were identified for 2507 SDSS at energy density ranges from 22.22 J/mm3 to 68.24 J/mm3, 68.24 J/mm3 to 126.67 J/mm3, and 126.67 J/mm3 to 428.87 J/mm3, respectively, with corresponding porosity ranges from 45.60% to 4.61%, 0.33% to 0.04%, and 0.15% to 1.56%.




	(2)

	
A sharp decrease in the lack-of-fusion porosity is observed at low energy densities, where increasing the energy density from 22.22 J/mm3 to 68.24 J/mm3 resulted in a porosity decrease from 45.60% to 0.33%. Conversely, a gradual increase in the keyhole porosity from 0.15% to 1.56% is observed at higher energy densities from 126.67 J/mm3 to 428.87 J/mm3, respectively.




	(3)

	
The sample’s position from the shielding gas and coater sweep directions can influence the resulting sample porosity. Positioning the samples far from both directions can adversely influence the sample’s density. However, the position influence seems to be more significant from the shielding gas than the coater sweep.




	(4)

	
The lack-of-fusion pores are relatively larger in size than the gas/metallurgical and keyhole pores, with mean ferret diameters of 0.26 mm, 0.05 mm, and 0.09 mm, respectively. Moreover, regarding the pore shape, the lack-of-fusion pores were observed to be irregular, with a mean aspect ratio of 0.33. Although the gas/metallurgical and keyhole pores showed roundish shapes. However, the gas/metallurgical pores were observed to be more spherical than keyhole pores, with, respectively, mean aspect ratios of 0.65 and 0.57.




	(5)

	
A quadratic regression model between the input factors and the resulting porosity has been developed using the RSM. Model adequacy and accuracy checking has been conducted which indicated that the model satisfies the residual normality and constant variance assumptions with an RMSE and MAE of 4.735% and 3.917%, respectively.




	(6)

	
The ANOVA analysis results showed that the linear terms of laser power, scan speed, and hatch distance were statistically significant, with p-values of 0.001, 0.001, and 0.004, respectively. However, the input factor non-linear effects were only observed to be significant for the laser power with a p-value of 0.003. Moreover, the factor interaction influence on the porosity was only observed to be significant for speed and hatch factors with a p-value of 0.011.




	(7)

	
The influence of each input parameter on the porosity was investigated using 3D surface and contour plots. Regarding power vs. speed plots, it was observed that low laser powers coupled with high scan speeds resulted in a high porosity profile. Although a reduction in the porosity is seen with increasing the laser power while decreasing the scan speed; however, extreme high laser powers coupled with low scan speeds were observed to increase the porosity due to the formation of keyhole pores at higher energy densities.




	(8)

	
The power vs. hatch plots showed that high porosities are present when having a combination of low laser power and high hatch distance. Moreover, it was observed that higher hatch distances should be avoided to prevent insufficient laser overlap leading to poor melting of the powder.




	(9)

	
The speed vs. hatch plots indicated that higher porosities are seen when having higher scan speeds coupled with high hatch distances. Although decreasing the scan speed and hatch distance results in a reduction in the porosity; however, setting extremely low scan speeds and hatching distances is observed to increase the porosity, which is attributed to the resulting high energy densities.




	(10)

	
The optimized parameters for laser power, scan speed, and hatch distance were 217.4 W, 1735.7 mm/s, and 51.3 µm, respectively, which were able to print samples with a relative density of 99.961%.




	(11)

	
Using the optimized parameter set, the as-built 2507 SDSS sample had a ferrite phase fraction of 89.3% with a yield and ultimate tensile strength of 1115.4 ± 120.7 MPa and 1256.7 ± 181.9 MPa, respectively.
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Figure 1. 2507 SDSS powder morphology: (a) microscopic image of 2507 SDSS powder particles; (b) powder particle circularity; (c) particle size distribution. 
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Figure 2. Schematic representation of a three-factor CCD. 
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Figure 3. RSM flow diagram. 
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Figure 4. Tensile sample geometry dimensions (mm). 
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Figure 5. Dragonfly color segmentation process: (a) CT scanned image layer; (b) Color segmentation. 
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Figure 6. Successfully printed samples based on CCD and their positions on the substrate. 
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Figure 7. Porosity distribution with increasing energy density. 
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Figure 8. Cross-section CT images of sample series with increasing energy density. 
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Figure 9. Lack-of-fusion (sample 16), metallurgical or gas (sample 2), and keyhole (sample 19) pores: (a–c) 3D representation; (d–f) OM images. 
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Figure 10. (a) Normal probability plot of the residuals; (b) Predicted values vs. residuals. 
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Figure 11. p-values of regression model terms. 






Figure 11. p-values of regression model terms.



[image: Metals 13 00725 g011]







[image: Metals 13 00725 g012 550] 





Figure 12. Factor vs. porosity plots: (a) Main effects; (b) Interaction. 
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Figure 13. Laser power, scan speed, and hatch distance influence on the porosity: (a,c,e) surface plots; (b,d,f) counter plots. 
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Figure 14. Manufactured optimized samples. 
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Figure 15. Cross-section CT images of optimized first row samples: (a) Sample 1; (b) Sample 2; (c) Sample (3). 
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Figure 16. OM image of Set 2 optimized parameters. 
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Figure 17. XRD patterns of 16, 2 (optimized), and 19 2507 SDSS samples. 
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Figure 18. Microstructure evolution of the 2507 SDSS specimens at optimum energy density; (a) SEM image, (b) OM image. 
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Figure 19. Printed tensile samples. 
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Figure 20. Tensile stress-strain curves. 
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Table 1. 2507 SDSS chemical composition.
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	Element
	Fe
	Cr
	Ni
	Mo
	Mn
	N
	Si
	Cu
	C
	P
	S





	Content (wt%)
	Balance
	24.6–25.4
	6.8–7.2
	3.76–4.24
	0.7–1.1
	0.26–0.31
	0.2–0.6
	0.20
	0.02
	0.025
	0.008
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Table 2. CCD factor levels and values.
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	Levels
	Laser Power (W)
	Scan Speed (mm/s)
	Hatch Distance (µm)





	Lowest (−α)
	69.3
	159.1
	26.1



	Lower (−1)
	100
	500
	50



	Center point (0)
	145
	1000
	85



	Higher (1)
	190
	1500
	120



	Highest (α)
	220.7
	1840.9
	143.9



	Range
	69.3–220.7
	159.1–1840.9
	26.1–143.9
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Table 3. CCD design set up for all factors.
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	Run
	Laser Power (W)
	Scan Speed (mm/s)
	Hatch Distance (µm)





	1
	100
	500
	50



	2
	220.7
	1000
	85



	3
	145
	1000
	85



	4
	145
	1000
	85



	5
	190
	1500
	50



	6
	145
	1000
	85



	7
	145
	1000
	143.9



	8
	100
	1500
	50



	9
	69.3
	1000
	85



	10
	145
	1000
	85



	11
	190
	500
	120



	12
	190
	1500
	120



	13
	145
	1000
	85



	14
	190
	500
	50



	15
	145
	1840.9
	85



	16
	100
	1500
	120



	17
	100
	500
	120



	18
	145
	1000
	26.1



	19
	145
	159.1
	85



	20
	145
	1000
	85
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Table 4. Porosity results.






Table 4. Porosity results.





	Run
	Laser Power (W)
	Scan Speed (mm/s)
	Hatch Distance (µm)
	Layer Thickness (µm)
	Laser Energy Density (J/mm3)
	Experimental Porosity

(%)





	1
	100
	500
	50
	25
	160.00
	0.36



	2
	220.7
	1000
	85
	25
	103.85
	0.04



	3
	145
	1000
	85
	25
	68.24
	0.69



	4
	145
	1000
	85
	25
	68.24
	0.85



	5
	190
	1500
	50
	25
	101.33
	0.13



	6
	145
	1000
	85
	25
	68.24
	0.33



	7
	145
	1000
	143.9
	25
	40.32
	14.92



	8
	100
	1500
	50
	25
	53.33
	15.28



	9
	69.3
	1000
	85
	25
	32.62
	41.74



	10
	145
	1000
	85
	25
	68.24
	0.40



	11
	190
	500
	120
	25
	126.67
	0.15



	12
	190
	1500
	120
	25
	42.22
	29.60



	13
	145
	1000
	85
	25
	68.24
	2.26



	14
	190
	500
	50
	25
	304.00
	0.73



	15
	145
	1840.9
	85
	25
	37.07
	17.80



	16
	100
	1500
	120
	25
	22.22
	45.60



	17
	100
	500
	120
	25
	66.67
	4.61



	18
	145
	1000
	26.1
	25
	221.91
	0.66



	19
	145
	159.1
	85
	25
	428.87
	1.56



	20
	145
	1000
	85
	25
	68.24
	3.01
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Table 5. Pore shape and size in terms of aspect ratio and feret diameter.






Table 5. Pore shape and size in terms of aspect ratio and feret diameter.





	
Sample

	
16

	
2

	
19






	
Power (w)

	
100

	
220.7

	
145




	
Scan speed (mm/s)

	
1500

	
1000

	
159.1




	
Hatch distance (µm)

	
120

	
85

	
85




	
Layer thickness (µm)

	
25




	
Laser energy density (J/mm3)

	
22.22

	
103.85

	
428.87




	
Pore type

	
Lack of fusion

	
Metallurgical or gas

	
Keyhole




	
Feret diameter (mm)

	
Min.

	
Max.

	
Mean

	
Min.

	
Max.

	
Mean

	
Min.

	
Max.

	
Mean




	
0.12

	
0.77

	
0.26 ± 0.12

	
0.04

	
0.06

	
0.05 ± 0.01

	
0.04

	
0.13

	
0.09 ±0.02




	
Aspect ratio

	
Min.

	
Max.

	
Mean

	
Min.

	
Max.

	
Mean

	
Min.

	
Max.

	
Mean




	
0.05

	
0.76

	
0.33 ± 0.14

	
0.59

	
1

	
0.65 ± 0.08

	
0.20

	
0.81

	
0.57 ± 0.17




	
Porosity %

	
45.60

	
0.06

	
1.56
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Table 6. Model ANOVA results.






Table 6. Model ANOVA results.













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





	Model
	9
	3438.74
	382.082
	9.53
	0.001



	Linear
	3
	2294.29
	764.762
	19.07
	0.000



	A-Power (W)
	1
	814.20
	814.198
	20.30
	0.001



	B-Speed (mm/s)
	1
	920.97
	920.971
	22.97
	0.001



	C-Hatch (µm)
	1
	559.12
	559.118
	13.94
	0.004



	Square
	3
	654.37
	218.123
	5.44
	0.018



	AA
	1
	592.51
	592.508
	14.78
	0.003



	BB
	1
	86.42
	86.424
	2.16
	0.173



	CC
	1
	45.62
	45.622
	1.14
	0.311



	2-Way interaction
	3
	490.08
	163.360
	4.07
	0.039



	AB
	1
	91.09
	91.091
	2.27
	0.163



	AC
	1
	4.14
	4.143
	0.10
	0.755



	BC
	1
	394.85
	394.847
	9.85
	0.011



	Error
	10
	401.02
	40.102
	
	



	Lack-of-fit
	5
	375.03
	75.006
	
	



	Pure Error
	5
	25.99
	5.198
	
	



	Total
	19
	3839.76
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Table 7. Optimized parameter sets for minimal porosity.






Table 7. Optimized parameter sets for minimal porosity.





	Set/Sample
	Power (W)
	Speed (mm/s)
	Hatch (µm)
	Predicted Porosity (%)





	1
	209.6
	1022.9
	57.4
	0.141



	2
	217.4
	1735.7
	51.3
	0.039



	3
	145
	1000.0
	87.16
	0.047
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Table 8. Optimized parameters experimental vs. predicted porosity results.






Table 8. Optimized parameters experimental vs. predicted porosity results.





	
Set/Sample

	
Power (W)

	
Speed (mm/s)

	
Hatch (µm)

	
Experimental Porosity

	
Predicted Porosity

	
Residual




	
Left

	
Mid

	
Right

	
Avg.






	
1

	
209.6

	
1022.9

	
57.4

	
0.167

	
0.055

	
0.266

	
0.163

	
0.141

	
0.022




	
2

	
217.4

	
1735.7

	
51.3

	
0.029

	
0.030

	
0.011

	
0.023

	
0.039

	
−0.016




	
3

	
145

	
1000.0

	
87.16

	
0.040

	
0.139

	
0.058

	
0.079

	
0.047

	
0.032
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Table 9. Tensile test results of LPBF printed samples using the optimized parameters.






Table 9. Tensile test results of LPBF printed samples using the optimized parameters.





	Sample
	1
	2
	3





	Yield strength (MPa)
	1254.50
	1131.70
	960.10



	Ultimate tensile strength (MPa)
	1403.10
	1366.70
	1000.30



	Elongation (%)
	10.2
	13.0
	6.0
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Table 10. 2507 SDSS tensile properties for LPBF samples and DIN EN 10088-3 standard.






Table 10. 2507 SDSS tensile properties for LPBF samples and DIN EN 10088-3 standard.





	
Material

	
Condition

	
Number of Samples

	
Yield Strength (MPa)

	
UTS (MPa)

	
Elongation (%)






	
2507 SDSS

	
DIN EN 10088-3 standard

	
-

	
>500

	
700–900

	
>25




	
LPBF

	
3

	
1115.4 ± 120.7

	
1256.7 ± 181.9

	
10.7 ± 1.7
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