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Abstract  

In this study, the microstructure, and mechanical properties of 316L stainless steel 

(SS316L) produced by laser powder bed fusion (LPBF) using water-atomized (WA) and gas-

atomized (GA) powders were compared. The results showed that the use of WA powder, 

with a finer average particle size and better spreadability, led to significantly higher values 

of tensile strength (UTS), yield strength (YS), elongation (El%), and toughness in the WA 

samples (728 MPa, 580 MPa, 31.8%, and 215 J/m3, respectively) compared to the GA sample 

(602 MPa, 503 MPa, 25.2%, 145 J/m3, respectively). The WA samples also exhibited a non-

uniform hardness distribution and superior work-hardening rate due to the presence of 

multiple inclusions that tightly bound to the matrix and created stress fields, increasing the 

required energy for dislocation motion. The higher solidification rate of melt pools in the 

WA sample left more intensive residual stress with distorted grains, exhibiting a higher 

grain orientation spread (GOS). Additionally, a multitude of geometrically necessary 

dislocations (GNDs) formed around the boundaries of elongated grains with tilted 

boundaries to maintain lattice continuity, resulting in a higher kernel average 

misorientation (KAM) and congestion of low-angle grain boundaries (LAGBs), particularly in 

the WA sample. XRD patterns confirmed the higher lattice distortion in the WA sample, and 

the smaller cellular structures observed in SEM images were consistent with the higher 

dislocation density observed in the WA specimens. Finally, the WA sample exhibited lower 

surface roughness and rather higher resistance to corrosive media containing chlorides. 

Keywords: Additive Manufacturing, Water Atomized; Electron Back Scatter Diffraction (EBSD); 

Cellular structure; Geometrically Necessary Dislocations (GNDs). 
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1. Introduction 

In recent years, additive manufacturing (AM) technologies have growingly been replacing 

traditional production methods [1]. Although additive manufacturing (AM) methods were 

initially utilized for prototyping purposes, they have now become the predominant 

production technique for numerous critical components within the automotive and 

aerospace industries [2]. The Laser Powder Bed Fusion (LPBF) is one of the AM methods 

for manufacturing complex-shaped components using a laser source according to 

computer-aided design (CAD) data [3]. In the powder-bed systems, a re-coater carries the 

powder from a feedstock chamber and spreads it on the build plate [4]. To identify an ideal 

metallic powder for AM, its features, such as average particle size, particle size 

distribution, surface area, flowability, apparent density, tap density, moisture content, and 

trapped porosity, need to be documented [5]. Spreadability plays a crucial role in printing 

faultless and dense components, and a powder with proper size distribution composed of 

particles with a spherical shape and smooth surface is known as the ideal feedstock for AM 

[6, 7]. This is because small friction coefficient between the spherical powders facilitates 

their spreading [8]. There are three prevalent processes for fabricating proper powders 

for AM, including "plasma atomization," "gas atomization," and "water atomization" [9]. 

Among them, plasma atomization provides the most spherical shaped powders. Gas 

atomization produces spherical powders with appropriate morphology at a lower price 

than plasma atomization [10]. Nonetheless, the simplest and cheapest atomization method 

is water atomization [11]. Due to the high cooling rate in water atomization, the particles 

acquire an irregular shape [12]. In contrast, the inert atmosphere of the chamber in gas 

atomization reduces the solidification rate of the particles and creates a more regular 

morphology in the final powder [13]. Moreover, the oxygen content of the WA particles is 

higher than in gas and plasma atomized particles. Oxygen uptake and chemical oxidation 

during AM directly arise from high oxygen content in the feedstock powder, which not only 

affects the powder flow but also degrades the mechanical properties of the printed parts 

[14]. So far, WA powders of different alloys such as Al [15], Zn [16], Ti [17], IN625 [18], 

IN738 [19], NiTi [13] and high entropy alloys (HEAs) [20] have been evaluated for AM 

applications. However, due to the oxygen pickup, water atomization is not an appropriate 

production route for Al, Ti, and alloys containing such reactive elements, and the most 

suitable material for water atomizing is steel [21]. On the other hand, using WA powder 
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instead of GA can reduce the production cost by a large factor, i.e., ~10-80% [22]. To 

overcome the drawbacks of WA powders, some solutions have been proposed. Schade et. 

al [5] designed a multi-step process to eliminate the more irregular particles of WA iron 

powder. Despite increasing the apparent density and flowability of the powders, wasting 

about 50% of the initial powder in the separation line reduced the cost-efficiency of this 

process. Boisvert et. al inoculated magnesium into the melt of SS304 before the 

atomization to favor the direct formation of more spherical powders with fewer internal 

pores [6]. Chikosha et al. [23] and Park et al. [24] employed an inductively coupled 

thermal plasma system for spheroidizing irregular powders. Consequently, the fine 

particles were majorly removed and the flowability of the powder significantly improved. 

Mirzababaei et al. suggested adding a solid lubricant such as zinc stearate to the feedstock 

to reduce interparticle friction and enhance flowability [25]. Calculating the Hausner ratio 

(tap density/apparent density) is the simplest way to predict the flowability of the 

powders. Generally, the Hausner ratio and avalanche angle of WA powders are lower than 

GA ones [26]. Howbeit, beyond a threshold, amelioration of the Hausner ratio and 

sphericity cannot majorly affect the final part density [27]. Nonetheless, some authors 

declared that the bulk densification of the printed parts with WA powder was close to 

those built by the GA counterparts even by using the same process parameters [28, 29]. 

Compared to GA powders, irregular WA particles have a rougher surface with a higher 

surface area to volume ratio and benefit from higher laser absorption and lower 

reflectivity [30, 31]. Thus, applying similar energy densities would provide higher heat 

input for melting the WA powder [32].  

Previous studies have demonstrated that GA powders can yield components with greater 

densification and mechanical strength at lower energy densities while maintaining similar 

particle sizes. However, when higher energy densities are employed, WA powders can 

achieve comparable densities and mechanical properties to GA powders [33]. SS316L is a 

widely used alloy due to its exceptional corrosion resistance and mechanical properties 

[34, 35]. Optimizing the process parameters of the LPBF method can lead to significant 

similarities in the parts produced using WA and GA SS316L powders. [36]. In the current 

study, the authors demonstrated that reducing the average particle size of WA powder, 

which has higher laser absorption and oxide-forming elements, would enhance its 
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flowability and result in higher mechanical properties compared to GA samples. Therefore, 

the morphology, chemical composition, and structure of the feedstock powders and 

printed samples for both WA and GA were analyzed and compared to the mechanical 

behavior and corrosion resistance of the final products. 

2. Materials and processing 

GA and WA powders of SS316L used in the current study were provided by Höganäs AB 

and Pometon S.p.A (Italy), respectively. Both samples were printed by a Concept Laser 

Mlab Cusing with a laser spot size of 50 m and a laser power of 95 W, scanning speed of 

as the optimum parameters. Tensile dog-bone samples were printed perpendicular to the 

building direction according to the E8 standard with gauge dimensions of 32×6×4 mm3. 

2.1. Characterization 

The powders and printed samples were mechanically polished with the SiC papers (up to 

4000 size) and mirror polished by Largo 9, Dur 3, NAP B1 and OP-S NonDry, subsequently.    

The microscopy characterization performed using an Olympus DXS1000 digital optical 

microscope, a Leica DMI5000M microscope, a JEOL JSM7001F FE-SEM and a HITACHI SU-

70 FEGSEM equipped with an EBSD (EDAX-Hikari Plus) detector. The EBSD data were 

analyzed by the EDAX OIM Analysis (TSL) software and  5.9.0. 

Lattice parameters were measured through X-ray diffraction (XRD) using an X-Pert Philips 

diffractometer. The tensile test was performed by a Zwick/Roell Z050 testing machine at 

the strain rate of 2×10-3 S-1. The microhardness measurement was carried out with a Leica 

VMHT machine and applied load of 0.1 kg for a dwell time of 15 s. The Laboratory 

Equipment Corporation (LECO) analysis with ONH836 analyzer was employed to measure 

the concentrations of oxygen, nitrogen, and hydrogen in the fabricated parts through LPBF.  

2.2. Corrosion resistance  

All electrochemical measurements were performed in 3.5 wt% NaCl solution after 

mounting the samples in epoxy resin and polishing them to a mirror-like finish. Based on a 

wire diameter of 0.5 mm and an immersed length of 70 mm, the counter electrode had an 

approximate area of 1.1 cm2, while the exposed area was 0.9 cm2. All the results presented 

in this study were normalized with respect to this specific area. A 3-electrode 
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electrochemical cell was used for the measurements, with the sample as the working 

electrode, a platinum wire as the counter electrode, and an Ag/AgCl electrode as the 

reference. The corrosion tests were carried out at room temperature, using the Ivium-n-

Stat potentiostat. Prior to each measurement, the Open Circuit Potential (OCP) of the 

sample was measured for 30 minutes. For Cyclic-Potentiodynamic Polarization (CPP) 

measurements, the potential was scanned from -0.2 V vs OCP towards anodic voltage 

values at a scan rate of 10 mV/min with potential steps of 1 mV. The scan direction was 

reversed when the measured anodic current density was equal to 1 mA/cm2, and the 

measurement ended at -0.2 V vs OCP. Electrochemical Impedance Spectroscopy (EIS) was 

performed by applying a sinusoidal stimulus of 10 mV around the OCP. The measurements 

were carried out in the frequency range of 10-2 Hz to 105 Hz, acquiring 10 points per 

frequency decade. Each electrochemical measurement was repeated three times. 

3. Results and discussions 

 

3.1. Powder analysis 

The morphology and size distribution of the powders obtained by gas and water 

atomization were evaluated using a digital optical microscope and SEM analysis (Fig. 1(a, 

b)). Comparative analysis of the circular diameter (Fig. 1(c, d)) and circularity (Fig. 1(e, 

f)) of the powders revealed that WA powder has a finer particle size with lower circularity. 

In the context of the particles used in additive manufacturing, "circularity" refers to a 

geometric property that characterizes the shape of the particle. It specifically quantifies 

the degree to which the particle deviates from a perfect circle. Measuring the circularity of 

particles would aid to assess their sphericity and evaluate the quality and uniformity of the 

particles used in additive manufacturing processes. The irregular shape of WA particles is 

attributed to the rapid solidification of molten droplets during the atomization process. In 

the WA process, molten metal is subjected to high-pressure water jets that break it into 

droplets. These droplets cool down rapidly, preventing them from forming a spherical 

shape and instead freezing into a non-spherical shape with a high aspect ratio. The high 

surface tension of the water and the high cooling rate prevent the droplets from attaining a 

spherical shape, resulting in an irregular particle shape. This shape can be advantageous in 

improving the packing density of the powder, leading to better powder flow and higher 
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build density during additive manufacturing processes. However, it can also pose 

challenges in powder handling and flowability. In contrast, gas atomization produces more 

uniform cooling rates and spherical-shaped particles by atomizing molten metal with a 

high-velocity gas stream. This process allows for greater control over cooling rate, with the 

surface tension of the molten metal pulling it into a spherical shape as it cools. Previous 

studies have shown that particle size strongly influences flowability, with finer particles 

exhibiting lower spreadability [32]. The average circular diameter of GA and WA powders 

was 29 µm and 22 µm, respectively, which falls within the optimal particle size 

distribution range for LPBF (10-  [6].  

 

Fig. 1: Optical 3D micrographs and distribution histograms of the circular diameter and circularity of 
GA (a, c and e) and WA (b, d and e) samples.  

Reducing the particle size range of WA powder has been shown to enhance its flowability. 

This is because smaller particles have a greater surface area-to-volume ratio, which makes 

them more prone to agglomeration and interparticle forces, such as van der Waals forces, 

causing them to stick together and form clusters. Such agglomeration can raise the bulk 

density of the powder and decrease its flowability. To counteract these effects, reducing 

the particle size range of the powder helps to mitigate agglomeration and interparticle 

forces, yielding a more uniform powder with better flowability. Smaller particles can also 
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fill the gaps between larger particles, which further improves the packing density and 

flowability of the powder. For industrial applications, selecting an appropriate layer 

thickness is critical to productivity. Typically, the optimum layer thickness that ensures a 

smooth powder bed, maximum compactness, and proper bonding between successive 

layers in AM fabricated samples is between D(50) and D(90) of the powder feedstock [28]. 

In this study, both GA and WA samples were printed with a layer thickness of 25 µm. The 

particle size distribution of GA powder is wider than that of WA powder and can yield a 

higher packing density since the fine particles fill the voids between large adjacent 

particles [10]. Moreover, previous research has demonstrated that, in addition to powder 

morphology, the surface roughness of printed samples increases in proportion to powder 

flowability [37]. 

The morphology and elemental distribution of the GA and WA powders were characterized 

by SEM imaging and elemental mapping, as shown in Figs. 2(a) and 2(b), respectively. The 

GA powder had a higher Mn content and lower Si content compared to the WA powder, a 

finding that was consistently observed across multiple powder particles. This trend has 

been reported previously for the same alloy [38], as well as for 4130 [39] and 17-4 PH 

[26] steels. In addition, the WA powder had relatively large Si-rich inclusions, while the GA 

particles contained smaller Si-rich zones. The difference in Si content, combined with the 

higher oxygen content of the WA powder, could result in more inclusions in the WA 

sample during printing.  
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Fig. 2: SEM image and elemental distribution map analysis of GA (a) and WA (b) particles. 

   Fig. 3 presents the results of EBSD analysis for both GA and WA particles. The orientation 

maps in Figs. 3(a) and 3(b) show that both atomization methods produce polycrystalline 

particles. The phase maps in Figs. 3(c) and 3(d) reveal that ferritic and austenitic-ferritic 

particles (partially ferritic) were formed during water atomization of SS316L. The elemental 

distribution map of Fig. 3(e) shows that ferritic particles had a higher fraction of Fe and 

-ferrite formed during 

the rapid solidification of the molten steel [40]. When liquid metal is sprayed into a water jet 

during water atomization, it causes rapid cooling and solidification of the droplets. This 

results in a high solidification rate, meaning that atoms have less time to diffuse and form 

their preferred crystal structure. For iron-based alloys, the high solidification rate in water 

atomization promotes the formation of a primarily ferritic microstructure since ferrite is the 

thermodynamically stable phase at high cooling rates. Gas atomization, on the other hand, 

usually results in a coarser microstructure with a mixture of ferrite and austenite phases. 

The chemical composition of the powder can also affect the phase evolution during 

solidification. In the case of the WA powder compared to GA powder, the lower Mn and 

higher Si content can promote the formation of ferrite since Si is a ferrite stabilizer and Mn is 
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an austenite stabilizer. Therefore, the combination of high solidification rate and chemical 

composition of the WA powder increases the chance of forming a primarily ferritic 

microstructure. 

 

Fig. 3. EBSD orientation maps (a, b) and the corresponding phase maps (c, d) of GA and WA powders 

and elemental distribution map of the WA powder (e). 

 

3.2. Microstructural characterization   

Various analysis methods were used to compare the microstructure and lattice 

parameters of LPBF-fabricated samples using GA and WA powders. The results are 

presented in the following. 

 

3.3. XRD  

Figs. 4 present the XRD patterns of the GA and WA powders and the as-printed samples. 

As can be seen -ferrite (110) with a BCC 

s

GA powder. This result is consistent with the fact that certain elements, including 

chromium, molybdenum, and silicon, tend to segregate during solidification, leading to 
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the formation of the ferritic phase. However -ferrite peak 

disappeared. This can be attributed to either the complete dissolution of ferritic particles 

or a low concentration of ultra-fine ferritic phases that were not detected by the XRD 

analysis. 

 

Fig. 4.  XRD patterns of the GA and WA powders and as-printed samples. 

Table 1 presents the lattice parameters of the GA and WA powders, as well as the as-printed 

samples. To determine the dislocation density of the samples, the Scherrer equation was 

used, which relates the peak broadening to the dislocation density, crystallite size, and the 

wavelength of the X-rays used in the measurement. The equation is expressed as: 

                                                                                                                                                 (1) 
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the X-rays, and D is the crystallite size. 

alculated from the rearranged 

Scherrer equation:                                             

                                                                                                                                      (2) 

The results show that the WA specimen had a lower lattice constant of the austenite phase 

than its GA counterpart in both powder and printed samples. Additionally, the WA samples 

exhibited a smaller crystallite size and a higher dislocation density than the GA sample in the 

as- -ferrite in the WA and GA powders also showed 

a similar difference.  

Table 1. Lattice parameters of the GA and WA powders and as-printed samples  

XRD 
output 

Phase GA powder WA powder GA sample WA sample 

Lattice 
constant (Å) 

-austenite 3.5992 3.5975 3.5986 3.5976 

-ferrite 2.8129 2.8772 - - 

Crystallite 
size (Å) 

-austenite 351 626 474 408 

-ferrite 2209 378 - - 

Dislocation 
density  
(m-2) 

-austenite 1.52E+13 3.14E+12 5.68E+12 7.53E+12 

-ferrite 2.05E+11 7.00E+12 - - 

 

The microstructure and lattice parameter differences between the GA and WA powders and 

printed samples can be explained by the varying cooling rates and solidification conditions 

during their production. Rapid solidification during water atomization results in a smaller 

crystallite size and a higher dislocation density in the WA sample, which can cause lattice 

distortion and a lower lattice constant. The lower lattice constant of the austenite phase in 

the WA sample suggests that its atoms are more closely packed together due to the smaller 

-ferrite is 

sensitive to cooling rate, and the higher solidification rate during water atomization may 

have fav -ferrite in the WA sample, leading to a lower lattice constant 

compared to the GA sample [41, 42]. 
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3.4. LECO test 

Table 2. presents the results of measuring the amounts of oxygen, nitrogen, and hydrogen 

(ONH) in the as-printed samples produced using GA and WA powders. A higher oxygen 

and nitrogen content in the powder can result in the formation of oxide and nitride 

inclusions, respectively, during the solidification process. In addition, the higher hydrogen 

content in WA powder can lead to more porosity in the printed part. The printing chamber 

atmosphere for both GA and WA samples was similar (argon), indicating that the 

difference in ONH values should be attributed to the atomization media. The GA powder 

had a higher N value due to atomization in nitrogen inert gas, while the WA powder had 

higher O and H values due to atomization in water. Previous research has demonstrated 

that atomization in a nitrogen atmosphere can directly affect the chemical composition by 

stabilizing the austenite phase, as reported in literature [21, 43]. However, high nitrogen 

content could lead to solidification cracking [44]. In contrast, a higher oxygen content may 

adversely affect processing by disrupting layer adhesion, splitting the continuous laser 

track into multiple molten segments and spreading more inclusions [45].  

Table 2. The results of the LECO test 

Material Oxygen (%) Nitrogen (%) Hydrogen (ppm) 
GA sample 0.0736 ± 0.0066 0.0633 ± 0.0012 39.6 ± 10 
WA sample 0.185 ± 0.011 0.0222 ± 0.0005 95.4 ± 6.9 

 

3.5. Microcopy investigation  

 

Figs. 5(a) and 5(b) display the optical microscope micrographs of the as-printed samples 

utilizing GA and WA powders, respectively. The micrographs clearly illustrate that the GA 

sample exhibits a fish-scale pattern grain structure, whereas the WA sample comprises 

columnar grains along the build direction (BD). The WA powder possesses smaller particle 

sizes and higher laser absorption, which enhances the bonding between deposited layers, 

consistent with prior investigations [46]. A high laser heat input results in deeper laser 

beam penetration, partial remelting of the last deposited layer, and strong grain 

orientations along the BD with nucleation taking place on the epitaxially grown grains. In 

comparison to the components produced with GA powder, those printed with the WA 

counterpart demonstrate superior surface finish, uniformity in deposition, and stronger 
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layer bonding [26]. The higher laser absorption of WA, in contrast to GA powder, creates 

hotter melt pools with a faster solidification rate, promoting a finer dendritic structure 

[47].  

 

Fig. 5. OM micrograph (a, b), IPF color map (c, d), phase map (e,f) and PF (g, h) of GA and WA samples. 
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The IPF maps presented in Figs. 5 (c, d) illustrate the distinct differences in grain 

morphology between the GA and WA samples. As observed from the OM images, the WA 

sample exhibits more elongated grains along the BD. As already mentioned, WA powder 

with higher laser absorption would heat up faster upon exposure to laser energy, leading 

to more rapid melting and solidification. On the other hand, WA powder with lower laser 

absorption would take longer to heat up and solidify. The solidification rate is determined 

by the rate of heat transfer from the melt to the surrounding environment. As a result, the 

solidification front moves faster, leading to a higher solidification rate. Since the similar 

process parameters are applied for WA and GA powders with different particle sizes, the 

solidification rate of WA is faster for finer particles due to their higher surface area to 

volume ratio. Since columnar grains are more likely to form in materials produced by 

directional solidification, where the solidification front moves in a single direction, 

promoting the growth of elongated columnar grains along the direction of solidification. 

Hence in laser powder bed fusion process, the solidification front moves vertically upward 

from the build plate as each layer is melted and solidified. So columnar grain growth would 

be more likely to occur in WA powders due to faster solidification rate, which could 

promote the formation and growth of elongated grains. 

Figs. 5(e, f) illustrate that the fraction of ferritic zones in the WA sample was greater than 

in the GA sample. The extensive ferritic regions formed around the melt pool border of WA 

samples resulted from the heterogeneous nucleation of ferritic grains on the coarse 

inclusions that were pushed toward the melt pool boundaries. Pole figures (PFs) in Figs. 

5(g, h) show that columnar austenitic grains aligned vertically along the BD, resulting in a 

strong crystallographic texture in the <001> direction. The higher texture index of the PFs 

suggests more elongated grains and anisotropic properties in the WA sample. Kernel 

Average Misorientation (KAM) distribution maps were utilized to compare the local grain 

misorientation and density of geometrically necessary dislocations (GNDs) in GA and WA 

samples (Figs. 6(a, b)). During the additive manufacturing (AM) process, 

remelting/reheating of successive layers leads to an inhomogeneous spreading of 

dislocations caused by the continuous reorientation of grain boundaries [48]. The KAM 

map reflects the degree of misorientation between a specific point (kernel) of a grain and 

its surrounding points (usually below 5°), with a higher KAM value indicating higher 
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dislocation motion and localized lattice distortion [49]. Strain accumulation primarily 

occurs near grain boundaries, and the grain interiors are often stress-free, particularly in 

the GA sample [50]. The stress localization around the grain boundaries compels adjacent 

grains to increase their misorientation and maintain continuity between them, resulting in 

the formation of more geometrically necessary dislocations (GNDs) around the grain 

boundaries [51]. According to the strain gradient theory, a Geometrically Necessary 

Dislocation (GND) array is defined for simple cylinder torsion. It is assumed that the 

cylinder contains a series of twist subgrain boundaries, each of which holds two 

perpendicular arrays of screw dislocations. To calculate the GNDs, the following equation 

can be employed:

                                                                                                                                                  (3)

where GND is the GND density at the point of analysis, represents the local misorientation 

angle, is the unit length of the point (µ = 2x, where x is the step size used when taking the 

EBSD images), and b [52]. The WA samples exhibited more inclusions 

enriched with Si, Cr, and Mn, which contributed to the promotion of GNDs being generated 

around their interface with the austenitic matrix. The proliferation of dislocations is 

correlated with the misorientation distribution in grains, and the extent of residual stress 

and plastic deformation in a single grain can be quantified by analyzing the grain orientation 

spread (GOS) [53]. The GOS pattern indicates the average deviation in orientation of each 

pixel of grain from the average orientation of that grain [54]. So higher GOS values indicate 

greater distortion in a grain, while approaching the recrystallized state appears with a lower 

GOS value. Figs. 6(c) and 6(d) present the GOS maps of the GA and WA samples, 

respectively. The results demonstrate that faster solidification in the WA sample resulted in 

higher residual strain and a greater GOS value [55]. The high concentration of residual 

strain on grain boundaries (GBs) activated slip systems around the interface and led to the 

generation of more GNDs [56]. Regions with higher KAM, such as hatching distances where 

adjacent laser tracks overlapped, exhibited higher GOS values and an increased presence of 

low-angle boundaries (Figs. 6(e, f)).
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Fig. 6. Kernel average Misorientation (KAM) map (a, b), grain orientation spread (GOS) map (c, d) and 
distribution of low angle grain boundaries (LAGBs) inside the grains (e, f) in GA and WA samples, 

respectively. 

Fig. 7(a, b) displays the tilt (blue) and tilt/twist (red) grain boundaries. Often tilt 

boundaries forms due to the misalignment of the crystal lattice between adjacent grains, 

while twist boundaries occur when the lattice is rotated around a common axis. The 

formation of tilt and twist boundaries can be influenced by the preferred crystallographic 

orientation of the grains, which can be affected by the cooling rate during solidification. On 

the other hand, twist boundaries occur when grains rotate about an axis that is 

perpendicular to their growth direction, leading to a misalignment in the lattice that results 
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in a twist boundary. The reason for the higher proportion of tilt boundaries in the WA 

sample is that the higher cooling rate during solidification led to higher likelihood of 

elongated neighboring grains having a small misorientation angle. In WA sample, the high 

cooling rate during solidification can promote the formation of tilt boundaries due to the 

restriction of grain growth. As the temperature of the melt decreases rapidly, the rate of 

crystal growth reduces, and grains have less time to grow to their maximum size. As a result, 

smaller grains with a higher number of low-angle boundaries are formed. These low-angle 

boundaries are mainly of the tilt type, which is characterized by a small misorientation angle 

between adjacent grains. Additionally, the presence of inclusions and impurities in the WA 

powders can also promote the formation of tilt boundaries. In contrast, GA powders 

typically have a slower cooling rate and a more equiaxed microstructure, which favors the 

formation of twist boundaries. The twisting in GA sample can occur because the 

misorientation angle is large enough to accommodate the lattice misfit between the grains. 

In regions like hatching distance where the grains have a similar crystallographic 

orientation and the boundary is not affected by other factors, tilted boundaries typically had 

a lower misorientation angle than twisted boundaries.  because tilted grain 

boundaries are characterized by a smaller angular difference in crystal orientation between 

adjacent grains, while twisted grain boundaries involve a combination of tilt and rotational 

misalignment that results in a larger misorientation angle. The misorientation angle of the 

grain boundaries and associated distribution histogram are presented in Fig. 7(c, d) and 

Fig. 7(e, f), respectively. The misorientation angle of a grain boundary refers to the angular 

difference in crystal orientation between two adjacent grains, resulting from the lattice 

mismatch at the grain interface. This misorientation angle is closely related to the Kernel 

Average Misorientation (KAM) value, which serves as an indicator of local crystallographic 

disorder. As the misorientation angle between neighboring grains increases, the KAM value 

also rises, reflecting a higher level of crystallographic disorder in the vicinity. However, the 

relationship between the magnitude of strain gradients and the misorientation angle of the 

grain boundary is not always straightforward, particularly in high-angle grain boundaries. 

The strain accumulation in such boundaries is influenced by the slip continuity across the 

boundary, which, in turn, depends on the alignment of the activated slip systems between 

the neighboring grains. When the slip plane and slip direction align closely, and the angle 

between the slip planes at the boundary is small, dislocation slip transmission becomes 
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more likely [57]. Consequently, in certain cases of misoriented grain boundaries where 

there is a good alignment of slip systems, the KAM value may be low, even if the 

misorientation angle of the grain boundary is large. 

The density of geometrically necessary dislocations (GNDs) directly relates to the degree of 

crystallographic disorder within a material, and regions with higher KAM values generally 

exhibit higher GND densities. The misorientation angle of grain boundaries can also 

influence the GND density, as higher misorientation angles can lead to greater lattice strain 

and stress concentrations at the grain boundary. Consequently, regions with high 

misorientation angles between adjacent grains tend to have more GNDs compared to 

regions with lower misorientation angles. The density of GNDs is proportional to the 

misorientation angle of the grain boundaries. In the WA sample, the higher misorientation 

angles between adjacent grains necessitate more dislocations to accommodate the lattice 

curvature, resulting in a higher GND density [58, 59]. Furthermore, the measurement of 

misorientation angles in additive manufacturing (AM) fabricated samples indicates a larger 

fraction of low-angl  the WA sample, while the 

GA sample shows more high-

elongated grains in both GA and WA samples exhibit the minimum misorientation with their 

adjacent grains. In the GA sample, such grains are primarily formed in the hatch zone, 

whereas the WA sample shows coarse elongated grains with the least deviation from the 

building direction, exhibiting the lowest misorientation with neighboring grains. 
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Fig. 7. Visualized misorientation angle of the grain boundaries (a, b), and the associated graph showing 
the distribution of misorientation angle of the grains (c, d) in WA and GA samples. 

SEM micrographs in Figs. 8 (a, b) -ferrite on the cellular 

structure of both GA (Fig. 8(a)) and WA (Fig. 8(b)) samples due to rapid solidification 

during AM. The WA sample, with a lower average particle size of powder and more 

penetration depth of the laser beam, exhibited more cohesive bonding at the melt pool 

boundaries (Figs. 8(c, d)). This can be attributed to the larger surface area of the WA 

powder, which allows for more efficient energy absorption and melting, and the irregular 

shape of its particles, which promotes better packing density and interlocking of particles 
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resulting in stronger bonding between layers. During printing, successive laser scans 

overlap each other, creating a continuous track in hatch space. This overlap leads to the 

establishment of a steady-state temperature gradient, which can influence the formation of 

tilt boundaries. Because, preferential growth direction of adjacent grains can contribute to 

the formation of tilted grain boundaries when the relative position of the grain boundary 

plane aligns with the rotation axis, leading to a misalignment of the crystal lattice. Factors 

such as local cooling rates, thermal gradients, and solute segregation influence the 

solidification process in the melt pools, where the laser power is concentrated, and the 

highest temperature is attained. The differences in crystal growth rates caused by these 

factors result in twisted grains, altering the plane where the crystal meets the melt pool, and 

leading to complex three-dimensional grain structures. 

Comparing the cell size in WA and GA samples (Figs. 8(e, f)) showed smaller and more 

delicate cells in the WA sample due to its higher under-cooling and solidification rate. A 

similar observation has been reported for fabricated samples using LPBF and electron beam 

melting (EBM) additive manufacturing methods, where a lower solidification rate due to 

pre- and post-sintering of the deposited layers by EBM resulted in a coarser cellular 

structure with thicker cell walls [60]. The formation of finer cells results in a larger density 

of cell walls, which are essentially sub-grain boundaries consisting of twisted dislocations. 

This finding is consistent with the XRD and EBSD outputs that showed a higher dislocation 

density and GNDs in the WA sample, respectively. 
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Fig. 8. SEM micrographs showing the cellular structures in GA (a, c and e), and WA (b, d, and f) samples. 
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4. Mechanical properties 

The mechanical properties of both WA and GA samples were evaluated and the results are 

presented in Fig. 9. The stress-strain curves in Fig. 9(a) clearly indicate the superior tensile 

strength of the WA sample. The data extracted from the stress-strain curves reveals that the 

WA sample exhibited higher ultimate tensile strength (728 MPa vs 602 MPa), yield strength 

(580 MPa vs 503 MPa), toughness (underneath area of the stress-strain curve) (215 J/m3 vs 

145 J/m3), and elongation (31.8% vs 25.2%) compared to the GA sample. It has been 

reported in the literature that the processability and circulation in the molten pool of GA 

track are more suitable for coarse particles, while smaller size range powders in WA 

feedstocks provide better performance [61]. The stereo and SEM micrographs of the 

fracture surfaces provided in the results show that the WA sample exhibits finer dimples 

which is consistent with the higher strength and finer cellular structure in WA sample. 

The work hardening rate micrographs of Fig. 9(b) indicate that dislocations glide easily at 

stage I of deformation for both samples. The primary difference between the WA and GA 

samples is in transition stage II, where hardening attenuates at a lower rate in the WA 

sample. The behavior of the material in the second stage is the result of a trade-off between 

hardening and softening phenomena such as partial glide of dislocations, generation of new 

geometrically necessary dislocations, and annihilation of dislocations through dynamic 

recovery. The presence of dislocation tangles can hinder the movement of free dislocations 

and restrict the formation of new dislocations. The stress field generated around these 

dislocation clogs creates a pinning effect that ultimately boosts the tensile strength of the 

material [62]. The higher work hardening rate in the WA sample in comparison to the GA 

sample can be attributed to various factors. As previously mentioned, the WA sample had a 

greater number of tilted grain boundaries, which are linked to a higher work hardening rate 

compared to twist grain boundaries. This is because tilted grain boundaries obstruct the 

movement of dislocations, which are the primary carriers of plastic deformation in metals. 

The higher density of tilt grain boundaries is more effective at hindering dislocation 

movement, leading to a higher work hardening rate. Additionally, the WA sample contained 

more inclusions compared to the GA sample. These inclusions can act as obstacles to 

dislocation motion, leading to pile-ups and forest dislocations, which further contribute to 

strain hardening. Furthermore, inclusions can create local stress fields in the printed parts, 
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affecting the distribution and movement of dislocations and leading to the formation of 

deformation structures such as dislocation walls and cell structures. At the interface 

between the inclusion and the surrounding matrix, there is typically a region of high stress 

gradient due to the difference in elastic properties between the inclusion and the matrix. 

This can lead to the formation of a plastic deformation zone around the inclusion where 

local stresses exceed the yield strength of the material. The local stress field experienced by 

a dislocation encountering an inclusion can increase the energy required for its motion. The 

strength of the resistance to dislocation motion is proportional to the strength of the local 

stress field, which depends on the size, shape, and orientation of the inclusion and the 

surrounding crystal lattice. As depicted in Fig. 9(c), the GA sample exhibited a more uniform 

distribution and a slightly higher average microhardness compared to the WA sample (237 

vs. 229, respectively). The fluctuation in the hardness values in the WA sample can be 

attributed to a higher percentage of defects and inclusions, which can act as hard and brittle 

phases [36].  
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Fig. 9. Engineering stress-strain curves, stereo macrographs, and SEM micrographs of the fracture 
surfaces (a), true stress-true strain curves and variation of work hardening rate (b), and variation of 

the Vickers microhardness (c), in GA and WA samples.  
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The SEM analysis revealed the presence of spherical (Fig. 10(a)) or irregularly shaped 

(Fig. 10(b)) inclusions at the bottom of a few dimples on the fracture surface of the WA 

specimen. Furthermore, the corresponding elemental distribution map of the WA sample 

(Figs. 10(c)) confirmed the presence of multiple fine inclusions containing Si, Cr, and Mn. 

The WA powder used in the production process had a high residual oxygen content, 

leading to its reaction with Si, Mn, and Cr and the formation of submicron oxides [63]. The 

formation of these particulates can directly affect the mechanical properties [64]. Kong et 

al. have illustrated that demonstrated that the formation of nano-twins around such 

inclusions in additively manufactured SS316L samples could improve the material's 

resistance against crack propagation [65]. However, their coarsening during annealing 

could have the opposite effect and degrade the mechanical properties [66]. 

 

Fig. 10. SEM micrographs of the inclusions formed in WA sample (a, b) and the elemental distribution 
map acquired from the WA sample (c).  
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The 3D surface topology of the GA and WA samples is depicted in Fig. 11. As observed, the 

side surface of the WA sample appears to be relatively more uniform and less rough 

compared to the GA sample. The surface profile of the WA sample has a maximum peak 

height of about 16.6 µm, which is much lower than the peak height of about 46.2 µm for 

the GA sample. This indicates a smoother surface for the WA specimen. The irregular 

shape of WA powder particles can lead to increased surface area, which results in higher 

laser absorption during the LPBF process. Additionally, the finer particle size of WA 

powder can result in higher packing density of the powder bed and contribute to higher 

laser absorption as the smaller particles have a larger surface area-to-volume ratio, 

allowing for more efficient energy transfer from the laser to the powder particles. Higher 

laser absorption led to more efficient melting of the powder particles, resulting in a 

smoother surface finish and lower surface roughness in the WA sample. 

 

Fig. 11. Illustration of 3D surface roughness of the GA (a) and WA (b) samples. 
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5. Corrosion behaviour 

The electrochemical behavior of the samples was examined using CPP and EIS 

measurements. Fig. 12 presents the CPP curves of both the GA and WA samples. Initially, the 

specimens showed similar open circuit potential (OCP) values. However, the cathodic 

branches of the curves exhibited slight differences for the GA and WA samples. Generally, in 

the cathodic branch, the electrode surface undergoes oxygen reduction, and the kinetics are 

determined by the diffusion rate of oxygen from the solution. In contrast, distinct differences 

were observed in the anodic portion of the curve. The GA samples displayed higher current 

density values in the anodic part, which was also reflected in the corrosion current density 

(icorr.) calculated through Tafel interpolation. 

 

Fig. 12. Cyclic potentiodynamic polarization (CPP) curves of the GA and WA samples acquired in 3.5 
wt% NaCl solution. Scan direction is indicated by arrows. 

Table 3 reveals that the corrosion current density (icorr.), which is proportional to the 

corrosion rate, was three times higher for the GA sample compared to the WA sample. The 

higher corrosion potential (Ecorr.) of the GA sample is consistent with the OCP values, 

indicating a slightly nobler behavior of the GA sample. The lower corrosion rate observed in 

the WA sample may be attributed to the higher residual stresses and dislocation densities in 

the WA sample which promotes the formation of a compact and continuous passive layer. 

This passive layer acts as a barrier, reducing the direct contact between the metal surface 
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and the corrosive environment. The uniformity and stability of the passive layer provide 

enhanced protection against aggressive ions and minimize the occurrence of localized 

corrosion sites. 

 Table. 3. Comparison of the most important parameters derived from CPP measurements for the GA 

and WA samples. 

 OCP 
(mV vs Ag/AgCl) 

E corr. 
(mV vs Ag/AgCl) 

i corr.  
(A/cm2) 

E pass. 
(mV vs Ag/AgCl) 

GA -113.3 ± 20.6 -114.8 ± 6.4 13.8·10-8 ± 7.98·10-8  -242.0 ± 18.7 
WA -138.3 ± 24.0 -134.3 ± 29.6 4.63·10-8 ± 2.64·10-8 -249.0 ± 11.5 

In the anodic branch of the curve, both samples displayed an active behavior that resulted in 

increasing current density with higher applied potentials. Additionally, the current peaks 

observed in the anodic branch could be attributed to metastable pitting. However, due to the 

lack of a passive region, it was difficult to identify the pitting potential, which is an important 

parameter to describe the behavior of stainless steels. After reaching the cycle vertex at a 

current density of 1 mA/cm2, the scan was reversed, and the current density values 

remained high over a wide range of potential, indicating the formation of stable pitting in 

this range of over-potential. Re-passivation occurred at applied potentials below the 

corrosion potential, which was about -242.0 mV for the GA sample and -249.0 mV for the 

WA sample. 

The electrochemical behavior observed in the CPP curves was confirmed by the EIS 

measurements. As shown in Fig. 13, the WA sample exhibited a slightly more protective 

superficial oxide layer in the chloride solution. This is supported by a higher maximum value 

in the phase of the Bode diagrams, indicating better protection. The impedance modulus at 

low frequency was also higher for the WA sample, which suggests a more efficient protective 

layer and lower corrosion rate compared to the GA sample. The lower density of grain 

boundaries in the WA sample can contribute to its higher corrosion resistance. Grain 

boundaries are often sites for localized corrosion initiation, and having fewer grain 

boundaries in WA sample would result in lower intergranular corrosion. Tilted grain 

boundaries can also hinder dislocation motion, leading to more homogeneous deformation 

behavior, and hence a more uniform distribution of stresses and strains. This could also 

improve the corrosion resistance of WA sample by reducing the concentration of localized 
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stresses. The lattice distortion caused by higher KAM and GOS in WA sample could trap 

corrosive species and prevent them from diffusing deeper into the material. It would also 

create a self-passivating behavior, where a protective oxide layer forms on the surface, 

hindering further corrosion.  

 

Fig. 13. Two representative EIS spectra reported as Bode diagrams acquired on the GA and WA samples 
in 3.5 wt.% NaCl solution. 

The validity of the above observations was further confirmed by modeling the EIS spectra 

using equivalent electrical circuits (EEC). The EEC utilized in this study is shown in Fig. 14 

and includes the solution resistance (Rs), the resistance to charge transfer (Rct), and the 

double layer capacitance (CPEdl). 
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Fig. 14. Equivalent Electrical Circuit (EEC) used to model the impedance spectra.

To model time constant dispersion on the electrode surface, a Constant Phase Element (CPE) 

was utilized [67]. The solution resistance was obtained from the high-frequency impedance, 

where the phase approaches 0°, and was found to be constant for both samples, as expected. 

However, minor yet statistically significant variations were detected in the values of Rct and 

CPEdl, which are directly linked to the corrosion rate and double-layer capacitance non-

faradaic processes, respectively (Table 4). Interestingly, the EEC fitting method revealed 

that both Rct and CPEdl values were higher for the WA sample, indicating its superior 

corrosion resistance. Additionally, for both samples, the CPE parameter (n) approached 

unity, indicating a behavior that is comparable to a pure capacitor for this circuit element.

Table. 4. Comparison of the EEC elements values for the GA and WA samples.

Rs ( 2) Rct 2) CPEdl (sn/( 2)) n

GA 5.5 ± 0.2 1.24·105 ± 0.78·105 8.5·10-5 ± 8.0·10-6 0.86 ± 0.01

WA 5.5 ± 0.2 1.15·105 ± 0.16·105 6.23·10-5 ± 1.2·10-5 0.88 ± 0.01

The SEM images shown in Fig. 15 provide a visual representation of the surface of the GA 

and WA samples following the potentiodynamic polarization test. The GA sample was found 

to be more susceptible to aggressive ions in the corrosive media, while the WA sample 

exhibited less severe pitting corrosion despite having a higher content of inclusions. This is 

likely because the WA sample had a negligible Mn content, which reduced the likelihood of 

MnS inclusion formation. Moreover, the absence of Cr depletion in the vicinity of MnS 

inclusions further would enhance the material's corrosion resistance.
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Fig. 15. SEM images from the side surface of the GA (a) and WA (b) samples after the CPP test.  

Formation of inclusions in WA sample can make a more uniform and stable passive layer by 

promoting the accumulation of dislocations and strain hardening of the surrounding matrix. 

This stress field can result in the creation of a denser and more uniform passive layer as an 

effective barrier against the penetration of chloride ions and other aggressive species that 

can cause corrosion. Although, inclusions can act as preferential sites for the nucleation of 

pitting corrosion. But the presence of a more uniform passive layer around the inclusions 

can prevent the formation and propagation of pits, leading to an increase in the corrosion 

resistance of the WA sample. These inclusions would also contribute in trapping the 

immobilize corrosive species at the surface of the printed parts, reducing their ability to 

react with the underlying austenitic matrix and form localized corrosion sites. 
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Concluding remarks 

In this study, GA and WA powders of SS316L were used as the initial feedstock for LPBF 

additive manufacturing, with the WA powder having a finer average size. The 

microstructure and mechanical properties of the printed parts are compared together. The 

main findings of this research can be summarized as follows: 

 Higher oxygen content in the WA powder, combined with Cr, Mn, and Si, formed 

multiple inclusion that resulted in non-uniform hardness distribution in the WA 

printed sample, while it had a more even distribution in the GA sample.  

 The higher laser absorption of WA compared to GA powder resulted in faster 

solidification of the deposited layers as well as higher thermal stress and wider 

ferritic regions in the WA sample.  

 According to microstructural characterization, the WA specimen featured 

higher lattice distortion, evidenced by higher GOS, LAGBs, and dislocation 

density, as well as finer cellular structure. In fact, to preserve the integrity of the 

material during rapid solidification, the lattice generated more GNDs around the 

elongated grains. These elongated grains had tilted boundaries with the lowest 

misorientation with the adjacent grains.  

 Due to the higher laser beam penetration depth and cooling rate, the WA 

sample had more columnar grains and a stronger texture along the BD. 

 The results of the tensile test revealed that the WA sample shows higher UTS, 

YS, El%, and toughness (728 MPa, 580 MPa, 31.8%, and 215 J/m3 respectively) 

than the GA sample (602 MPa, 503 MPa, 25.2%, 145 J/m3 respectively). Also, it 

exhibited a higher work hardening rate and finer dimples on its fracture surface 

compared to GA one.  

 Comparison of the CPP and EIS curves with the SEM images of the corrosion 

products revealed that, although multiple inclusions were formed, the presence 

of a higher density of tilted grain boundaries and dislocations resulted in a more 

stable passive layer on the surface of the WA sample that led to a higher 

resistance against corrosion in chloride-containing corrosive media. 
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