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A B S T R A C T   

The application of additively manufactured (AM) stainless steel (SS) parts is rapidly emerging in a broad spec
trum of industries. Laser powder bed fusion (LPBF) and direct laser deposition (DLD) are the main AM methods 
to fabricate a vast range of SSs like 316 L, AISI 420, 17-4 PH, 304 L, and AISI 4135. This article focuses on the 
corrosion performance of additively manufactured stainless steel parts made by LPBF and DLD. The passive film 
formation mechanisms and the corrosion performance of LPBF/DLD AM SS parts are discussed in comparison to 
their conventionally made counterparts. Microstructural features like porosity, inclusions, residual stress, surface 
roughness, elemental segregation, phases, and grain size distribution are elaborated thoroughly from the 
corrosion point of view, closely linked with the AM processing parameters. Generally, process parameters play an 
important role in the corrosion properties of AM parts by impacting the microstructural features. Assuming a 
proper set of parameters for the printing process, the overall corrosion performance of AM SS is better than its 
conventional counterparts. However, there are still controversies around some important aspects such as passive 
film structure, the nature of residual stress, post heat treatment processes, and grain size distribution and their 
impact on corrosion performance, which emphasizes the need for future studies in this area.   

1. Introduction 

Stainless steel (SS) alloys have significant uses in many industrial 
applications like aerospace, medical device, pipeline, automotive, and 
die and tool industries, in the form of austenitic, martensitic, ferritic, or 
austenoferritic (duplex) [1,2]. These categories are based on the mi
crostructures of SS which are dictated by the chemical composition of 
the alloy and the manufacturing process [2–4]. The addition of elements 
such as chromium, nickel, carbon, molybdenum, copper, nitrogen, 
aluminum, sulfur, and selenium can modify the corrosion resistance, 
strength, ductility, machinability, and the stability of phases in SS alloys 
[1,5,6]. 

Different classes of SS such as precipitation hardening stainless steels 
[7], tool steels [8], austenitic stainless steels [9], and maraging steels 
[10] are frequently used in additive manufacturing (AM). Besides the 
general applications, SS can also be utilized for high hardness and 
strength purposes [11] due to its relatively high strength, low density, 
and outstanding corrosion performance. The main focus of this review 
paper is the corrosion resistance of SS, which is primarily attributed to 
the formation of a protective Cr2O3 passive film on the surface. This is 

possible when the chromium content is about 11 wt% or more [1,5,6]. 
Many types of SS have been additively manufactured and their me

chanical or corrosion behaviors have been studied, Fig. 1-left. The 
chemical compositions of these alloys are presented in Table 1. The most 
studied SS alloy, 316 L, is an austenitic alloy widely used in industrial 
applications due to its high corrosion resistance along with acceptable 
mechanical properties [1,12]. Formation of a thin protective layer on 
the surface and the presence of molybdenum in its chemical composition 
are known to be the reason for its better performance against both 
general and localized corrosion attacks relative to other grades of 
austenitic SS such as 304 and 304 L [1,13–15]. In addition, the low 
carbon content of this alloy is beneficial for the welding process by 
decreasing carbide precipitation at grain boundaries [16]. Hence, 316 L 
is one of the few choices for the marine, medical and food industries 
where excellent anti-corrosion properties are needed [17]. AISI 420 is a 
martensitic SS, whose properties can be tailored by the heat treatment 
process [2,18]. Considering its good tensile strength, high hardness, and 
reasonable corrosion resistance, AISI 420 is also commonly used in in
dustry. The final properties of this alloy are a function of the processing 
parameters. An anisotropic 3D structure has been noted for AM AISI 420 
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parts due to repeated heating and solidification cycles in melting-based 
AM processes [19,20]. Under the pre-hardened and tempered condition, 
a tensile strength of 700–930 MPa is reported [21]. Precipitation hard
ening (PH) SSs such as 17–4 PH, have recently gained interest in aero
space, nuclear, and marine applications for AM due to their duplex 
microstructure of combined martensite and austenite [22,23]. The ten
sile and impact strength, fracture toughness and corrosion resistance of 
those martensitic precipitation hardened SSs have been studied for high 
service temperatures up to 300 ◦C [7,24,25]. Another group of steels 
that has been evaluated for AM is High Strength Low Alloy Steels (HSLA) 
like AISI 4135 which, although often not categorized as SS, nevertheless 
has a wide range of applications despite their relatively poor corrosion 
performance [26,27]. However, it has been shown that adjusting the 
nickel content as an austenite forming element in the feedstock powder 
of the AM process can improve the corrosion resistance by affecting the 
microstructure of the alloy [28]. 

2. Additive manufacturing process 

With the capability of producing near net shape and complex parts, 
additive manufacturing, also known as 3D printing, has found a growing 
demand in a wide range of industries and research topics [29–31]. The 
minimum waste of raw materials and rapid production of unique parts in 
small quantities are major benefits of AM [32,33]. In terms of corrosion 
performance, traditional methods may cause intergranular corrosion in 
SSs [34] and this is another reason for the rapid development of 
advanced technologies like AM. Metal AM is categorized into two main 
groups: the first group is known as powder bed fusion which itself in
cludes two methods, laser powder bed fusion (LPBF) and electron beam 
melting (EBM). Direct laser deposition (DLD) is the second group of 
common metal AM processes [35,36]. Among these methods, LPBF and 
DLD are widely used for SS AM (Fig. 1-right) and will be discussed in 
detail. 

LPBF, also known as selective laser melting (SLM), is the most widely 
applied method for the production of SS via AM due to relatively wide 
raw powder availability, remarkable flexibility in design, as well as cost 
and time savings [36]. The final part is produced layer-by-layer with 
computer-aided design (CAD) based control [37,38]. A focused laser 
beam (typically from a fiber laser doped with rare-earth elements) is 
utilized to selectively melt and fuse the successive layers until 
completing fabrication of a near-net-shape object, as shown schemati
cally in Fig. 2-left [39,40]. Compared to traditional manufacturing 
methods, extreme local heating (up to 2500 ◦C), higher cooling rates 
(105–107 K/s), and re-melting of previous layers results in a novel 
microstructure of LPBF parts containing non-equilibrium phases with a 
large range of compositions, inclusions, and residual stress [41–43]. This 
condition also induces un-melted powder, porosities, the formation of 
dislocation cells, micro-cracks, and rough surfaces [44–46]. These 
metallurgical defects, along with the molten pool boundaries, can 
eventually lead to a sharp drop in plasticity and act as the preferred sites 
for localized corrosion [47–49]. Therefore, the quality of LPBF parts is 
the foremost challenge for using AM parts in various industries. It is 

acknowledged that process parameters including laser power, hatch 
spacing, scanning speed, layer thickness, and build direction dictate the 
final microstructure and service performance of the produced parts 
[43,50]. Moreover, a post-heat treatment process may be applied to 
reduce the mentioned defects and improve the service performance of 
the part as a result [49]. 

DLD is another additive manufacturing technology that is used to 
fabricate SS parts by a simultaneous supply of raw materials and energy 
to the build surface (Fig. 2-right) [51–53]. It is also known by many 
other names such as laser engineered net shaping (LENS), direct laser 
fabrication (DLF), direct metal deposition (DMD), direct light fabrica
tion (DLF), laser metal deposition (LMD), laser deposition welding 
(LDW), powder fusion welding (PFW), laser powder deposition (LPD), 
direct energy deposition (DED), direct laser metal deposition (DLMD), or 
in some cases, the general title of “laser cladding” [2,33,43,51,54,55]. In 
this method, raw metal is fed to the device in the form of powder or wire 
and a laser source melts the feedstock and fabricates a near-net-shape 
part layer-by-layer based on a CAD design [45,51]. There is a precise 
control of the powder feed, laser power and other parameters in this 
method, and therefore, DLD can use a broad spectrum of raw materials. 
Several research papers are available showing a huge improvement in 
tensile and fatigue strength of DLD SS compared to the parts produced 
by traditional methods [56,57]. DLD can also be applied in surface en
gineering and additive repairing by tailoring the surface properties and/ 
or composition based on their applications [58,59]. Cooling rate is a 
function of processing parameters and, based on experimental mea
surements, is estimated to be in the range of 103–105 K/s in DLD pro
cesses, which, when compared to LPBF, results in a coarser 
microstructure along with the possibility of more residual ferrite and a 
higher porosity level in the as-fabricated parts. These are important 
factors in functional properties and specifically, the corrosion behavior 
of the part [35,60–62]. Compared to LPBF, DLD employs a relatively 
higher energy density and for this reason and due to a larger melting 
pool, the cooling rate during DLD is significantly lower, but DLD solid
ification rates are still much faster than traditional casting methods 
[63–65]. 

3. Special applications of AM SS 

The general application of AM SS parts is growing rapidly in in
dustries such as aerospace, automotive, and marine based on the dis
cussed advantages of this manufacturing method. For instance, many 
parts of a jet engine can be manufactured by AM in weeks as opposed to 
several months for traditional methods [67,68]. AM SS parts have been 
progressively used for some special environments that will be elaborated 
upon in this section with the focus on their corrosion performance. For 
these applications, the solution used for corrosion tests is different from 
the general application where a mixture of various concentrations of 
NaCl and water is used to simulate the working environment of the part 
([69–72] to name a few). In all of these applications, AM is becoming 
increasingly popular by the day. 

Fig. 1. (Left) Relative emphasis on types of AM SSs, (right) Relative emphasis on applied AM methods for SSs. The data were collected from over 300 research papers 
cited by this review article. 
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3.1. Bio applications 

Due to its possessing excellent corrosion resistance with good me
chanical properties, availability and reasonable cost, the application of 
SS, and specifically 316 L SS, has grown greatly for medical implants 
[73–76]. These applications include orthopedic bone fixation devices, 
orthodontic wires, plates and screws used in craniofacial applications, 
orthopedics for joint replacement and fracture repair, cardiovascular 
implants (stents, artificial valves), coronary and pulmonary stents, hip 
prosthesis, and artificial eardrums [77–79]. Electrochemical reactions of 
these parts inside the human body cause corrosion of the part. Corrosion 
in bio applications is an important issue, as it not only affects the lifetime 
and structural stability of the part itself but also causes inflammatory 
and anaphylactic reactions [80–82]. For instance, the release of Mo, Cr, 
and Ni ions from stents that are made of SS 316 L can cause immune 
reactions and limited inflammation (Fig. 3)[83]. All of these may affect 
the implantee quality of life and any failure may lead to severe pain and 
probable post-surgical operations [84–86]. For instance, Ni is one of the 
major alloying elements of 316 L SS. The release of Ni ions in the body 
results in severe inflammation in surrounding tissues and adverse 
cellular reactions due to its toxicity [86–88]. It also has been reported 
that the use of wrought 316 L SS causes the formation of a cytotoxic 
constituent through a set of corrosion reactions [89]. Generally, SSs are 
prone to localized corrosion that should be addressed in detail for bio 
applications. The formation of MnS inclusions in SS creates some regions 
with depleted chromium and these sites act as the initiation point of 
localized corrosion as a consequence of the heterogeneous structure of 
the oxide film [90,91]. A statistical study showed that after fracture 
(42%), corrosion is the second leading root cause of implant failures by 
frequency (24%), and before a vicious cycle of releasing small metal 
particles along with the implants (14%) [92]. Several approaches have 
been examined in order to increase the long-term stability of SS in the 
human body. Surface laser melting is proposed to selectively melt and 
dissolve MnS inclusions in the oxide surface followed by quenching to 
homogenize the protective layer [93–97]. Coating methods seem inef
ficient for this purpose considering the defective nature of coats and 
their mechanical instability [98]. Some researchers show that reinforc
ing the surface oxide by ion implantation can improve the corrosion 
resistance effectively, however, the high applied energy during this 
surface modification method worsens the surface topography which is 
also an important factor in implant failure [99–102]. Although a study 
shows that the passive film formed on AM SSs for bio applications is 
more stable with better barrier characteristics and has an improved cell 
adherence ability compared to traditional counterparts [79], improving 
the corrosion performance of AM SS to be used in the bio environment is 

still challenging and needs more research. 

3.2. Nuclear industries 

SSs and in particular, 316 L, are extensively used in the nuclear in
dustry to manufacture both inside and outside parts of reactor pressure 
vessels in a relatively reduced time, cost, and supply chain, even 
employed during the plant’s planned refueling outage [103–105]. The 
recent improvement in AM of 316 L SS results in the capability to pro
duce near full density parts and this achievement has solved major 
concerns in using AM parts in nuclear facilities [106,107]. In nuclear 
reactors, SS is in contact with high-temperature water with a tempera
ture of roughly 290 ◦C [108,109]. At this critical condition, a duplex 
oxide layer can be formed on the surface [110,111]. The outer layer 
mainly consists of either magnetite or hematite where the type of formed 
iron oxide depends on the electrochemical potential [112]. The inner 
oxide layer is the chief protective layer that prevents further diffusion of 
cations from the bulk through the surface layer. This layer is made of 
spinel oxides of iron, nickel, and chromium where the higher the latter, 
the more protective the oxide layer [113]. However, it is well known 
that stress corrosion cracking (SCC) is one of the major concerns of SSs in 
a nuclear plant, from their vulnerability to SCC while in high- 
temperature water (Fig. 4) [114]. The severity of SCC has been credi
ted to the synergy of several parameters such as environmental chem
istry, residual strain in the alloy, temperature, irradiation damage, 
surface condition, and electrochemical potential [115–121]. Based on 
these factors, and due to its lower SCC properties, it is not recommended 
to use AM 316 L SS in critical conditions without performing a recrys
tallization process and/or hot isostatic pressing (HIP) to further increase 
the density of the AM part and modify the microstructure. A study shows 
that the crack growth rate of AM samples after HIP and recrystallization 
processes is one tenth of the as-received AM SS 316 L samples [104]. 
However, engineering judgment is required to find an optimized balance 
between time/cost savings and the quality of the product [103,104]. 
SCC of SSs in high-temperature water has gained more attention in 
recent decades after several incidents involving intergranular stress 
corrosion cracking in reactors [122,123]. Two primary sources have 
been mentioned as the initiation sites for intergranular cracking: 1) the 
nucleation of chromium carbide in the grain boundaries along with the 
depletion of chromium in these regions as a result, and 2) increase in 
cracking susceptibility by the segregation of impurities such as nitrogen, 
sulfur, or phosphorus to the grain boundaries. Moreover, the presence of 
MnS inclusions are known to be responsible for transgranular cracking 
of SS in high-temperature water [115,123]. Additionally, extensive 
crack branching during SCC has been credited to the formation of Si-rich 

Table 1 
Chemical compositions of SSs (commonly processable by AM) in % wt.  

Alloy Cr Ni Mo Mn Si P C S W 

316 L 16.13–18.74 10.0–13.6 2.0–2.8 < 2.3 < 1 < 0.12 < 0.03 < 0.03 < 0.04 
O Nb Ti Al Cu N V Co Fe 
< 0.05 < 0.01 < 0.01 < 0.01 < 0.20 < 0.15 < 0.05 < 0.13 Bal. 

AISI 420 Cr Ni Mo Mn Si P    
12.26–12.30 < 0.17 < 0.03 1.1–1.2 0.11–0.50 0.015–0.023    
C S V Co Fe     
0.23–0.26 0.009–0.108 < 0.04 < 0.02 Bal.     

304 L Cr Ni Mo Mn Co Nb Si   
17.60–19.21 8.73–10.74 < 0.042 1.06–1.60 < 0.03 < 0.05 < 0.57   
P C S O N Fe    
0.005–0.010 < 0.015 0.003–0.02 0.017–0.038 < 0.011 Bal.    

AISI 4136 Cr Ni Mo Mn Si     
16.5 1.7 1 < 0.5 1.15     
Si C B Fe      
1.15 < 0.18 1.25 Bal.      

17–4 PH Cr Ni Mo Mn Si P C   
15.19–16.02 4.12–4.54 0.025–0.230 0.22–0.53 0.17–0.33 0.013–0.022 0.017–0.047   
S Ta Nb Cu N O Fe   
< 0.002 < 0.001 0.23–0.29 3.21–3.95 0.023–0.036 0.014–0.068 Bal    
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oxides along the grain boundaries. Therefore, controlling the amount of 
these elements either in the powder making process or AM build process 
is essential to reducing SCC susceptibility [109]. 

3.3. Bipolar plates in fuel cells 

In a solid polymer fuel cell (SPFC) or a proton exchange membrane 
fuel cell (PEMFC), the bipolar plate serves several functions. The first 
role is to generate a flow field on the surface to provide reactant gases for 
the gas diffusion electrodes. Removing product water and making 
available a series electrical connection are other responsibilities of this 
multi-function component [124]. Currently, graphite is the most widely 
used material for this purpose despite its brittleness and lack of me
chanical strength. Consequently, the plate needs to be thick enough to 
overcome these issues and this makes the cell bulky and heavy [125]. To 
find an alternative material for this purpose, the minimum requirements 
should be addressed. An ideal bipolar material possesses excellent 
corrosion performance, high electrical and thermal conductivity, high 
manufacturability, is chemically inert, and is low density with high 
mechanical strength [124–126]. Austenitic stainless steels possess most 
of these requirements along with a lower cost and the possibility of mass 
production compared to graphite plate. In addition, the high strength of 
SS allows the production of thin plates [49,124]. Therefore, SS are 
promising candidates for this application and several evaluations have 
been performed to assess their function as a bipolar plate. 

From a corrosion point of view, it is stated that the degradation of 
bipolar plates is one of the key issues in the functionality of fuel cells that 
results in contamination of the system and decreases its conductivity. 
Two sources of corrosion attack have been mentioned in the literature: 

Fig. 2. Schematic view of (left) LPBF [66], and (right) DLD AM methods [60].  

Fig. 3. Corrosion of stent made of SS 316 L [83].  

Fig. 4. EBSD SCC map of AM SS 316 L tested in high temperature water [104].  
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1) the conducting membrane used in fuel cells is typically made from a 
perfluorinated sulfonic acid polymer which leaves the bipolar plate in a 
strong acid environment during its operation [127], 2) the oxidation 
reaction on the anode anodizes hydrogen and generates protons 
(2H2→4H+ + 4e−). Hydrogen ions react with the oxygen on the cathode 
to form water molecules after passing through the membrane and 
reaching the cathode (O2 + 4H+ + 4e−→2H2O). Due to the presence of 
hydrogen on the anode surface and the moisture of the membrane, se
vere acidic conditions occur around the bipolar plate [125]. On the other 
hand, metal ions can poison the membrane of fuel cells [125,127]. All of 
these conditions show the importance of more corrosion-based research 
on using SS as an alternative material for bipolar plates, since the pre
vious research does not provide satisfactory results [127–129]. The 
same path should be considered for AM SS for this application to assure 
the endurance of the part in service. For example, in the automotive 
industry, a fuel cell should last at least 3000–5000 h in service without 
evidence of corrosion attack [124]. 

3.4. Acidic media 

Generally speaking, SSs are not recommended for highly acidic 
conditions, ascribed to the non-homogeneity (i.e. inclusions and chro
mium depleted zones) and instability of the passive film layer in such 
media [130–132]. These restraining parameters are more pronounced 
for AM parts and limit the application of AM SSs in acidic media. 
However, their performance in acidic conditions should be addressed 
since they might be exposed to low pH for some applications. For 
example, sulfur-oxidizing bacteria (SOB) may exist in the environment 
and produce sulfuric acid that causes microbial corrosion even in a non- 
acidic environment which is comparatively unpredictable and tremen
dously localized [133]. Breached pores and surface roughness of AM 
parts can increase such kinds of attacks by facilitating the metabo
lization of bacteria and consequently more by-produced sulfuric acid as 
a result. Another issue associated with AM SSs in a sulfuric acid envi
ronment is hydrogen embrittlement (HE) where hydrogen ions diffuse to 
the sample relatively easily to form brittle hydride and carbide partici
pates [134–136]. The severity of HE is known to be directly related to 
structural defects acting as trapping sites for hydrogen. Therefore, AM 
parts are more susceptible to HE than traditional parts due to a 
comparatively higher density of pores and dislocations, as well as re
sidual stresses that facilitate the diffusion of hydrogen into the structure 
[135,137]. 

Several studies have been conducted on the corrosion performance of 
AM SSs in acidic media. In this research, the porosity of the part is the 
most prominent factor by serving as crevice zones and should be noted. 
It has been reported that the stagnation of electrolyte inside the pores 
changes its chemistry toward a lower pH by hydrogen evolution and de- 
passivation inside the pores [17,138,139]. In this condition, the outer 
areas act as cathodic sites along with severe anodic activities inside the 
pore, which leads to the initiation of corrosion attacks. Pores with all 
ranges of diameters expedite corrosion attacks. However, smaller pores 
(<10 µm) have the capability of passive film formation, which lowers, 
but not eliminates, the risk of localized corrosion attacks [49,70,140]. 

The grain size distribution of the AM part is another factor that is 
important in passive film formation and growth. To enhance the 
corrosion properties of AM SSs, grain refinement is one of the suggested 
processes to improve the growth of the passive layer in acidic media by 
decreasing the diffusion path length for chromium toward the surface to 
form a protective and homogeneous chromium oxide layer [141,142]. 
Severe plastic deformation (SPD), hydrostatic extrusion (HSE), and 
equal channel angular pressing (ECAP) are some of the reported 
methods to refine the grain size to sub-micrometer levels [143–145]. 

4. Passive film properties 

Generally, the formation of a surface protective layer is known to be 

the reason for the extraordinary corrosion performance of SSs. Despite 
differences in reported compositions, several research papers confirm 
that the passive film of SSs consists of two layers of oxides and hy
droxides of iron (III) and chromium (III) [146–148]. The majority of 
researchers believe that Fe can diffuse further outward since it has 
higher mobility compared to Cr, thus, the outer layer is mainly iron 
oxide and the inner layer is chromium oxide [149,150]. In some other 
papers, the duplex nature of the passive film is described as an outer 
layer of Cr hydroxide, and a mixture of Fe and Cr oxides as the inner 
layer enriched with Cr2O3 [151,152]. Unlike chromium compounds, 
iron oxide is not considered as a protective layer and has a slight 
decreasing effect on surface corrosion reactions [153,154]. Corrosion 
performance of SSs highly depends on the growth and stability of a 
passive film which is a function of several parameters such as corrosive 
media, alloy composition, microstructure, etc. [152]. For instance, in 
solutions with higher pH values, the formed passive layer is thicker and 
more stable due to the higher stability of iron oxide (outer layer) in 
alkaline solutions (Fig. 5). Quite the opposite, the inner chromium oxide 
layer is more resistive in acidic solutions where the passive film might be 
just a monolayer of chromium compounds at very low pH, which is 
identical for both AM samples and their conventional counterparts 
[142,151]. On another note, defects and inclusions in the passive film 
trigger localized corrosion attacks through several mechanisms like 
depleting a region of Cr or decreasing the re-passivation ability of the 
alloy [90,141,155]. The ability to recover the passive film after its 
removal is also important in erosion-corrosion studies [156]. 

In AM, considering the quite different production mechanism 
compared to traditional methods, process parameters play an important 
role in the passive film formation, stability, and self-repair capability. 
For example, in a study, the passive film of AM SS exhibited better 
barrier characteristics in extreme acidic media compared to traditionally 
made SS due to its finer grain structure, resulting in a lower corrosion 
rate as well as a higher breakdown potential [142]. Other studies report 
a thicker passive layer on AM samples in different media with a higher 
ratio of hydroxide content which shows the thickening has taken place 
in the outer layer of the passive film [76,153]. The thicker passive film of 
AM samples compared to their conventional counterparts is attributed to 
the higher dislocation density of the former, which are the preferred 
sites for the growth of passive film due to the higher lattice distortion 
and activation energy. Based on this hypothesis, it has been observed 
that the corrosion potential and the thickness of passive film both 
decreased after a post-heat-treatment process on as-fabricated AM parts 
[157]. Alternatively, using improper process parameters has a converse 
effect on the corrosion behavior due to the voids in the structure which 
worsens the stability of passive films [158]. Developing an unstable or 

Fig. 5. Ion ratios in the passive film of SS 316 at different pH values, calculated 
from XPS spectra [150]. 
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thin passive film on the surface will eventually lead to the formation of 
steady state pits and decrease the pitting potential [157]. It has also been 
demonstrated that the re-passivation ability of AM SS is relatively 
weaker than traditionally fabricated parts, attributed to the induced 
pores during the process. When the solution is trapped in these pores, 
chemistry changes of the solution inside the pore de-passivates and 
hinders the formation of the passive layer [140,159,160]. 

For bio applications, it is critically important to minimize the risk of 
AM SS implant corrosion by modifying and stabilizing the protective 
Cr2O3 layer on the metal substrate to postpone the corrosion reactions 
[161–163]. One of the suggested methods is thermal oxidation with 
optimum temperature and duration which accelerates the formation of 
iron and chromium oxides on the whole surface and even in protuberant 
areas of oxide film before contacting body tissues [164,165]. Too high 
temperatures or extended duration of soaking may lead to the break
down of the chromium oxide layer and degrade the corrosion perfor
mance [84,153]. A study shows improved corrosion performance, both 
generally and localized, for AM SS 316 L in simulated body fluid (SBF) 
when processed at low power [88]. 

5. Metallurgical parameters affecting corrosion performance 

In general, several metallurgical parameters such as phase distribu
tion, microstructure, porosity, residual stress, surface roughness, etc. 
affect the corrosion performance as well as the mechanical behavior of 
metal parts [43,166,167]. In the AM process, these factors are deter
mined by the printing process parameters including laser power, scan
ning speed, hatch spacing, layer thickness, and powder size [168,169]. 
On the other hand, localized heating and rapid solidification of metals 
during AM causes a different behavior compared to their traditionally 
manufactured counterparts, which emphasizes the necessity of broad 
studies on every aspect of AM to qualify these parts for industrial pur
poses [12,170]. SSs are exceptionally sensitive to process parameters 
[7,11]. For instance, there is evidence that lowering the formation of 
metallic droplets obstructs the preferred uniform spreading of the 
molten powder during laser melting (known as balling phenomena) in 
LPBF AM with non-optimized AM processing parameters 
[46,69,171,172]. It has also been shown that the number of dislocations 
in an AM SS is much higher than wrought SS due to fast cooling in the 
AM process which reduces the yield strength of AM samples [173]. In 
other literature, samples produced through the LPBF method with a 
higher energy density as a function of process parameters mostly 

demonstrated better performance compared to samples produced with 
lower energy density projecting the importance of optimization of the 
parameters [174]. In other words, optimization of parameters can 
eliminate some of the weak points of AM, i.e. modified microstructure, 
increased density [175,176]. 

In this section, seven key metallurgical characteristics that govern 
microstructure, passive film formation, re-passivation, and thus corro
sion performance of AM SSs are described and the effects of process 
parameters on them are discussed in detail. 

5.1. Porosity 

Generally, pores are preferred sites for corrosion attack, especially 
pitting. AM as a powder-based manufacturing method is accompanied 
by the inevitable presence of pores in the produced parts, which can 
affect mechanical properties and corrosion performance 
[33,139,177,178]. Typically, pores appear either around the un-melted 
powder particles or due to trapped gas in the powder or melt pool during 
its initial processing, such as gas atomization or laser melting process, 
respectively. Elemental mapping of voids has revealed the presence of 
oxide powder and non-melted silicon in the pores of AM parts as 
confirmation of these sources [69]. Pores of AM parts can be categorized 
into two classes of regular (spherical) and irregular (non-spherical) 
pores (Fig. 6) [179,180]. Spherical pores form as a result of trapped gas 
during powder production and/or in the melting pool. This type of pore 
is relatively smaller than irregular pores. The geometry of regular- 
shaped pores and their inherent presence in the part, regardless of the 
printing processing parameters, have made them less important as a 
focus of corrosion studies of AM SS parts [4]. On the other hand, non- 
spherical pores form due to the un-melted powder particles which are 
the direct outcome of improper processing parameters [177]. As re
ported by many researchers, this class of pores, also called lack of fusion 
(LOF) pores, can considerably lower the density and play a significant 
role in facilitating both initiation (reaching the surface) and propagation 
(geometry and irregular shape) of pits, and the enrichment of aggressive 
ions at their corners due to their irregular shape [46,60,177,181,182]. In 
related studies, the breakdown potential (Eb) of the passive film was 
typically employed as an indication for passive film properties against 
localized corrosion attacks in the presence of pores. A lower Eb 
demonstrated a higher susceptibility to pitting associated with the 
presence of LOF pores compared to denser parts and to samples pro
duced by traditional manufacturing methods. The overall qualitative 

Fig. 6. (a, b) Spherical/regular-shaped, (c, d) non-spherical/irregular-shaped pores formed during additive manufacturing of SS 316 L by LPBF method [177].  
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results are almost identical in every environment including sulfuric and 
phosphoric acid, ferric chloride, as well as NaCl contained aqueous so
lutions [140,183]. 

Nevertheless, the level of porosity and the density of the part can be 
optimized to some extent by applying the right sets of printing param
eters such as scanning speed and laser power, by affecting the heating 
and cooling rate of the melt pool [46,76,177]. For instance, too high a 
scanning speed (>1400 mm/s) or too low of laser power can dramati
cally accelerate the formation of LOF pores in AM SS caused by 
remaining un-melted powder. Too high of laser power, on the other 
hand, facilitates trapping of gasses in the printed part [4,69,177,184]. 
Several quantitative studies are available as evidence for this result. A 
study shows that a porosity level of above 2% with pore size up to 50 µm 
is the reason for poor corrosion performance of AM SS 316 L and 17–4 
PH samples [17,70]. Similarly, a porosity level of 1.7% in AM SS leads to 
poor corrosion resistance compared to traditionally manufactured 
samples, even though the Eb values for both groups are in the same range 
[71]. Other studies report that samples with a density of higher than 
99.1% have the highest Eb value compared to lower density levels and 
these values are almost identical to the traditionally fabricated samples 
with almost no effect on pitting potential [42,177,185,186]. Alterna
tively, a density level of lower than 99.1% results in unsatisfactory 
corrosion performance with an Eb value of 200 mV below traditional 
316 L SS [177]. To validate the effect of porosity on corrosion perfor
mance of AM SSs, a comparison was made and confirmed the higher 
pitting potential of non-porous areas compared to porous regions of AM 
SS 304 L by greater than 200 mV. This finding endorses the role of pores 
in the pit initiation process [181]. A study on the metastable pitting 
characteristic of LPBF 316 L shows that by keeping the porosity level of 
AM SS 316 L in the range of 0.04–0.5%, pit initiation can be delayed 
remarkably compared to traditionally produced samples [4]. This 
behavior is claimed to be the result of the dissolution of MnS inclusions 
during rapid solidification in the AM process, which is known to be the 
main cause of pit initiation in SSs [187]. However, during polarization 
tests of AM and conventional SS 316 L, several current spikes have been 
detected at the high anodic potential for AM samples which is an indi
cation of metastable pit formation. In other words, there is a pre-existing 
passive layer on the sidewalls of pores, but this protective layer is not 
stable enough and collapses at higher anodic potentials causing fluctu
ations on the anodic branch of the polarization curve. These fluctuations 
are more pronounced for the specimens with higher porosity levels 
[4,71,188]. Production processes and the quality of the feedstock can 
also affect the porosity level of the AM part [84,189]. Using powders 
with larger particles, irregular shapes, and higher contamination are all 
reported to increase the porosity level of AM SS parts [189]. Moreover, a 
study compares the final density of LPBF parts using either gas or water 
atomized 316 L SS powders and found utilizing water atomized powder 
results in a lower density due to higher oxygen content and lower 
packing density [190]. All of these parameters should be considered for 
quality purposes. 

A more systematic optimization method for AM processing param
eters to attain the densest possible AM SS parts is via laser energy density 
(LED), also known as volumetric energy density (VED), calculated by 
dividing laser energy by the product of scanning rate, hatch spacing and 
layer thickness [36,38,191]. A low level of LED causes non-spherical 
pores but high amounts of this parameter lead to the formation of 
spherical pores during the AM process [192,193]. Reports indicate that 
the densest SS 316 L samples with a porosity level of roughly 0.3% can 
be achieved by AM with a laser energy density of around 105 J/mm3 

[194]. However, despite this low level, porosities are not evenly 
distributed in the part. For instance, for 316 L SS produced by LPBF 
methods, the average porosity level was ~0.82% whereas the localized 
pore concentration in some regions were reported to be as high as 1.68% 
which may lead to anisotropic behavior of the AM part [195]. Taking 
everything into account, an AM SS with optimized processing parame
ters can demonstrate a comparable or even improved corrosion behavior 

compared to conventionally made SSs by keeping the porosity level as 
minimal as possible [12,33,196]. 

5.2. Inclusions 

Austenitic SSs such as 316 L and 304 L are typically vulnerable to 
pitting corrosion due to the presence of unwanted inclusions as the 
second phase in the austenite matrix. Manganese sulfide (MnS) is the 
most prominent, and has a significant role in the corrosion performance 
of SSs depending on their density, composition, and size. The elimina
tion or size control of MnS can be presumed as a corrosion inhibition 
method of SSs [90,91,197–200]. During the steelmaking process, Mn is 
added to form MnS and neutralize the negative effect of FeS formation. 
In other words, MnS is thermodynamically more stable and has a higher 
melting point compared to FeS, and its formation eliminates the pres
ence of low melt FeS along grain boundaries in the steel structure which 
is the leading cause of cracking problems during hot rolling [201]. 
However, it is theorized that there is a drop in chromium content of the 
alloy in the areas surrounding MnS inclusions, and this Cr depleted re
gion together with the inclusion itself have a lower Cr content than the 
critical value for passive layer formation which leads to localized 
corrosion vulnerability [38,90,131,198]. During the pit initiation pro
cess, elemental and ionic sulfur (S, S2−, HS−, S2O3

2−) are formed as a 
result of MnS oxidation which provides an inappropriate environment 
for the re-passivation process and pits propagate as a result 
[90,202–205]. 

On this basis, considering the rapid solidification associated with the 
AM process, much research has reported that no, or at least much 
smaller, MnS inclusions and Cr depletion zones in the matrix form, 
which causes a substantial increase in the pitting potential of AM SSs -by 
roughly 300 mV in different corrosive media 
[46,69,94,155,181,187,206]. However, in traditional manufacturing 
methods, the cooling rate is relatively lower, providing enough time for 
Mn and S to diffuse and form deleterious MnS inclusions [104,109]. The 
increase in pitting resistance of AM parts is also attributed to the change 
in chemistry, size, and shape of inclusions after the AM process. Several 
studies show the formation of nanoscale oxide inclusions enriched of 
Mn, Si, Al, Cr, N, and O (Fig. 7) which have no negative effect or even 
improve corrosion performance [155,181,187,207–210]. The size of 
inclusions after the AM process is in the range of 5–200 nm as opposed to 
their conventional counterparts with inclusions in the size range of 
2–4 µm which is 1–3 orders of magnitude larger [76,181,187]. This 
range of nano-inclusion size is reported to exist in both LPBF and DLD 
methods of AM and are too small to initiate pitting corrosion in AM 
samples [9,206,207,211]. Also, the shape of the inclusions after the AM 
process is reported to be spherical versus irregular shapes in conven
tionally fabricated parts [187]. 

Since post-heat-treatment is an inevitable process in many industrial 

Fig. 7. Back-scattered electron image showing the formation of oxide in
clusions in recrystallized AM SS 316 L [109]. 
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applications of AM parts, it is important to understand the effect of heat 
treatment on the preformed inclusions during the AM process. After the 
post-heat-treatment process, the inclusions become smaller in size, and 
from the chemical composition point of view, the elements with lower 
melting points such as Al diffuse to the matrix and change to the 
composition of nano-inclusions [49,157]. The lingering inclusions in a 
heat-treated AM part can be categorized into three classes: (1) Manga
nese silicate inclusions formed in the as-fabricated samples which still 
exist after a heat treatment process in the temperature range of 
900–1000 ◦C with a duration of 15–60 min; (2) Heat treatment at 
temperatures of 1100–1200 ◦C will result in the formation of irregular 
manganese chromite inclusions from the manganese silicate inclusions; 
and (3) Harmful MnS inclusions (pitting initiators) which are formed in 
the same heat treatment condition as type (2) and should be acknowl
edged as the main reason for dramatic decreases of corrosion resistance 
after heat treatment processes on AM SS parts at temperatures above 
1000 ◦C. At this high temperature, the non-equilibrium state of the as- 
fabricated structure has enough time to move toward the equilibrium 
state by forming MnS from saturated Mn and S in the matrix [72]. 

5.3. Residual stress 

Heating and cooling regimes during melting of the top layer and re- 
melting of underlying layers in the AM process causes anisotropic re
sidual stress in different regions of the produced part where in some 
places, it may exceed the yield strength of the material, distort the part, 
and affect both mechanical and corrosion performance [212,213]. 
Alternatively stated, rapid heating, fast solidification, and thermal 
expansion cause elastic strain and local distortion of the lattice which 
develops residual stress in either tensile or compressive forms [214]. The 
considerable thermal gradient (Fig. 8-left) which enhances distortion 
within the AM part is one of the impelling parameters on the magnitude 
of residual stress along with several others such as build direction, yield 
strength, process parameters, and shape of the part. All of these pa
rameters result in a more complicated behavior of residual stress in AM 
parts compared to parts that evolve through the traditional 
manufacturing methods [213,215–218]. 

Two models have been proposed to hypothesize the source of re
sidual stress during AM. According to the temperature gradient mech
anism (TGM) model, a laser source with high energy density heats a 
small area of the feedstock. This area tends to expand due to the input 
heat, but this thermal expansion has been restricted by the neighboring 
areas with lower temperatures, which induces a compressive stress 
during the heating stage. Conversely, during the cooling stage, the same 
area tends to shrink after the removal of the heat source, however, 
previously formed plastic strain limits the shrinkage and causes tensile 
stress in the location [216]. The cool-down phase model is another 
approach to explain the generation of residual stress in AM parts. Based 
on this model, which is founded on the layer-by-layer nature of fabri
cation, re-melting and re-solidification occur in underneath layers as 

well as the top layer, and each layer tends to shrink after cooling down. 
Because of this thermal cycle, and limited in shrinkage with its sublayer, 
tensile stress is developed in the layers [213]. 

Residual stress can be classified length scale-wise into three cate
gories (Fig. 8-right): Type I (macroscale), Type II (microscale, aniso
tropic properties on grain-scale), and Type III (nanoscale, dislocations or 
vacancies) [219]. Although almost all of the studies on the effects of 
residual stress on the properties of AM parts ignore the small effects of 
types II and III on the overall residual stress in the structure, a few 
research papers demonstrate qualitatively that a post-heat-treatment on 
as-fabricated AM SS can reduce the dislocation density and type III of 
residual stress as a result [220,221]. The measurement of local residual 
stress in a part is difficult and requires some advanced methods 
involving advanced sample preparation and data analysis with X-ray or 
neutron based techniques. However, some simpler optical-based mea
surement methods are now employed by industries to analyze residual 
stress distribution and structural integrity of AM parts. The hole-drilling 
method (HDM) accompanied by electronic speckle pattern interferom
etry (ESPI) is a common method for this purpose [214,217,222–225]. 

The nature of residual stress in AM SSs is quite complex and 
controversial in different studies. Some studies show that the compres
sive stress in the part induced during the manufacturing process may 
increase the corrosion resistance by lowering the passive current density 
due to forming a denser passive film on AM SSs [226]. With this 
assumption, post-heat-treatment may be harmful to corrosion perfor
mance by eliminating the compressive residual stress [187]. Some 
studies even suggest introducing the compressive stress externally on the 
surface of the manufactured part to slightly enhance the corrosion per
formance [227–230]. This hypothesis is based on the role of compressive 
stress on lowering the point defect concentration of the passive film 
which increases the resistance to pit initiation and decreases the passive 
film growth rate [12]. 

Generally, including the role of residual stress in distortion of the AM 
part, which is more noticeable in thin-walled designs [225], residual 
stress is believed to accelerate both corrosion attack and stress corrosion 
cracking (SCC) [231–234]. A study claims that the regions under tensile 
stress and compressive stress form a micro galvanic couple where the 
former acts as anode and the latter as the cathode. This galvanic couple 
region has been mentioned as the primary pit initiation sites of the part 
[235,236]. In addition, delamination of the layers and initiation and 
growth of cracks have been mentioned as a direct result of residual 
stress, which is specifically important to the study of SCC of AM SSs 
[17,104]. However, countless stress/strain conditions on the surface of 
AM parts makes it very difficult to evaluate the SCC of these parts using 
modeling of residual stress formation [237]. In addition, it has been 
shown that the change of residual stress grows with depth of the printed 
part and this means the underneath layers are favored for the initiation 
of SCC [217]. 

As mentioned before, there are several distinct compressive/tensile 
sites on the AM surface, which makes this topic more complicated [237]. 

Fig. 8. (left) Temperature contour during additive manufacturing of SS 316 L shows a temperature gradient of ~2000 K on the surface [215], (right) different 
classifications of residual stress based on the length scale, type I: macroscale, type II: microscale caused by misalignment of grains, and type III: nanoscale caused by 
substitutional atoms [218]. 
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Taking into account the complex impact of residual stress on the prop
erties of the materials, it is almost inevitable to seek a remedy for 
decreasing this parameter in AM parts for industrial applications. Some 
methods are applied to reduce the residual stress in AM SSs. The most 
common is to preheat the feedstock and substrate material to decrease 
the thermal gradient within the part [238–240]. Moreover, applying 
severe plastic deformation (SPD) on as-fabricated parts as a post pro
cessing procedure is presented to be an effective method for improving 
material properties by producing an ultra-fine grained microstructure 
[38]. Post annealing is another typical remedy to decrease the residual 
stress of printed parts [196,241]. However, in all of these methods, the 
formation of a secondary phase may act as a new source of residual stress 
which should be addressed [237]. 

5.4. Surface roughness 

Surface roughness as an inherent characteristic of AM parts is one of 
the key parameters in determining their corrosion behavior since a 
rougher surface accelerates electrochemical reactions between the sur
face and environment leading to both general and localized corrosion 
[242,243]. The surface roughness of AM parts is quite higher than other 
traditional manufacturing methods and highly depends on the laser 
energy density (Fig. 9). For example, research shows a roughness of 
10–30 µm for AM LPBF parts as opposed to ~1 µm for parts produced by 
milling [244]. Four main reasons have been mentioned as the sources of 
a rough surface on as-fabricated parts [46, 245–247]:  

1) Evaporation: an unstable and irregular melt pool during the AM 
process is attributed to the produced gasses during the powder 
melting along with the Marangoni force which destabilizes the melt 
flow and increases both surface roughness and porosity [248–250]. 
Less gas expansion is reported for thinner powder layers. However, 
choosing a smaller powder layer thickness extends the production 
time which should be taken into account [251,252].  

2) Balling phenomena: low laser power cannot deliver sufficient energy 
to melt the powder particles completely. Consequently, the adhesion 
of solid particles to the surface increases the surface roughness 

[171,253]. Increasing the heat input by using higher laser power can 
be assumed as a remedy for this issue. In addition, higher heat input 
increases the wettability of the melt via the keyhole effect and en
hances the interlayer connection by flattening the melt pool. This 
phenomenon also relieves the surface tension of the melt and reduces 
the balling phenomena and the eventual surface roughness as a result 
[172,254]. However, an optimized heat input should be applied 
since too high a heat input can be harmful to surface roughness by 
agitating the melt pool and growing recoil pressure [246]. Another 
reason for balling phenomena is the size of the initial powders. As the 
laser spot diameter is usually 50–100 µm, it is difficult to melt 
powder particles with a diameter of more than 100 µm which leaves 
a negative effect on the surface roughness [255,256]. Another study 
shows that the accumulated heat during AM of a thin-walled object 
increases the adhesion of partially melted particles to the surface and 
deteriorates the final surface finish [246].  

3) Staircase effect: an additively manufactured part is created by 
stacking several 2D layers on top of each other to form a 3D object. 
However, a geometric difference is expected between theory (CAD 
design) and the actual printed part [257]. This difference is attrib
uted to the layer-by-layer build up during AM and is known as the 
staircase or stair-stepping effect, which is more pronounced for in
clined surfaces [258]. Using initial powders with a smaller diameter 
is proposed to diminish the staircase effect along with a decreasing 
layer thickness [45,257].  

4) Facing orientation: several pieces of research literature express a 
difference in the surface roughness for upward and downward facing 
surfaces with different angles of inclination. Results show that 
upward-facing surfaces have a lower surface roughness. This is likely 
from filling of the gaps by the particles during the manufacturing of 
upward-facing surfaces [250,259,260]. 

5.5. Alloying elements and elemental segregation 

It is well known that the outstanding corrosion performance of SSs is 
principally attributed to the presence of at least 11 wt% Cr as an alloying 
element that forms a protective layer of chromium oxide on the surface 

Fig. 9. Dependence of surface roughness to laser energy density for as-fabricated SS 316 L [244].  

A. Hemmasian Ettefagh et al.                                                                                                                                                                                                                



Additive Manufacturing xxx (xxxx) xxx

10

[261,262]. However, the role of other elements is not negligible in both 
mechanical and corrosion properties of AM SSs. Ni is generally known as 
an austenite stabilizer element by lowering the austenite/ferrite or 
martensite transformation temperature to sub-zero temperatures [263]. 
It also affects AM SS properties such as cracking susceptibility, wear 
resistance, microhardness, microstructure, and corrosion and oxidation 
resistance. For some types of SSs like 35CrMO, poor corrosion resistance 
limits its application in industry. It has been reported that by optimi
zation of nickel content in such alloys, it is possible to improve corrosion 
properties while maintaining its significant mechanical behavior. This 
enhancement is ascribed to the formation of austenite instead of ferrite 
as the constituent phase due to the change of the solidification model as 
a result of increasing Ni content. Quantitatively, adding roughly 10 wt% 
of Ni to the initial composition of 35CrMo SS suppresses the anodic 
dissolution of SS by dropping the corrosion rate by an order of magni
tude along with an increase of ~220 mV in corrosion potential for the 
as-fabricated sample [28]. There are, however, some limitations asso
ciated with nickel such as its high cost and allergic reactions in the case 
of bio-applications [263]. For this reason, developing low-nickel or 
nickel-free SS powders for AM is a new subject of interest. Nitrogen, as 
an interstitial element of SSs, causes a more homogenous distribution of 
other alloying elements and decreases the tendency of forming Cr 
clusters in the structure. Therefore, by strengthening the solid solution 
and improving short-range order, nitrogen is recognized as a strong 
austenite former in SSs [264]. With the presence of nitrogen in the alloy 
composition, the development of Cr clusters is prevented, creating a 
more efficient passive layer of Cr2O3 on the top layer, and improving 
intercrystalline, pitting, and crevice corrosion resistance as a result 
[265–267]. The common method for adding nitrogen to the initial 
powder of the AM process with a higher amount than its solubility range 
is to first add manganese to increase the solubility of nitrogen and lower 
the nickel content. The next step is to melt SS under a nitrogen atmo
sphere where nitrogen atoms are absorbed into the melt [268,269]. 
However, it should be noted that excessive nitrogen causes the forma
tion of CrN and gas pores during the AM process. Research demonstrates 
that adding 0.3 wt% of N with this method can improve the stability of 
austenite in modified AM SS 316 L [270]. 

Oxygen may be introduced to the feedstock powder in the powder 
making process. This preexisting oxygen transforms to surface oxides on 
powder particle surfaces during the AM process and considerably lowers 
the pitting potential of AM SSs [70]. C and Mo are also important 
alloying elements in the composition of SSs from a corrosion point of 
view. The formation of carbides and their precipitation at grain 
boundaries causes intergranular corrosion. Hence, the amount of this 
element should be kept low (~0.03 wt%) [61,271]. The presence of Mo 
in the alloy composition is essential for the formation of the passive film 
and improves pitting resistance [1,13]. Studies show that Mo forms 
some oxyanions such as molybdate in the passive film and these anions 
act as corrosion inhibitors [73,272]. Moreover, an intermetallic layer of 
Mo-Ni is formed beneath the top passive layer which increases the 
protection and blocks the inward diffusion of aggressive ions like Cl 
[273]. 

The high energy associated with the AM process causes the vapor
ization of some powder particles or coverts them into soot, and also 
cause microsegregation in the elemental distribution of the printed part 
[274,275]. A study shows that in an AM SS 316 L, Cr and Ni contents 
vary in the range of 9–15% and 5–10%, respectively, while some regions 
with no Mo content have been detected which confirms the existence of 
areas with the subcritical amount of key alloying elements [276]. 
Considering the mentioned role of each element in the corrosion per
formance of AM SSs, this segregation leads to the spatially heteroge
neous composition of SSs and impacts their corrosion behavior [73]. For 
instance, lower nickel and chromium contents are reported at the center 
of the AM part due to its relatively higher built-up energy during the 
process. Furthermore, the regions with lower Mo content have a 
different passive formation mechanism, which makes it less protective 

locally and increases the passive current density. This increase is as high 
as an order of magnitude in acid solutions compared to traditionally 
fabricated SSs [73]. Therefore, applying any redistribution process such 
as heat treatment on AM parts might considerably influence their 
corrosion behavior. 

5.6. Grain size and shape 

Generally, depending on the corrosive media, grain size affects the 
corrosion performance of SSs. For instance, in acid media, grain size 
below 2 µm is reported to increase the general corrosion rate of SS 304 
due to an unstable passive film at the grain boundaries [277]. In 
contrast, the nano-scale grain size range purportedly improves corrosion 
performance [278]. However, some reports show the loss of passive 
layer protection on the surface of nano-crystallized SS 316 due to the 
increasing number of active sites for corrosion attack [279]. The effect of 
grain size on the corrosion performance of AM SSs is also controversial 
considering quite contradictory results reported in the literature. EBSD 
analysis shows that AM SS grains are more irregular and elongated 
perpendicular to the scanning direction with a large size range versus 
regular polygonal grains of traditionally fabricated samples with a 
narrow range of size, which is attributed to the much lower cooling rate 
of conventional manufacturing methods. Specifically for AM processes, 
some of the researchers demonstrate the existence of sub-grains with 
sizes of 0.5–1 µm inside each grain in the as-fabricated structure 
(Fig. 10) with an elevated concentration of Mo and dislocation density at 
sub-grain boundaries, which increases the reactivity of the surface as 
well as the risk of intergranular corrosion [49,73,88,207,210]. More
over, unlike LPBF with complete austenite phases, for the DLD method, 
sub-grain boundaries were found to be enriched of Cr and Mo and almost 
depleted of Ni. There is an indication of the formation of intercellular 
delta ferrite on the sub-grain boundaries of AM SS 316 L which is one of 
the downsides of DLD over LPBF considering its lower cooling rate 
during the process [33,280–282]. It is stated that the effect of AM pro
cessing parameters on the average grain size is relatively insignificant 
[69,73], however, a strong relation between laser energy density and 
scanning strategy with resulting sub-grain structure has been reported 
[2,208]. A comparison between the corrosion rate of AM samples and 
their conventional counterparts shows that the degradation of corrosion 
performance after the AM process not only is the outcome of sample 
porosity but also because of the grain structure of as-fabricated samples 
[73,283]. On the contrary, others believe that this super high density of 
sub-grain boundaries of as-fabricated SSs acts as the preferred sites for 
passive film nucleation, resulting in a more protective surface layer 
[46,76,284]. 

The shape of grains is especially important in the SCC performance of 
AM SSs where the elongated grains cause an anisotropic behavior 
against crack growth. Considering grain elongation in the build direc
tion, a crack faces more grain boundaries perpendicular to the build 
direction, resulting in a slower propagation rate [286–290]. Alterna
tively, elongated grains have been known as a source of localized 
corrosion attacks [73]. 

Grain refinement processes reportedly improve the corrosion and 
mechanical performance of stainless steel [291–294]. Modifying the 
surface texture to nano-scaled grains or ultra-fine grains decreases the 
chromium diffusion path to the surface and thickens the formed pro
tective film in a corrosive media by promoting passive film formation 
[295]. Commonly, severe plastic deformation (SPD) methods have been 
applied as a post-treatment on as-received AM SSs to decrease the grain 
size to the ultrafine (0.1–1 µm) or even nano-scale range [296,297]. 
Several SPD techniques such as accumulated roll bonding (ARB) and 
equal channel angular processing (ECAP) are being tested on AM SSs to 
achieve this goal. However, high-pressure torsion (HPT) is the most 
popular method, refining the grain structure uniformly down to below 
the 50 nm range and eliminating scan tracks by imposing an extreme 
torsional strain on a sample [298–302]. Among several advantages of 
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HPT over other post-treatment SPD methods, the most important to 
achieve higher corrosion resistance in AM SSs are obtaining much 
smaller grains, higher efficiency, and producing grain boundaries with 
higher misorientation angles [61,303]. Recrystallization heat treatment 
is another method for refining grains by removing melt pool boundaries, 
sub-grain boundaries, and dislocations of as-fabricated SSs to improve 
their corrosion performance [49,185]. It is reported that holding sam
ples fabricated from SS 316 L and SS 304 L at 1060 ◦C for 30 min fol
lowed by furnace cooling partially recrystallizes the as-fabricated 
structure and generates more grains along the closed packed direction 
(110) which is known to have higher pitting resistance [49,304]. 
Additionally, recrystallization decreases the crack growth rate and 
lowers the risk of SCC as a result of the elimination of the microstruc
tural anisotropy [305]. However, a post-heat-treatment process should 
be performed cautiously at temperatures above 1000 ◦C since some 
research suggests lower corrosion resistance of recrystallized samples 
compared to as-fabricated ones due to the elimination of sub-grain 
boundaries and the precipitation of inclusions. In other words, sub- 
grain boundaries act as nucleation sites for passive film and their 
elimination leads to a thinner protective layer on the surface 
[185,284,306,307]. On the other hand, heat-treatment at temperatures 
below 1000 ◦C not only retains sub-grain boundaries but also transforms 
the dislocation walls to sub-grain boundaries, which along with stress- 
relieving and eliminating melt pool boundaries (instead of recrystalli
zation), are believed to be beneficial for corrosion performance 
[185,196]. 

5.7. Phases 

Generally speaking, despite the presence of “austenite” in the title of 
austenitic SSs, according to the Fe–Cr–Ni phase diagram, equilibrium 
phases at room temperature are listed as σ, δ-ferrite and carbides [308]. 
This means that applying an improperly designed thermal regime during 
either manufacturing or post-processing causes the formation of the 
mentioned unwanted phases, which are in contrast to the better corro
sion performance of a fully austenitic microstructure. Among the 
mentioned unwanted phases, σ has the most detrimental effect on the 
corrosion behavior of SS by significantly decreasing the Cr amount on its 
interface and reducing pitting resistance and ductility of SSs as an 
intermetallic phase with tetragonal crystal structure [309–311]. In all 
AM manufacturing methods, phases are vastly different from the equi
librium phases considering the non-equilibrium nature of the process. 
However, as-fabricated phases may be different for LPBF and DLD 
methods. For LPBF, while the cooling rate is much faster than equilib
rium conditions, the formation of unwanted phases is unlikely and a 
fully austenitic microstructure with cellular-dendritic substructures can 
be achieved by selecting the proper printing parameters [76,312]. The 
core of these austenite dendrites contains a lower amount of Cr and Ni 
compared to the initial composition which can act as initiation sites for 
corrosion attacks in some solutions such as ferric chloride [313]. How
ever, a general evaluation of the sole effect of the microstructure of AM 

SSs by the LPBF method shows a minor role of unwanted phases in 
corrosion performance so that it can be neglected [181]. For the DLD 
method, taking into account its comparatively lower cooling rate than 
LPBF, the formation of unwanted phases along the sub-grain boundaries 
is more probable during manufacturing. Intracellular δ-ferrite has been 
reported to be formed considerably for different types of AM SSs through 
the DLD method [33,62,314–316]. For this reason, performing a proper 
post-heat-treatment is unavoidable in the case of a high content of un
wanted phases to ensure a fully austenitic microstructure. It is claimed 
that solution annealing in the temperature range of 1040–1120 ◦C fol
lowed by water quenching can dissolve unwanted phases into the 
austenite matrix [311,317]. However, despite some reports about the 
effect of solution annealing on the improvement of SCC resistance and 
mechanical properties of AM SSs for high-temperature applications 
[104,318–320], heat-treatment might have some negative effects on the 
corrosion behavior as described in the last section. 

6. Knowledge gaps and prospects 

Although there have been many studies about the corrosion behavior 
of AM SSs, there still exists a lack of conclusive information in some 
cases, which indicates the necessity for future work in this area. Below 
are some of the important gaps that the current efforts have not 
addressed or for which there are controversies regarding their outcomes.  

• The studies focused on AM processes involving several variables such 
as process parameters, alloy composition, test method, electrolyte, 
pH, and temperature, which makes a general cross-paper study and 
comparison difficult. A standard test method for corrosion perfor
mance of AM alloys can be provided by related organizations which 
facilitates the application of AM components in industry.  

• The main source of different metallurgical properties of AM parts is 
printing processing parameters. An optimized set of parameters 
significantly affect the corrosion performance in different media. 
However, there is a lack of systematic analysis to introduce the op
timum set for each alloy in a certain environment.  

• There is not a general agreement on the source of residual stress and 
its effect on corrosion performance. The same controversy exists 
relative to the passive film formation mechanism on AM SSs parts 
and the role of microstructure, grain size and structure on the passive 
layer.  

• There is also needed clarity on the best use of heat treatment since 
there can be both positive (densification, grain refinement) and 
negative (reduction of dislocation density, elimination of sub-grain 
boundaries, precipitation of inclusions) effects on the corrosion 
performance.  

• Currently, all of the research on AM SS is limited to the alloys 
available on the commercial market. However, considering the 
distinct conditions during AM processes like high energy, rapid 
cooling rates, and micro-segregation, designing new SSs tailored 
especially for AM is an interesting topic. 

Fig. 10. (a) TEM image [76] (b) SEM image [285] of AM SS 316 L showing grain and sub-grain boundaries inside them. A and B represent two different grains.  
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• There is a lack of information about the long term exposure of AM 
SSs in industrial applications. 

7. Conclusion 

This review paper summarized the assessments on additively man
ufactured stainless steel parts with the focus on corrosion performance 
in a vast range of applications including biomedical, nuclear, and fuel 
cell industries, which require a higher degree of consideration regarding 
corrosion. Pros and cons of LPBF and DLD as the leading AM methods to 
manufacture SS parts were discussed and compared with conventionally 
manufactured counterparts. The main difference between the two 
methods is the relatively faster cooling rate during LPBF which results in 
fewer inclusions and unwanted phases. Moreover, passive film proper
ties and its formation mechanism were elaborated in detail with the 
effect of process parameters on its quality. The core part of the paper is a 
systematic review of the microstructural features of AM SS parts such as 
porosity level, precipitation of inclusions, residual stress, surface 
roughness, chemical composition, and elemental segregation, grain size, 
and phases. In each section, the source of each feature and the effect of 
AM processing parameters were discussed and its role in the corrosion 
performance was evaluated.  

• The level of porosity and the density of the part can be optimized by 
applying the right sets of printing parameters. AM SS parts with 
porosity levels below 1% showed almost identical, or in some cases 
better, corrosion properties compared to the traditionally made 
samples. However, current spikes in the anodic branch of polariza
tion curves confirm metastable pit formation due to the presence of 
pores in the structure.  

• Due to the rapid solidification during AM, MnS inclusions and Cr 
depletion zone sizes are much smaller than in traditionally made 
samples (nano-scale vs. micro-scale) regardless of the process pa
rameters, resulting in a higher pitting resistance of AM SS parts. A 
post-heat-treatment at temperatures above 1000 ◦C provides enough 
time for diffusion and the formation of more inclusions, hence, 
lowering the corrosion resistance.  

• The residual stress of AM SSs is a function of build direction, yield 
strength, process parameters, and shape of the part. The effect of 
residual stress on corrosion performance is quite complex. 
Compressive residual stress makes the passive film slightly denser by 
lowering point defect concentration. However, along with the 
distortion in the part, residual stress causes micro galvanic couples 
between regions under tensile stress and compressive stress which 
are the main pit initiation sites of the part. 

• The surface roughness of AM parts is quite higher than other tradi
tional manufacturing methods due to evaporation, balling phenom
ena, staircase effect, and facing orientation which all can be 
optimized by controlling the processing parameters. Decreasing the 
roughness of the surface diminishes the electrochemical reactions 
between the surface and environment leading to both general and 
localized corrosion reduction.  

• Among alloying elements, Cr and Ni have a positive effect on the 
corrosion performance whether by forming the passive layer or sta
bilizing the austenite matrix. O is known to lower the pitting po
tential of AM SSs. C forms carbides and their precipitation at grain 
boundaries cause intergranular corrosion. The presence of Mo in the 
alloy composition is essential for the formation of the passive film 
and improves the pitting resistance. The high energy associated with 
the AM process causes spatially heterogeneous composition of SSs 
and affects the corrosion behavior based on the role of each element.  

• The effect of grain size and formation of sub-structure on the 
corrosion performance of AM SSs is controversial in the literature. 
The dominant hypothesis is that super high density of sub-grain 
boundaries of as-fabricated SSs acts as the preferred sites for pas
sive film nucleation resulting in a more protective surface layer. The 

shape of grains is important in the SCC performance of AM SSs where 
the elongated grains cause an anisotropic behavior against crack 
growth. Grain refinement processes such as heat-treatment and SPD 
reportedly improves the corrosion performance of stainless steels. 

• AM parts produced through LPBF have almost fully austenitic mi
crostructures by selecting proper sets of processing parameters. On 
the other hand, considering the slower cooling rate during the DLD 
method, some unwanted phases such as Intracellular δ-ferrite might 
be formed, which have a lower corrosion resistance compared to the 
austenite phase. A post-treatment might be needed to achieve a 
completely austenitic matrix. 
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M. Łazińska, W. Stępniowski, T. Czujko, K.J. Kurzydłowski, The microstructure, 
mechanical properties and corrosion resistance of 316 L stainless steel fabricated 
using laser engineered net shaping, Mater. Sci. Eng. A 677 (2016) 1–10. 

[34] C. García, F. Martín, P. De Tiedra, L.G. Cambronero, Pitting corrosion behaviour 
of PM austenitic stainless steels sintered in nitrogen–hydrogen atmosphere, 
Corros. Sci. 49 (2007) 1718–1736. 

[35] J.J. Lewandowski, M. Seifi, Metal additive manufacturing: a review of mechanical 
properties, Annu. Rev. Mater. Res. 46 (2016) 151–186. 

[36] S.M. Yusuf, N. Gao, Influence of energy density on metallurgy and properties in 
metal additive manufacturing, Mater. Sci. Technol. 33 (2017) 1269–1289. 

[37] A.H. Ettefagh, C. Zeng, S. Guo, J. Raush, Corrosion behavior of additively 
manufactured Ti-6Al-4V parts and the effect of post annealing, Addit. Manuf. 28 
(2019) 252–258. 

[38] S.M. Yusuf, Y. Chen, S. Yang, N. Gao, Microstructural evolution and strengthening 
of selective laser melted 316L stainless steel processed by high-pressure torsion, 
Mater. Charact. 159 (2020), 110012. 

[39] D. Herzog, V. Seyda, E. Wycisk, C. Emmelmann, Additive manufacturing of 
metals, Acta Mater. 117 (2016) 371–392. 

[40] E.T. Akinlabi, R.M. Mahamood, S.A. Akinlabi, Advanced Manufacturing 
Techniques Using Laser Material Processing, IGI Global, 2016. 

[41] S. Sun, M. Brandt, M. Easton, Powder bed fusion processes: an overview. Laser 
Additive Manufacturing, Elsevier, 2017, pp. 55–77. 

[42] Z. Sun, X. Tan, S.B. Tor, W.Y. Yeong, Selective laser melting of stainless steel 316L 
with low porosity and high build rates, Mater. Des. 104 (2016) 197–204. 

[43] D.D. Gu, W. Meiners, K. Wissenbach, R. Poprawe, Laser additive manufacturing of 
metallic components: materials, processes and mechanisms, Int. Mater. Rev. 57 
(2012) 133–164. 

[44] T. DebRoy, H. Wei, J. Zuback, T. Mukherjee, J. Elmer, J. Milewski, A.M. Beese, 
A. Wilson-Heid, A. De, W. Zhang, Additive manufacturing of metallic 
components–process, structure and properties, Prog. Mater. Sci. 92 (2018) 
112–224. 

[45] E.C. Santos, M. Shiomi, K. Osakada, T. Laoui, Rapid manufacturing of metal 
components by laser forming, Int. J. Mach. Tools Manuf. 46 (2006) 1459–1468. 

[46] D. Kong, C. Dong, X. Ni, X. Li, Corrosion of metallic materials fabricated by 
selective laser melting, Npj Mater. Degrad. 3 (2019) 1–14. 

[47] W. Shifeng, L. Shuai, W. Qingsong, C. Yan, Z. Sheng, S. Yusheng, Effect of molten 
pool boundaries on the mechanical properties of selective laser melting parts, 
J. Mater. Process. Technol. 214 (2014) 2660–2667. 

[48] P. Ganesh, R. Giri, R. Kaul, P.R. Sankar, P. Tiwari, A. Atulkar, R. Porwal, R. Dayal, 
L. Kukreja, Studies on pitting corrosion and sensitization in laser rapid 
manufactured specimens of type 316L stainless steel, Mater. Des. 39 (2012) 
509–521. 

[49] D. Kong, X. Ni, C. Dong, L. Zhang, C. Man, J. Yao, K. Xiao, X. Li, Heat treatment 
effect on the microstructure and corrosion behavior of 316L stainless steel 
fabricated by selective laser melting for proton exchange membrane fuel cells, 
Electrochim. Acta 276 (2018) 293–303. 

[50] H. Li, M. Ramezani, M. Li, C. Ma, J. Wang, Effect of process parameters on 
tribological performance of 316L stainless steel parts fabricated by selective laser 
melting, Manuf. Lett. 16 (2018) 36–39. 

[51] L. Wang, S. Felicelli, Y. Gooroochurn, P. Wang, M. Horstemeyer, Optimization of 
the LENS® process for steady molten pool size, Mater. Sci. Eng. A 474 (2008) 
148–156. 

[52] R.M. Mahamood, E.T. Akinlabi, Laser additive manufacturing. 3D Printing: 
Breakthroughs in Research and Practice, IGI Global, 2017, pp. 154–171. 

[53] C. Zhang, H. Zhang, C. Wu, S. Zhang, Z. Sun, S. Dong, Multi-layer functional 
graded stainless steel fabricated by laser melting deposition, Vacuum 141 (2017) 
181–187. 

[54] K.V. Wong, A. Hernandez, A review of additive manufacturing, Int. Sch. Res. Not. 
2012 (2012). 

[55] P. Ghosal, M.C. Majumder, A. Chattopadhyay, Study on direct laser metal 
deposition, Mater. Today Proc. 5 (2018) 12509–12518. 

[56] A. Yadollahi, N. Shamsaei, S.M. Thompson, D.W. Seely, Effects of process time 
interval and heat treatment on the mechanical and microstructural properties of 
direct laser deposited 316L stainless steel, Mater. Sci. Eng. A 644 (2015) 171–183. 

[57] D. Keicher, Laser engineered net shapping process. LIA Handbook of Laser 
Materials Processing, Laser Institute of America, Florida, 2001, pp. 561–563. 

[58] E. Toyserkani, A. Khajepour, S.F. Corbin, Laser Cladding, CRC press, 2004. 
[59] A. Pinkerton, W. Wang, L. Li, Component repair using laser direct metal 

deposition, Proc. Inst. Mech. Eng. Part B J. Eng. Manuf. 222 (2008) 827–836. 
[60] M.A. Melia, H.-D.A. Nguyen, J.M. Rodelas, E.J. Schindelholz, Corrosion 

properties of 304L stainless steel made by directed energy deposition additive 
manufacturing, Corros. Sci. 152 (2019) 20–30. 

[61] S.M. Yusuf, M. Nie, Y. Chen, S. Yang, N. Gao, Microstructure and corrosion 
performance of 316L stainless steel fabricated by selective laser melting and 
processed through high-pressure torsion, J. Alloy. Compd. 763 (2018) 360–375. 

[62] M. Ma, Z. Wang, X. Zeng, A comparison on metallurgical behaviors of 316L 
stainless steel by selective laser melting and laser cladding deposition, Mater. Sci. 
Eng. A 685 (2017) 265–273. 

[63] M. Suzuki, R. Yamaguchi, K. Murakami, M. Nakada, Inclusion particle growth 
during solidification of stainless steel, ISIJ Int. 41 (2001) 247–256. 

[64] D. Kong, C. Dong, X. Ni, L. Zhang, C. Man, J. Yao, Y. Ji, Y. Ying, K. Xiao, X. Cheng, 
High-throughput fabrication of nickel-based alloys with different Nb contents via 
a dual-feed additive manufacturing system: effect of Nb content on 
microstructural and mechanical properties, J. Alloy. Compd. 785 (2019) 
826–837. 

[65] J. Shao, G. Yu, X. He, S. Li, R. Chen, Y. Zhao, Grain size evolution under different 
cooling rate in laser additive manufacturing of superalloy, Opt. Laser Technol. 
119 (2019), 105662. 

[66] I. Tolosa, F. Garciandía, F. Zubiri, F. Zapirain, A. Esnaola, Study of mechanical 
properties of AISI 316 stainless steel processed by “selective laser melting”, 
following different manufacturing strategies, Int. J. Adv. Manuf. Technol. 51 
(2010) 639–647. 

[67] T. Kellner, An epiphany of disruption: GE additive chief explains how 3D printing 
will upend manufacturing, GE Rep. 13 (2017). 

[68] P. Han, Additive design and manufacturing of jet engine parts, Engineering 3 
(2017) 648–652. 

[69] X. Ni, D. Kong, W. Wu, L. Zhang, C. Dong, B. He, L. Lu, K. Wu, D. Zhu, Corrosion 
behavior of 316L stainless steel fabricated by selective laser melting under 
different scanning speeds, J. Mater. Eng. Perform. 27 (2018) 3667–3677. 

[70] R.F. Schaller, J.M. Taylor, J. Rodelas, E.J. Schindelholz, Corrosion properties of 
powder bed fusion additively manufactured 17-4 PH stainless steel, Corrosion 73 
(2017) 796–807. 

[71] Y. Sun, A. Moroz, K. Alrbaey, Sliding wear characteristics and corrosion 
behaviour of selective laser melted 316L stainless steel, J. Mater. Eng. Perform. 
23 (2014) 518–526. 

[72] M. Laleh, A.E. Hughes, W. Xu, P. Cizek, M.Y. Tan, Unanticipated drastic decline in 
pitting corrosion resistance of additively manufactured 316L stainless steel after 
high-temperature post-processing, Corros. Sci. 165 (2020), 108412. 

[73] J.R. Trelewicz, G.P. Halada, O.K. Donaldson, G. Manogharan, Microstructure and 
corrosion resistance of laser additively manufactured 316L stainless steel, Jom 68 
(2016) 850–859. 

[74] B. Arifvianto, M. Mahardika, P. Dewo, P. Iswanto, U. Salim, Effect of surface 
mechanical attrition treatment (SMAT) on microhardness, surface roughness and 
wettability of AISI 316L, Mater. Chem. Phys. 125 (2011) 418–426. 

[75] T. Roland, D. Retraint, K. Lu, J. Lu, Fatigue life improvement through surface 
nanostructuring of stainless steel by means of surface mechanical attrition 
treatment, Scr. Mater. 54 (2006) 1949–1954. 

[76] C. Man, C. Dong, T. Liu, D. Kong, D. Wang, X. Li, The enhancement of 
microstructure on the passive and pitting behaviors of selective laser melting 
316L SS in simulated body fluid, Appl. Surf. Sci. 467 (2019) 193–205. 

[77] H. Hermawan, D. Ramdan, J.R. Djuansjah, Metals for biomedical applications. 
Biomedical Engineering-from Theory to Applications, 2011, pp. 411–430. 

[78] N. Manam, W. Harun, D. Shri, S. Ghani, T. Kurniawan, M.H. Ismail, M. Ibrahim, 
Study of corrosion in biocompatible metals for implants: a review, J. Alloy. 
Compd. 701 (2017) 698–715. 

[79] M. Lodhi, K. Deen, M. Greenlee-Wacker, W. Haider, Additively manufactured 
316L stainless steel with improved corrosion resistance and biological response 
for biomedical applications, Addit. Manuf. 27 (2019) 8–19. 

[80] U. Kamachimudali, T. Sridhar, B. Raj, Corrosion of bio implants, Sadhana 28 
(2003) 601–637. 

A. Hemmasian Ettefagh et al.                                                                                                                                                                                                                

http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref18
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref18
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref18
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref19
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref19
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref19
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref20
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref20
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref20
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref21
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref21
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref22
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref22
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref22
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref23
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref23
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref23
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref24
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref24
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref25
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref25
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref26
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref26
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref26
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref27
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref27
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref27
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref28
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref28
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref28
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref29
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref29
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref30
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref30
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref30
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref31
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref31
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref31
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref32
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref32
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref32
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref32
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref33
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref33
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref33
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref34
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref34
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref35
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref35
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref36
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref36
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref36
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref37
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref37
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref37
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref38
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref38
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref39
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref39
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref40
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref40
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref41
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref41
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref42
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref42
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref42
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref43
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref43
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref43
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref43
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref44
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref44
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref45
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref45
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref46
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref46
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref46
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref47
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref47
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref47
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref47
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref48
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref48
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref48
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref48
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref49
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref49
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref49
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref50
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref50
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref50
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref51
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref51
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref52
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref52
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref52
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref53
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref53
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref54
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref54
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref55
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref55
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref55
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref56
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref56
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref57
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref58
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref58
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref59
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref59
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref59
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref60
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref60
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref60
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref61
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref61
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref61
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref62
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref62
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref63
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref63
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref63
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref63
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref63
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref64
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref64
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref64
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref65
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref65
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref65
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref65
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref66
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref66
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref67
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref67
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref68
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref68
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref68
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref69
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref69
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref69
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref70
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref70
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref70
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref71
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref71
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref71
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref72
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref72
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref72
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref73
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref73
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref73
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref74
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref74
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref74
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref75
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref75
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref75
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref76
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref76
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref77
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref77
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref77
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref78
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref78
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref78
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref79
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref79


Additive Manufacturing xxx (xxxx) xxx

14

[81] R. Asri, W. Harun, M. Samykano, N. Lah, S. Ghani, F. Tarlochan, M. Raza, 
Corrosion and surface modification on biocompatible metals: a review, Mater. 
Sci. Eng. C 77 (2017) 1261–1274. 

[82] H. Wen, C. Zeng, A. Hemmasian Ettefagh, J. Gao, S. Guo, Laser surface treatment 
of Ti-10Mo alloy under Ar and N2 environment for biomedical application, 
J. Laser Appl. 31 (2019), 022012. 

[83] G. Manivasagam, D. Dhinasekaran, A. Rajamanickam, Biomedical implants: 
corrosion and its prevention-a review, Recent Pat. Corros. Sci. 2 (2010) 40–54. 

[84] W. Harun, R. Asri, F. Romlay, S. Sharif, N. Jan, F. Tsumori, Surface 
characterisation and corrosion behaviour of oxide layer for SLMed-316L stainless 
steel, J. Alloy. Compd. 748 (2018) 1044–1052. 

[85] L. Reclaru, R. Lerf, P.-Y. Eschler, J.-M. Meyer, Corrosion behavior of a welded 
stainless-steel orthopedic implant, Biomaterials 22 (2001) 269–279. 

[86] M. Li, T. Yin, Y. Wang, F. Du, X. Zou, H. Gregersen, G. Wang, Study of 
biocompatibility of medical grade high nitrogen nickel-free austenitic stainless 
steel in vitro, Mater. Sci. Eng. C 43 (2014) 641–648. 

[87] J.C. Wataha, N.L. O’Dell, B.B. Singh, M. Ghazi, G.M. Whitford, P.E. Lockwood, 
Relating nickel-induced tissue inflammation to nickel release in vivo, J. Biomed. 
Mater. Res. 58 (2001) 537–544. 

[88] D. Kong, X. Ni, C. Dong, X. Lei, L. Zhang, C. Man, J. Yao, X. Cheng, X. Li, Bio- 
functional and anti-corrosive 3D printing 316L stainless steel fabricated by 
selective laser melting, Mater. Des. 152 (2018) 88–101. 

[89] C.-C. Shih, C.-M. Shih, Y.-Y. Su, L.H.J. Su, M.-S. Chang, S.-J. Lin, Effect of surface 
oxide properties on corrosion resistance of 316L stainless steel for biomedical 
applications, Corros. Sci. 46 (2004) 427–441. 

[90] M.P. Ryan, D.E. Williams, R.J. Chater, B.M. Hutton, D.S. McPhail, Why stainless 
steel corrodes, Nature 415 (2002) 770–774. 

[91] D.E. Williams, M.R. Kilburn, J. Cliff, G.I. Waterhouse, Composition changes 
around sulphide inclusions in stainless steels, and implications for the initiation of 
pitting corrosion, Corros. Sci. 52 (2010) 3702–3716. 

[92] I. Sailer, A. Philipp, A. Zembic, B.E. Pjetursson, C.H. Hämmerle, M. Zwahlen, 
A systematic review of the performance of ceramic and metal implant abutments 
supporting fixed implant reconstructions, Clin. Oral. Implants Res. 20 (2009) 
4–31. 

[93] K. Zhang, J. Zou, T. Grosdidier, C. Dong, D. Yang, Improved pitting corrosion 
resistance of AISI 316L stainless steel treated by high current pulsed electron 
beam, Surf. Coat. Technol. 201 (2006) 1393–1400. 

[94] C. Carboni, P. Peyre, G. Beranger, C. Lemaitre, Influence of high power diode 
laser surface melting on the pitting corrosion resistance of type 316L stainless 
steel, J. Mater. Sci. 37 (2002) 3715–3723. 

[95] A.H. Ettefagh, H. Wen, A. Chaichi, M.I. Islam, F. Lu, M. Gartia, S. Guo, Laser 
surface modifications of Fe-14Cr ferritic alloy for improved corrosion 
performance, Surf. Coat. Technol. 381 (2020), 125194. 

[96] H. Yao, R. Katona, J. Zhou, M.I. Islam, J. Raush, F. Lu, S. Guo, Defects Evaluation 
of Selective Laser Melting Stainless Steel 316 Parts Using Positron Annihilation 
Lifetime Measurement, in: ASME International Mechanical Engineering Congress 
and Exposition, American Society of Mechanical Engineers, 2018, pp. 
V08BT10A057. 

[97] C. Zeng, H. Wen, A.H. Ettefagh, B. Zhang, J. Gao, A. Haghshenas, J.R. Raush, 
S. Guo, Laser nitriding of titanium surfaces for biomedical applications, Surf. 
Coat. Technol. 385 (2020), 125397. 

[98] J. Eric Jones, M. Chen, Q. Yu, Corrosion resistance improvement for 316L 
stainless steel coronary artery stents by trimethylsilane plasma nanocoatings, 
J. Biomed. Mater. Res. Part B Appl. Biomater. 102 (2014) 1363–1374. 

[99] Y. Zhou, B. Zhang, S. Zheng, J. Wang, X. San, X. Ma, Atomic-scale decoration for 
improving the pitting corrosion resistance of austenitic stainless steels, Sci. Rep. 4 
(2014) 3604. 

[100] E. McCafferty, Effect of ion implantation on the corrosion behavior of iron, 
stainless steels, and aluminum—a review, Corrosion 57 (2001) 1011–1029. 

[101] K. Feng, X. Cai, Z. Li, P.K. Chu, Improved corrosion resistance of stainless steel 
316L by Ti ion implantation, Mater. Lett. 68 (2012) 450–452. 

[102] A. Chaichi, A. Prasad, L. Kootta Parambil, S. Shaik, A. Hemmasian Ettefagh, 
V. Dasa, S. Guo, M.L. Osborn, R. Devireddy, M.M. Khonsari, Improvement of 
tribological and biocompatibility properties of orthopedic materials using 
piezoelectric direct discharge plasma surface modification, ACS Biomater. Sci. 
Eng. 5 (2019) 2147–2159. 

[103] S. Anderson, Final Technical Report on Laser Direct Manufacturing (LDM) for 
Nuclear Power Components, DOE-NE0000542, 2015. 

[104] X. Lou, M. Song, P.W. Emigh, M.A. Othon, P.L. Andresen, On the stress corrosion 
crack growth behaviour in high temperature water of 316L stainless steel made by 
laser powder bed fusion additive manufacturing, Corros. Sci. 128 (2017) 
140–153. 

[105] A.H. Ettefagh, H. Wen, F. Lu, S. Guo, Phase Evolution and Corrosion Performance 
of Laser Processed Oxide Dispersion Strengthened Ferritic Alloys, in: ASME 
International Mechanical Engineering Congress and Exposition, American Society 
of Mechanical Engineers, 2018, pp. V08BT10A058. 

[106] A.S. Wu, D.W. Brown, M. Kumar, G.F. Gallegos, W.E. King, An experimental 
investigation into additive manufacturing-induced residual stresses in 316L 
stainless steel, Metall. Mater. Trans. A 45 (2014) 6260–6270. 

[107] B. Verlee, T. Dormal, J. Lecomte-Beckers, Density and porosity control of sintered 
316L stainless steel parts produced by additive manufacturing, Powder Metall. 55 
(2012) 260–267. 

[108] R.D. Hanbury, G.S. Was, Oxide growth and dissolution on 316L stainless steel 
during irradiation in high temperature water, Corros. Sci. 157 (2019) 305–311. 

[109] X. Lou, P.L. Andresen, R.B. Rebak, Oxide inclusions in laser additive 
manufactured stainless steel and their effects on impact toughness and stress 
corrosion cracking behavior, J. Nucl. Mater. 499 (2018) 182–190. 

[110] B. Stellwag, The mechanism of oxide film formation on austenitic stainless steels 
in high temperature water, Corros. Sci. 40 (1998) 337–370. 

[111] U. Ehrnstén, Corrosion and stress corrosion cracking of austenitic stainless steels. 
Comprehensive Nuclear Materials, Elsevier, 2012, pp. 93–104. 

[112] S.S. Raiman, D.M. Bartels, G.S. Was, Radiolysis driven changes to oxide stability 
during irradiation-corrosion of 316L stainless steel in high temperature water, 
J. Nucl. Mater. 493 (2017) 40–52. 

[113] T. Terachi, T. Yamada, T. Miyamoto, K. Arioka, K. Fukuya, Corrosion behavior of 
stainless steels in simulated PWR primary water—effect of chromium content in 
alloys and dissolved hydrogen—, J. Nucl. Sci. Technol. 45 (2008) 975–984. 

[114] Y. Han, J. Mei, Q. Peng, E.-H. Han, W. Ke, Effect of electropolishing on corrosion 
of nuclear grade 316L stainless steel in deaerated high temperature water, Corros. 
Sci. 112 (2016) 625–634. 

[115] P. Andresen, C. Briant, Environmentally assisted cracking of types 304L/316L/ 
316NG stainless steel in 288C water, Corrosion 45 (1989) 448–463. 

[116] P. Andresen, M. Morra, Stress corrosion cracking of stainless steels and nickel 
alloys in high-temperature water, Corrosion 64 (2008) 15–29. 

[117] P.L. Andresen, Stress corrosion cracking of current structural materials in 
commercial nuclear power plants, Corrosion 69 (2013) 1024–1038. 

[118] G.S. Was, Y. Ashida, P.L. Andresen, Irradiation-assisted stress corrosion cracking, 
Corros. Rev. 29 (2011) 7–49. 

[119] P.L. Andresen, M.M. Morra, IGSCC of non-sensitized stainless steels in high 
temperature water, J. Nucl. Mater. 383 (2008) 97–111. 

[120] S.L. Hong, Influence of surface condition on primary water stress corrosion 
cracking initiation of alloy 600, Corrosion 57 (2001) 323–333. 

[121] A. Turnbull, K. Mingard, J. Lord, B. Roebuck, D. Tice, K. Mottershead, 
N. Fairweather, A. Bradbury, Sensitivity of stress corrosion cracking of stainless 
steel to surface machining and grinding procedure, Corros. Sci. 53 (2011) 
3398–3415. 

[122] G. Airey, Environmental degradation of materials in nuclear power systems-water 
reactors, in: Proc. Int. Symp., 1983. 

[123] R. Stahle, J. Hochmann, R. McCright, J. Slater, S. Shatynski, Stress corrosion 
cracking and hydrogen embrittlement of iron base alloys, J. Electrochem. Soc. 
126 (1979) 215C, 215C-215C. 

[124] D. Davies, P. Adcock, M. Turpin, S. Rowen, Stainless steel as a bipolar plate 
material for solid polymer fuel cells, J. Power Sources 86 (2000) 237–242. 

[125] S.-J. Lee, C.-H. Huang, J.-J. Lai, Y.-P. Chen, Corrosion-resistant component for 
PEM fuel cells, J. Power Sources 131 (2004) 162–168. 

[126] S. Karimi, N. Fraser, B. Roberts, F.R. Foulkes, A review of metallic bipolar plates 
for proton exchange membrane fuel cells: materials and fabrication methods, 
Adv. Mater. Sci. Eng. 2012 (2012) 1–22. 

[127] E. Cho, U.-S. Jeon, S.-A. Hong, I.-H. Oh, S.-G. Kang, Performance of a 1 kW-class 
PEMFC stack using TiN-coated 316 stainless steel bipolar plates, J. Power Sources 
142 (2005) 177–183. 
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energy density on porosity and microhardness of the SLM additive manufactured 
elements, Materials 11 (2018) 2304. 

[192] I. Maskery, N. Aboulkhair, M. Corfield, C. Tuck, A. Clare, R.K. Leach, R. 
D. Wildman, I. Ashcroft, R.J. Hague, Quantification and characterisation of 
porosity in selectively laser melted Al–Si10–Mg using X-ray computed 
tomography, Mater. Charact. 111 (2016) 193–204. 

[193] T. Vilaro, C. Colin, J.-D. Bartout, As-fabricated and heat-treated microstructures 
of the Ti-6Al-4V alloy processed by selective laser melting, Metall. Mater. Trans. A 
42 (2011) 3190–3199. 

[194] J. Cherry, H. Davies, S. Mehmood, N. Lavery, S. Brown, J. Sienz, Investigation 
into the effect of process parameters on microstructural and physical properties of 
316L stainless steel parts by selective laser melting, Int. J. Adv. Manuf. Technol. 
76 (2015) 869–879. 

[195] S.M. Yusuf, Y. Chen, R. Boardman, S. Yang, N. Gao, Investigation on porosity and 
microhardness of 316L stainless steel fabricated by selective laser melting, Metals 
7 (2017) 64. 

[196] A.H. Ettefagh, S. Guo, Electrochemical behavior of AISI316L stainless steel parts 
produced by laser-based powder bed fusion process and the effect of post 
annealing process, Addit. Manuf. 22 (2018) 153–156. 

[197] M. Baker, J. Castle, The initiation of pitting corrosion at MnS inclusions, Corros. 
Sci. 34 (1993) 667–682. 

[198] J. Jun, K. Holguin, G. Frankel, Pitting corrosion of very clean type 304 stainless 
steel, Corrosion 70 (2014) 146–155. 

[199] R. Lillard, M. Kashfipour, W. Niu, Pit propagation at the boundary between 
manganese sulfide inclusions and austenitic stainless steel 303 and the role of 
copper, J. Electrochem. Soc. 163 (2016) C440–C451. 

[200] A. Hemmasian-Ettefagh, M. Amiri, C. Dehghanian, Corrosion inhibition of carbon 
steel in cooling water, Mater. Perform. 49 (2010) 60–65. 

A. Hemmasian Ettefagh et al.                                                                                                                                                                                                                

http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref138
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref138
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref138
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref139
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref139
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref139
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref140
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref140
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref140
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref141
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref141
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref141
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref142
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref142
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref142
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref143
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref143
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref143
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref144
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref144
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref145
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref145
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref145
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref146
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref146
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref146
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref147
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref147
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref147
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref148
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref148
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref148
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref149
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref149
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref150
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref150
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref150
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref151
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref151
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref151
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref152
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref152
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref152
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref152
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref153
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref153
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref153
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref154
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref154
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref155
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref155
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref155
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref156
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref156
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref156
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref157
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref157
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref157
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref158
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref158
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref158
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref159
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref159
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref159
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref160
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref160
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref160
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref161
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref161
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref162
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref162
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref162
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref163
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref163
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref163
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref163
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref164
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref164
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref164
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref165
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref165
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref165
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref166
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref166
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref166
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref167
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref167
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref167
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref168
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref168
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref168
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref168
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref169
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref169
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref169
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref170
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref170
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref170
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref171
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref171
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref172
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref172
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref172
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref172
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref173
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref173
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref173
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref174
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref174
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref175
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref175
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref175
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref176
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref176
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref176
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref177
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref177
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref177
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref178
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref178
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref178
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref179
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref179
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref179
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref180
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref180
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref180
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref181
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref181
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref181
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref182
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref182
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref182
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref183
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref183
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref183
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref184
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref184
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref184
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref185
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref185
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref185
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref186
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref186
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref186
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref187
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref187
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref187
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref187
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref188
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref188
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref188
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref189
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref189
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref189
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref189
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref190
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref190
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref190
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref191
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref191
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref191
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref192
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref192
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref193
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref193
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref194
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref194
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref194
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref195
http://refhub.elsevier.com/S2214-8604(20)31061-7/sbref195


Additive Manufacturing xxx (xxxx) xxx

16

[201] R. Reed, Materials at Low Temperatures, 154, American Society for Metals, 
Metals Park, Ohio, 1983. 

[202] J. Castle, R. Ke, Studies by auger spectroscopy of pit initiation at the site of 
inclusions in stainless steel, Corros. Sci. 30 (1990) 409–428. 

[203] R. Ke, R. Alkire, Initiation of corrosion pits at inclusions on 304 stainless steel, 
J. Electrochem. Soc. 142 (1995) 4056–4062. 

[204] A. Chiba, I. Muto, Y. Sugawara, N. Hara, Pit initiation mechanism at MnS 
inclusions in stainless steel: synergistic effect of elemental sulfur and chloride 
ions, J. Electrochem. Soc. 160 (2013) C511–C520. 

[205] H. Krawiec, V. Vignal, O. Heintz, R. Oltra, J.-M. Olive, Influence of the chemical 
dissolution of MnS inclusions on the electrochemical behavior of stainless steels, 
J. Electrochem. Soc. 152 (2005) B213. 

[206] G. Sander, S. Thomas, V. Cruz, M. Jurg, N. Birbilis, X. Gao, M. Brameld, 
C. Hutchinson, On the corrosion and metastable pitting characteristics of 316L 
stainless steel produced by selective laser melting, J. Electrochem. Soc. 164 
(2017) C250–C257. 

[207] K. Saeidi, X. Gao, Y. Zhong, Z.J. Shen, Hardened austenite steel with columnar 
sub-grain structure formed by laser melting, Mater. Sci. Eng. A 625 (2015) 
221–229. 

[208] T. Kurzynowski, K. Gruber, W. Stopyra, B. Kuźnicka, E. Chlebus, Correlation 
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