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ABSTRACT: This paper presents a state of the art review on the properties of stainless steel processed using 
Selective Laser Melting (SLM). SLM is an Additive Manufacturing (AM) process that uses laser to melt and 
fuse powder particles together to form 3-dimensional components. SLM of stainless steel has been a widely 
researched area, and has seen applications in many industries. Conventional methods and SLM of stainless 
steel processing are reviewed. The resultant properties of stainless steels processed by SLM are presented. 
Potential and technical challenges in SLM of stainless steel for the marine industry are discussed.  
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INTRODUCTION 
Background 
Selective Laser Melting (SLM) of stainless steel materials has been a widely researched area. Stainless steels 
have good properties especially in corrosion resistance, where it differs from other steels (such as carbon-
manganese and low-alloy steel) in its use of chromium as a substantial alloying element to enhance its 
atmospheric corrosion resistance properties [1]. These materials are commonly used in high value 
applications such as aerospace, biomedical, automotive, architectural, jewelry, dentistry and marine [2-12]. 
The corrosion resistance characteristic of stainless steels allows for marine applications such as protection 
against mechanical removal of material [12] and chloride stress corrosion cracking [11]. 
Stainless steels are conventionally produced by casting process [13]. Raw materials are melted together in an 
electric arc furnace, with the composition of the molten metal used corresponding approximately to that of the 
desired stainless steel product. The molten metal is then decarburized to reduce the impurities to the low 
levels required in the final product [14]. When the melting is finished, the molten steel is cast into semi-
finished forms. It then goes through a series of processes such as forming, heat treatment, cleaning and 
polishing, cutting and finishing to finally obtain the completed end-use product [15]. These multi steps 
processes are required to obtain the final desired mechanical properties. In order to overcome the 
manufacturing challenges and to obtain excellent mechanical properties, SLM has been used to process 
stainless steels. 
 
Conventional manufacturing process of stainless steel 
Stainless steels may be classified in terms of the matrix phase(s) into the following – austenitic, martensitic, 
ferritic, precipitation hardening or duplex [16]. In [15], Millberg described the manufacturing process of 
stainless steel and broke it down into seven main processes, namely, melting and casting, forming, heat 
treatment, descaling, cutting, finishing, manufacturing. The seven processes are described in detail here. 
Step 1: Melting and casting. The raw materials are first melted together in an electric furnace. This step 
usually requires 8 to 12 hours of intense heat. When the melting is finished, the molten steel is cast into semi-
finished forms. These include blooms, billets, slabs, rods, and tube rounds.  
Step 2: Forming. Next, the semi-finished steel goes through forming operations, beginning with hot rolling, in 
which the steel is heated and passed through huge rolls. Blooms and billets are formed into bar and wire, 
while slabs are formed into plate, strip, and sheet.  
Step 3: Heat treatment. After the stainless steel is formed, most types go through either annealing or age 
hardening. Annealing is applied to relieve internal stresses and soften the metal. Age hardening is applied for 
higher strength. Lower aging temperatures produce high strength with low fracture toughness, while higher-
temperature aging produces a lower strength, tougher material. A post-aging quenching (rapid cooling) 
treatment can increase the toughness without a significant loss in strength. The type of heat treatment depends 
on the type of steel, whether it is austenitic, ferritic, or martensitic.  
Step 4: Descaling. Annealing causes a scale or build-up to form on the steel. The scale can be removed using 
several processes. One of the most common methods, pickling, uses a nitric-hydrofluoric acid bath to descale 
the steel. In another method, electrocleaning, an electric current is applied to the surface using a cathode and 
phosphoric acid, and the scale is removed.  
Step 5: Cutting. Cutting operations are usually necessary to obtain the desired blank shape or size to trim the 
part to final size.  
Step 6: Finishing. Creating the required surface finish is important to the specification of the stainless steel 
products. A smooth surface obtained by polishing provides better corrosion resistance. Rough finishes are 
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often required for lubrication applications, as well as to facilitate further manufacturing steps. These are 
achieved by various different processes, including grinding, polishing, tumbling, dry etching (sandblasting), 
wet etching (acid solutions), and surface dulling.  
Step 7: Manufacturing.  After the stainless steel in its various forms are packed and shipped to the fabricator 
or end user, a variety of other processes are applied to obtain the desired end part. This includes further 
shaping (such as roll forming, press forming, forging, press drawing, and extrusion), additional heat treatment, 
machining, and cleaning processes. The parts may also be cut and joined together (usually welding) to form 
components of higher complexity. 
 
SLM of metal 
SLM is a powder-based process commonly used to fabricate metal components. The SLM process uses a 
laser beam, controlled using optic lenses, to pass a laser spot across the surface of a layer of powdered metal 
to build each layer [17]. The metal powder is melted rather than just simply sintered together, thus giving 
parts that are close to 100% dense [18]. The resulting part usually has high mechanical strength and 
dimensional accuracy [19, 20]. The process has been widely research on with metallic materials, including 
titanium [21, 22], aluminium [23, 24], cobalt chrome [25, 26], copper [27], tungsten [28], nickel-based alloy 
[29, 30], steel [20, 31-34] and gold [35]. More specifically, the increasing research on SLM of stainless steel, 
such as the binding mechanism [36], residual stresses [37], process modelling [38], SLM process layout [39, 
40] and scanning strategies [41] show that it is now possible to manufacture a highly dense and strong 
complex part for end use applications in the industry.  
 
Scope  
In this review, the properties of three forms of stainless steel, namely austenitic, martensitic and duplex 
processed by SLM will be investigated. In particular, the work on the density, mechanical properties and 
microstructure of SLM processed stainless steel 304L, stainless steel 316L, stainless steel 17-4 PH 
(precipitation hardened), stainless steel 420 and super duplex 2507 stainless steel will be reviewed. Relevance 
in the marine industry will also be drawn, discussing both the challenges and potential of the adoption of 
SLM of stainless steel in the industry. 
 
SLM OF STAINLESS STEEL 
Stainless steels come in several types depending on their microstructure. Austenitic stainless steels contain at 
least 6 percent nickel and austenite (carbon-containing iron with a face-centered cubic structure) and have 
good corrosion resistance and high ductility (the ability of the material to bend without breaking). Ferritic 
stainless steels (ferrite has a body-centered cubic structure) have better resistance to stress corrosion than 
austenitic, but they are difficult to weld. Martensitic stainless steels contain iron having a needle-like structure. 
Duplex stainless steels, which generally contain equal amounts of ferrite and austenite, provide better 
resistance to pitting and crevice corrosion in most environments. They also have superior resistance to 
cracking due to chloride stress corrosion, and they are about twice as strong as the common austenitics. 
Therefore, duplex stainless steels are widely used in the chemical industry in refineries, gas-processing plants, 
pulp and paper plants, and sea water piping installations. 
 
Density 
The attainable density after SLM process is important and critical in determining the mechanical performance 
of the SLM built part. Kruth et al. described the density as having a direct influence on the component 
performance in [42]. The objective in SLM is to obtain 100% dense parts, as this will provide mechanical 
performance of the SLM built part as close to the bulk properties as possible. A wide range of research work 
has been conducted to investigate the factors determining the density, including laser power, scan speed, scan 
spacing and scan strategy [18, 20]. In [42], Kruth et al. has shown that the maximum achievable density for 
SLM produced parts can be 99%. As a comparison, casting components typically have densities of 82% - 95%
[43]. A compilation of some of the relative densities (versus bulk density) of SLM built stainless parts are 
shown in Table 1. The results show that SLM processed stainless steels can generally obtain very high 
relative density values. For SS304L, Abd-Elghany et al. used relatively cheap feedstock material as an 
investigation into the economic value of using SLM for industrial technology. The low relative density values 
in [44] could attributed to the poor powder quality. As shown in Figure 1, the powders were irregular in shape, 
had satellites and the sizes varied over a wide range. In [45], Davidson et al. attributed the poor relative 
density to the increased formation of gas bubbles in the melt pool during the SLM process. Since Davidson et 
al.’s work is a pioneer in using SLM to process super duplex stainless steel, there were no other literature for 
comparison on relative density. In conclusion, the relative density attainable by using SLM to process 
stainless steel can reach more than 99%. 
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Table 1 - Relative densities of stainless steels 
processed by SLM 

Material Type Relative Density 
(%) 

SS304L Austenitic 92.5 [44], 99.2 
[46] 

SS316L Austenitic 99.86 [47] 
SS420 Martensitic 99.95 [48] 
2507SS Super Duplex 90.8 [45] 

 
 

Figure 1 - SEM of SS304L powder used by Abd-
Elghany et al. [44] 

Mechanical Properties 
A summary of the mechanical properties of selected stainless steels are presented in Table 2. 
 
Table 2 - Mechanical properties of selected stainless steels 

Material Process Toughness (J) (Charpy 
V-notch @ Room 
Temperature) 

Elongation at 
break (%) 

Ultimate 
Tensile 
Strength 

Yield 
Strength 

Hardness 

SS304L SLM - 25.9 [44], 40 
[46] 

393 [44], 655 
[46] 

182 [44] 192 HB [44] 

 Casting 215 [49] 58 [49] 565 [49] 210 [49] 82 HB [50] 
SS316L SLM 60 [42], 56.8 [40] 30 [40] 595 [51], 688 

[40] 
670 [40] 238 HB [52] 

 Casting, 
Annealed 

103 [49] 55 [49] 560 [49] 235 [49] 146 HB  [49] 

SS17-4 PH SLM - 50 [53], 31 [54] 944 [53], 
1009 [55] 

570 [53], 
515.5 [55] 

200 HB [55] 

 Casting, 
H900 

21  [49] 15 [49] 1365 [49] 1260 [49] 420 HB  [49] 

SS420 SLM - - - - 496 HB [48] 
 Casting, 

Annealed 
100 [49] 25 [49] 655 [49] 345 [49] 175 HB [49] 

2507SS SLM - - - - 421 HB [45] 
 Casting, 

Annealed 
60 [56] 35 [56] 690 [57] 515 [57] 241 HB [57] 

 
Toughness 
The toughness performance of selected stainless steels in Table 2 is based on Charpy V-notch impact 
toughness tests performed at room temperature. Unfortunately, the available literature on toughness 
performance is limited. Based on the limited literature on stainless steel 316L, it can be seen that as-built 
stainless steel 316L components generally have lower toughness performance than conventionally produced 
ones. 
 
Ductility 
The ductility performance of selected stainless steels is based on the elongation at break. For stainless steels 
304L and 316L, the ductility of SLM produced specimens has poorer ductility than the conventionally 
processed ones. However, for the stainless steel 17-4 precipitation-hardened steel, the SLM produced 
specimen has better ductility performance than the conventionally processed ones. 
Tensile Strength 
Based on the literature available on ultimate tensile strength and yield strength, Table 2 shows that SLM 
produced components are generally stronger than conventionally produced ones. For the study on stainless 
steel 304L in [44], the powder used was of poorer quality, and the study was focused on SLM of 
economically available powders, and hence the values are lower. 
 
Hardness 
The hardness values of selected stainless steels are based on Brinell scale. Besides stainless steel 17-4, the 
rest of the stainless steels generally have better hardness values than conventionally processed ones.  
 
Microstructure 
Due to the layer wise building pattern of the SLM process, the microstructure of SLM produced parts may 
differ in different views [42]. The shape of the grains formed are usually elongated normal to the building 
direction, and this is a known feature of SLM [44, 58]. Melt pool boundaries are distinctly visible, as shown 
in Figure 2. It is also known that metal parts produced by SLM generally have finer grains than castings or 
forgings (see Figure 3). The fine grains can be attributed to the rapid cooling rate during the SLM process. 
Which leads of insufficient grain growth [59]. 
In the study on 304L stainless steel fabricated by SLM, Abd-Elghany et al. reported austenitic phase formed 
using X-Ray Diffraction (XRD) analysis [44], and Brown et al. reported elongated grains formed [46]. In the 
SLM processing on 316L stainless steel, Khalfallah et al. reported an austenitic phase consisting of columnar 
grains with fine dendrites [52], and are consistent with findings from Zhang et al. [51], who reported single-
phase austenite cells with size range between 5-10μm. In the study on SLM processed 17-4 PH steel, Rafi et 
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al. reported fine columnar grain growth with diameters of less than 2μm [53]. In the same study, Rafi et al. 
reported a dual phase microstructure consisting of retained austenite with martensite, although the study also 
indicated that if the steel is processed under argon atmosphere, the microstructure is predominantly 
martensitic while nitrogen atmosphere resulted in a more balanced martensite and retained austenite. Rafi et 
al. attributed this to the austenite stabilizing effect of nitrogen [53]. In the SLM processing of 420 stainless 
steel, Zhao et al. observed that grain size is generally very fine, but more specifically the grain size near the 
melt pool boundary is finer than that of the centre of the molten pool [48]. Zhao et al. attributed this to the 
difference in the cooling rate, with that of the molten pool boundary higher than that at centre of the molten 
pool. In another study on the SLM of 420 stainless steel, Krakhmalev et al. observed dual phase 
microstructure, containing both martensite and retained austenite. Specifically, Krakhmalev observed a higher 
content of austenite in the inner regions as  compared to the top surface layer. Krakhmalev attributed this to 
the in situ thermal cycling during manufacturing and, be as a result of partitioning and austenite reversion 
process [60]. In the SLM processing of 2507 super duplex stainless steel, Davidson et al. observed a 
predominantly ferritic microstructure with austenite dispersion [45]. Consistent with the microstructure of 
welding 2205 duplex stainless steel [61], Davidson et al. reported that the austenite precipitation are generally 
found either at the grain boundaries or as Widmanstätten needle colonies. A summary of the microstructures 
formed by using SLM to process the stainless steels can be found in Table 3. 
 

 
Figure 2 - Optical image of SLM PH steel 
samples showing distinct melt pools [53] 

 
Figure 3 - SEM-SE image SLM produced metal 
part showing fine grains [53] 
Table 3 - Summary of microstructure of SLM 
produced stainless steels 
 

 

 

Material Process Type 
SS304L SLM Austenitic [44] 
SS316L SLM Austenitic [52], [51] 
SS17-4PH SLM Austenite + Martensitic 

[53] 
SS420 SLM Austenite + Martensitic 

[60] 
2507SS SLM Ferrite + Austenite [45] 

 
Table 4 - List of common stainless steel grades [62] 

Stainless Steel Type Common/ 
ASTM Name 

UNS 

Austenitic 304 S30400 
316 S31600 
316L S31603 

Super Austenitic 6Mo N08926 
254SMO S31254 
904L N08904 
654SMO S32654 

Martensitic 420 S42000 
Ferritic 430 S43400 
Precipitation-
Hardening 

17-4 PH S17400 

Duplex 22Cr S31803 
Super Duplex 25Cr S32750 

STAINLESS STEEL IN THE MARINE INDUSTRY 
Types of stainless steel in the marine industry 

In [62], Geary et al. reviewed the performance limits of stainless steel types used in the offshore 
and marine industry. In the review, the types of stainless steel used in the industry are selected 
based on three conditions – stress corrosion cracking (SCC), pitting and crevice corrosion (PCC) 
and sour environment. Both SCC and PCC may be classified under a single category – chloride 
environment. Based on a list of common stainless steel grades (see  

Table 4), the review then evaluated the grades of stainless steels used in the industry. For SSC performance, 
austenitic and duplex stainless steels are generally preferred. Austenitic, super austenitic, duplex and super 
duplex stainless steels are generally used for PCC. Austenitic and super austenitic stainless steels are more 
widely recommended for performance under sour environments due to their superior resistance to sulphide 
stress cracking and hydrogen cracking. There are no recommendations for ferritic stainless steels, and 
martensitic and precipitation-hardened stainless steels have rare applications. 
 
Applications 
Stainless steels have been generally used in applications where corrosion-related service failures are of 
concern. Hence, piping systems, including top side modules, marine systems and drilling systems, are usually 
fabricated using stainless steels. These include pipework, manifolds, fittings, sealings, valves and actuators 
[62]. Some other examples of components built using stainless steels include pressure vessels, instrument 
tubings, fastening devices and parts, heat exchangers and tanks [62]. 
 
CHALLENGES AND POTENTIAL 
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The SLM process is a powder-bed system operating in a controlled environment. Hence, the need for an 
enclosure means there will be a limitation on the size of the build chamber. In [63] Wu et al. presented a 
review on additive manufacturing machines and their build sizes that are relevant to the offshore and marine 
industry. In the review, Wu et al. discussed about powder-bed systems which have build volumes of up to 300 
x 350 x 300 mm (x,y,z) [63]. This build volume may satisfy the size requirement for smaller components 
such as fittings and fasteners, but may be a challenge for other larger shipbuilding components such as heat 
exchangers and manifolds, which may occupy a footprint of up to 800mm x 800mm to more than 2000mm by 
2000mm. However, machine manufacturers are developing larger machines with build envelope up to 800 x 
400 x 500 mm (x,y,z) [64]. South African research institute the Council for Scientific and Industrial 
Research’s (CSIR’s) National Laser Centre (NLC) is also developing a large-area high-speed SLM system, 
also known as the Aeroswift project, which is able to produce components with maximum dimensions of 2 × 
0.6 × 0.6 mm (x,y,z) from metal powders. 
The types of stainless steels used in offshore and marine industries are generally austenitic. A large 
percentage of the stainless steels used, especially for piping systems, are based on the 316L grade. Based on 
this review study, the mechanical properties of SLM produced stainless steel 316L components are better in 
comparison to conventionally processed ones, except for applications where toughness and ductility values 
are critical. The poor performance in toughness and ductility is consistent with many other SLM processed 
iron based metals [20, 42]. Hence, post processing may often be required to recover the toughness and 
ductility performance if required. Nonetheless, based on the as-built properties of stainless steel 316L, there 
already exists many opportunities for adoption as described in the previous chapter on applications. 
 
CONCLUSION  
This review paper was conducted on selected literature on SLM processing of various grades stainless steels 
and outcomes it can be concluded as follows. 

1) The relative density attainable by using SLM to process stainless steel can reach more than 99%. 
2) As-built stainless steel (316L) components generally have lower toughness performance than conventionally 

produced ones. 
3) SLM produced stainless steels 304L and 316L has poorer ductility than the conventionally processed ones, 

while SLM produced stainless steel 17-4 precipitation-hardened steel has better ductility performance. 
4) SLM produced components are generally stronger (higher ultimate tensile strength and yield strength) than 

conventionally produced ones. 
5)  SLM produced stainless steels generally have better hardness values than conventionally processed ones, 

besides stainless steel 17-4PH. 
6) Component sizes may be a challenge for adoption of AM in the marine industry, but there are increasing 

development on large format AM machines. 
7) Stainless steel 316L is a suitable candidate for adoption of AM in the marine industry. Mechanical properties 

of SLM produced stainless steel 316L components are better in comparison to conventionally processed ones, 
except for applications where toughness and ductility values are critical. 

8) Further research is necessary to improve the mechanical properties to encourage increased adoption of AM 
technology in the marine industry. 
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