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Abstract: In this paper, the capability of laser powder bed fusion (L-PBF) systems to process stainless
steel alloys is reviewed. Several classes of stainless steels are analyzed (i.e., austenitic, martensitic,
precipitation hardening and duplex), showing the possibility of satisfactorily processing this class of
materials and suggesting an enlargement of the list of alloys that can be manufactured, targeting
different applications. In particular, it is reported that stainless steel alloys can be satisfactorily
processed, and their mechanical performances allow them to be put into service. Porosities inside
manufactured components are extremely low, and are comparable to conventionally processed
materials. Mechanical performances are even higher than standard requirements. Micro surface
roughness typical of the as-built material can act as a crack initiator, reducing the strength in both
quasi-static and dynamic conditions.
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1. Introduction

Additive manufacturing (AM), also known as 3D-printing, is an emerging technology [1], which
is in the spotlight for its unique capability to produce near-net-shape components, even geometrically
complex ones, without part-specific tooling being needed. AM is particularly suited for small batch
production [2], weight reduction [3,4], part-customization [5,6], and functional integration [4,7–9], which
is why it first emerged as a rapid prototyping technology. The adoption of AM technologies resulted in
a new production paradigm [10,11]: the designer can project a component, or optimize the geometry of
an already-existing one, according to its service conditions, and free from production-related constraints
(e.g., undercuts, straight cuts, internal ducts with sharp edges). At the same time, AM made it possible
to simplify component assembly, merging different parts into one single monolith. An emblematic
example is the fuel nozzle shown in [12,13], which went from being an assembly of 20 parts to being a
single unit. This allowed a 25% weight reduction.

A wider adoption of AM took place thanks to the possibility of processing metal alloys with
mechanical properties that are comparable to the equivalent wrought alloys. Since 2000, AM technology
has been assisting in a fast acceleration [14,15] due to the degree of development being gained in
several sectors, i.e., lasers, computers, computer-aided design (CAD) technologies, programmable
logic controllers (PLCs), and data storage systems [16,17]. The first commercially available AM system,
back in 1987, was SLA-1 by 3D Systems, and it was based on the stereolithography technique (SLA
stands for stereolithography apparatus): the desired piece is obtained through the superimposition
of thin layers of ultraviolet light-sensitive liquid polymer solidified by an ultra-violet (UV)-laser
source. Growing interest in the field led several companies and researchers to work simultaneously on
developing systems for metal alloy handling. In this field, EOS Gmbh presented its first prototype
(EOS M160) for metal processing in 1994, and the following year, the EOS M250 system was launched
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on the market [18]. In the meantime, Deckard filed a patent [19] concerning an apparatus capable of
sintering powders thanks to a laser source. The cited manufacturing devices are the precursors of
modern powder bed fusion (PBF) technology. PBF is a layer-wise production technology accomplishing
material consolidation through a heat source, which can be a laser (in this case we refer to L-PBF) or an
electron beam (EB-PBF): the spot of the heat source, impinging on the previously spread powder bed,
releases the quantity of energy necessary to melt metal particles. Other AM technologies for metal
alloys include: direct energy deposition (DED), binder jetting (BJ), sheet lamination (SL) and bound
metal deposition (BMD). Besides the general AM advantages, the success of PBF (independently on
the actual heat source) against other metal AM technologies, lies in its:

• capability of obtaining the best geometrical and dimensional tolerances;

• low waviness (the low-frequency roughness component) of surfaces, thus minimizing the need
for machining allowance;

• capability of achieving the highest relative densities, up to 100%, with respect to wrought or
forged metals;

• capability of producing both thin structures, e.g., lattice and trabecular, and heavy cross
sections; and

• capability of minimizing oxide impurities, as it works under controlled atmospheres (usually
nitrogen, or argon for reactive alloys).

The latter is extremely relevant for stainless steel alloys, as oxides could adversely affect their
corrosion resistance and act as crack initiators [20,21]. Within the PBF subclass, L-PBF has gained much
more interest due to its lower technological complexity and required production times [22], resulting
in lower capital investment and production costs. Hence, the range of laser-based manufacturing
systems is much wider than that of electron beam-based systems, and building envelopes have reached
1 m3, allowing for the production of larger components than EB-PBF. EB-PBF is to be preferred
when processing high-cost crack-susceptible alloys (such as TiAl alloys), since residual stresses are
suppressed and higher production costs are balanced by the higher added-value output. However,
L-PBF processed materials can be affected by some process-related defects [23,24], including:

• high-levels of residual stresses, which can cause distortions, cracks and delamination;

• porosities and incomplete fusion-related defects;

• cracks (in susceptible alloys) and metastable microstructures, as a consequence of high cooling rates;

• balling phenomenon, at the origin of discontinuous scan tracks;

• micro roughness due to partially sintered metal particles, especially experienced on
inclined surfaces.

In the following section, the causes of defects will be addressed, together with countermeasures.
Focusing on metal alloys, it is, in principle, possible to manufacture every weldable metal alloy once
the proper setting of working parameters is defined (e.g., laser power, layer thickness, gas fluxing).
L-PBF techniques have been successful in producing functional components from a wide range of metal
alloys [25], with working parameter identification and validation being the real know-how of L-PBF
technology developers. Today, the most established and L-PBF verified alloys include: Aluminum
alloys (AlSi10Mg, AlSi7Mg0.6), Cobalt alloys (CoCrMo), Nickel alloys (Haynes HX, Inconel 625,
Inconel 718), Iron alloys (Maraging steels, AISI 304, AISI 3016L, Tool steels) and Titanium alloys
(Ti6Al4V, Ti6Al4V ELI, CP-Titanium Grade 2).

Stainless steels are nowadays used in almost every application field. In fact, thanks to their peculiar
combination of properties—namely, strength and corrosion resistance—since its discovery in the early
19th century [26], they have been adopted in automotive [27,28], construction and building [29–31],
energy [32–34], aeronautical [35,36], medical [37] and food [38–41] applications. The implementation
of stainless steel grades in L-PBF systems, together with a deeper understanding of the technology,
could definitely result in a wide adoption of the technology itself. Currently, L-PBF is already being
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used for stainless steel component production in engineering applications, but a fundamental lack in
standardization and proper metrology definition [42–47] is limiting the spread of technology: for this
reason, international committees are joining together to accelerate the process [48,49]. The challenge is
to consistently define proper processing routes and requirements, standard mechanical requirements,
proper heat treatments, dynamic performances, post-processing and qualification needs. This review
aims at reporting the state of the art of the application of stainless steel alloys in L-PBF systems;
starting from the working conditions of the cited process (and their effect on process performance),
a list of stainless steel grades already tested on L-PBF systems is shown, together with their relative
density, microstructure, quasi-static tensile properties and fatigue performances. In conclusion, the not
yet exploited potential of making stainless steel via L-PBF systems will be discussed, along with
future challenges.

2. Laser Powder Bed Fusion Working Principles and Process-Related Defects

The melting and fusion of material in L-PBF is obtained in a discrete way: layer-by-layer, the laser
melts new powder, which solidifies as soon as the laser moves on to the neighbouring powder portion,
leading to a continuous solid. The final part is an ensemble of micron-size welding lines overlapping
in the horizontal plane and superimposed in the vertical plane. A representation of L-PBF working
principle is reported in Figure 1, and the overall process can be summarized as follows:

1. CAD manipulation and model “slicing”, the latter being performed by specific software properly
subdividing the geometry into n slices with a height equal to the selected layer;

2. loading data to the L-PBF hardware;

3. production stage:

a. spreading the powder layer, thanks to a rake or roller (Levelling System in Figure 1);

b. switching on the laser, for melting and subsequent solidification;

c. lowering of the building platform, which is retractable;

d. previous steps 3a–3c repeated until all layers are fused;

4. removal of unused powder (“metal powder” in Figure 1) and extraction of the final part.

–

CAD manipulation and model “slicing”

–
“metal powder” in

–

Figure 1. Schematics of a generic laser powder bed fusion system, adapted from [50], with permission
from Elsevier, 2019.

The peculiar nature of L-PBF involves the interaction at the micron-sized level between photons
(generated by the laser source) and a discrete metal substrate (the powder bed), consisting of metal
particles dispersed in an inert gas atmosphere. Complicated physics are involved, such as absorption,
transmission and reflection of laser energy, adhesion of micron-scale particles, rapid melting and
solidification, molten metal flow, metal evaporation and microstructural evolution [10,23,51–57]. L-PBF
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relevant parameters can be classified into two groups: some of them directly set by users (e.g., laser
power and speed, scan pattern, layer thickness and powder properties), while others are process-related
(e.g., powder bed density, powder bed temperature). The latter can be indirectly controlled, using
the first set of parameters, but it is harder to address. Several research groups are working to
develop physical models to describe, and consequently control, the process, with some examples being
described in [58–69]. Developed models also aim at defect forecasting and mitigation [70–75]. It is of
major relevance to remember that, unlike conventional processes, all AM technologies are producing
the alloy and the specific geometry to be put in service simultaneously. This means that process
parameters usually related to the material quality (e.g., laser parameters determining melting and
solidification behavior) now directly affect the performance [76] of the final components, as shown in
Figure 2. The result is that, even if some post processing is projected (e.g., heat treatments, machining),
material-related defects arising during 3D printing will cause the artefacts to be discarded at the end of
the whole cycle, which can take up to weeks of work for large components.

 

Figure 2. Main factors influencing process and part performances, and their inter-correlation.

To obtain a fully dense material, it is necessary to understand the effect of various process parameters.
L-PBF machinery typically installs a system of lenses and a scanning mirror—or galvanometer—to move
the position of the laser beam spot on the powder bed. The laser spot is used like a pen tip that, while
rastering the surface of the powder bed, solidifies the powdered metal, releasing the energy necessary
to achieve complete melting. Some laser characteristics are listed in Table 1: properties are reported
in ranges, as they can vary between different system providers or as an effect of specific metal alloys.
Scanning strategy parameters are particularly relevant for the quality of the manufactured component
as they affect the heat cycle experienced by the alloy, determining, for example, final microstructure,
residual stresses [77], and other defects.

The most relevant parameters to scanning strategy are:

• laser power;

• laser speed;

• hatch distance—the distance from the middle line of two consecutive lines, determining the
effective hatch overlap, according to Figure 3;

• layer thickness;

• scan pattern.



Metals 2019, 9, 731 5 of 27

 

φ

Figure 3. Schematic drawing of a generic pattern of single scan lines [78].

A short list of L-PBF machinery properties and related manufactured components features are
shown in Table 1.

Table 1. L-PBF products and main properties.

L-PBF Machinery Characteristics

Heat source One fiber laser, or more
Laser power [W] 50–1000

Laser speed [mm/s] 10–15,000
Laser beam diameter [µm] 30–500. Most common, 80–100

Building chamber atmosphere Inert gas—Typically, Nitrogen or Argon
Building rate [cm3/h] 2–120

Building volume [mm]
Up to 800 × 400 × 500 (width × depth × height)—most common,

250 × 250 × 300
Ref. [2,10,79–85]

L-PBF Produced Components Features

Relative density 1 [%] Up to 100
Upper surfaces roughness (Ra,X-Y) [µm] 4–10
Lateral surfaces roughness (Ra,Z) [µm] >20

Minimum feature size [µm] 75–250
Geometric tolerance [mm] ±0.05–0.1

Impurities Risk of contamination by process gas (nitrogen) or moisture
Effect on chemical composition Minimum loss of low vapor pressure alloying elements
Powder size requirements [µm] 10–60

Ref. [10,51,79,86–88]
1 Relative density is evaluated as a ratio between the density of L-PBF produced material and the density of the same metal
alloy processed with conventional technologies (e.g., rolling, forging).

The combined effect of the listed parameters can be calculated through the heat input released by
the laser source: it can be quantified by the energy density parameter E, according to Equation (1):

E = P/v·ϕ [J/mm2] (1)

Where P is laser power (W), v is laser speed (mm/s) and ϕ is the laser beam diameter at the powder
bed surface. In Table 1, typical values for the mentioned parameters are reported. An alternative
formulation is given by Equation (2):
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E = P/v·h·t [J/mm3] (2)

where h refers to the hatch distance, as pointed out in Figure 3, and t is the layer height.
At a micro scale, it is important to set the proper parameters to guarantee the highest achievable

density. In Figure 4, different kinds of porosities (detrimental for density) are shown:

• irregularly shaped lack-of-fusion defects, as in Figure 4a,b, could be related to low E values or
balling phenomena [89];

• spherical pores, like the one in Figure 4c, could be related to high E values, causing alloying
element vaporization, a low packing density powder bed, which is in turn full of gas around
metal particles, or small gas pores entrapped inside the metal particles themselves [23,90];

• layered pores, as shown in Figure 4d, could be caused by cracks at the melt pool boundaries [89].

 

φ

Figure 4. SEM images of porosity defects observed in L-PBF 316L samples: (a) low and (b) high
magnification of incomplete fusion defect containing unmelted particles partially sintered; (c) gas pore;
(d) cavity associated with residual stresses. From [89], with permission from Elsevier, 2019.

The temperature inside the laser spot usually reaches thousands of degrees Kelvin (or Celsius),
and it is usually higher than the melting point of metal. The molten metal is strictly in contact with the
substrate or the previously consolidated layers, determining a steep temperature gradient [10] that is at
the basis of residual stresses phenomenon [91,92]. Scan pattern refers to the path followed by the laser
beam in order to accomplish the complete melting of every slice or layer. At a macro level, the laser can
raster the whole length of the slice in unidirectional or bidirectional mode, called the meander strategy
in Figure 5 (consequent lines are scanned in the same direction or opposite), or it can subdivide the
area in islands—also known as the chess strategy—or stripes (according to Figure 5). Furthermore,
it handles a rotation angle between consequent layers, as can be seen in Figure 3, where the drawing
represents a 90◦ rotation between the i-th and the i+1-th layer. The chess or stripe strategies and
rotation angles are selected to reduce thermal gradients along the single layer (and, in turn, residual
stresses [93]), while raising the level of anisotropy inside the material.
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Figure 5. Examples of different scanning strategies on a rectangular cross section—the direction of scan
lines inside the red areas can vary from layer to layer, selecting a non-zero rotation angle (according to
Figure 3) between subsequent layers.

Residual stresses, together with porosities, are of major concern in L-PBF as they can determine
the distortion of artefacts after cut or the failures of a production job, even at its final stage. To resolve
the first problem, it is common practice to heat treat components still attached to the building platform;
this helps in relaxing residual stresses before the removal. In the second case, it is necessary to reduce
the temperature gradients experienced by the materials.

The laser interacts with a discrete substrate formed by metal powder particles that are used as
feedstock; these are micron-sized particles of the selected alloy, obtained using specific processes.
It is necessary for L-PBF to flow easily during the recoating phase to guarantee a proper powder bed
density; various studies [94–97] demonstrated the impact of different particles characteristics on the
quality (in particular, in terms of density and surface roughness) of the final component. The majority
of metal powders used in L-PBF systems are, nowadays, produced through an atomizing process
that involves the interaction of a stream of molten metal with a high energy jet, usually gaseous
(e.g., nitrogen of argon) [98]; this process is called gas atomization (GA). Alternatively, it is possible
to use plasma atomized (PA) powders, produced using plasma torches instead of the gas stream.
In Figure 6, the main differences are appreciable: GA particles are characterized by the presence
of satellites (small particles attached to the surface of bigger ones) and sometimes they show gas
pores (Figure 6c), PA powder is mostly spherical, with smooth surfaces and a narrower Particle Size
Distribution (PSD).

 

Figure 6. Cont.
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(d) (e) 

100 µm 50 µm 

Figure 6. Comparison of metal powder obtained from different production processes. Gas atomized
particles [99]: (a) SEM image 100×; (b) SEM image at 500×; (c) LOM of GA particles in the metallographic
section. Plasma atomized particles [100]: (d) SEM image at 500×; (e) SEM image 1000×; with permission
from John Wiley and Sons, 2019.

To summarize the effect of the cited process aspects:

• laser energy density E directly impacts melting behavior: at low scan speed and high laser power,
E is high, causing evaporation, porosities and potential denudation of near surfaces, while high
scan speed and low power determine low E density, which is insufficient to fully melt a proper
powder volume and interlayer bonding [23,101];

• increasing scan speed, at constant laser power and layer thickness, lowers the maximum
temperature reached in the melt pool, reducing residual stresses [102], until an unacceptable level
of porosities is produced due to powder insufficient melting [103];

• increasing laser power, at constant laser speed and layer thickness, increases the maximum
temperature and residual stresses [23,102];

• increasing the layer thickness, keeping the other parameters unmodified, can result in residual
stresses mitigation [102], and a more economical process (i.e., with reduced production times), but
it is necessary to evaluate the potential lack-of-fusion defects;

• the effect of laser power on melt pool defects and residual stresses is greater than that of laser
speed [104];

• Guan et al., in [105], demonstrated that low overlapping between lines is not relevant for final
density, as subsequent layer remelting allows metal filling, as can be seen in Figure 7;

• metal powder size and morphology determine the formation of porosities: spherical and small
metal particles are to be preferred over non-spherical particles, as they form a denser powder
bed [23,106];

• moreover, surface roughness is affected by the width of the melting track, which in turn is controlled
by laser power and scan speed values. Inclined surfaces are the most disadvantaged, because
heat conduction in the powder bed below is less efficient than the areas over the consolidated
material [107];

• porosities must be carefully controlled, as they are detrimental for fatigue resistance of alloys; in
particular, pore size has been demonstrated to be the most relevant parameter [108].

Considering the previously described aspects, it seems evident that parameter selection is
the result of modelling and experimental validation aiming at reducing production time and costs
while guaranteeing the melting of a proper quantity of metal (both powdered and consolidated).
One challenge is that the best set of parameters (even if validated) is no longer valid as soon as you
change the laser you are working with (i.e., when using a different manufacturing machine), the powder
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batch (e.g., in terms of chemical analysis, particle size distribution, powder morphology) [109], or the
geometry (e.g., sharp features, heavy sections or portion of inclined surfaces facing loose powder).
A lot of work has been performed in order to investigate the optimal working conditions of L-PBF and
guidelines for the selections of parameters [110–116].

 

 
Figure 7. OM of L-PBF stainless steel 304 samples on cross-section and vertical section: (a,b) at an
overlap rate of 0% showing full density, like (c,d) obtained with 50% overlap between parallel lines.
From [105], with permission from Elsevier, 2019.

3. Stainless Steel Grades Processed in L-PBF Systems

Stainless steels are widely employed for their unique performances at room and high temperatures,
owing to their chemical and microstructural features. In L-PBF, the right chemical composition is
guaranteed by wise manipulation and correct storage of metal powders, mainly to avoid oxygen,
moisture or oil pick up [117]; meanwhile, the microstructural properties (e.g., grain size, phases) are
determined by the processing parameters. Specifically, the final microstructure depends on the local
heat flow direction, competitive growth of grains, and laser scanning strategy. Typical cooling rates are
in the range 105–106 K/s [10,118,119] due to the heat exchange with the gas atmosphere, the unfused
powder, and the material already consolidated underneath; the resulting solidification microstructure
is fine and far from that provided by thermodynamic equilibrium [120]. The laser scanning strategy
has an impact on texture; for example, when the scanning strategy is set with no rotation between
subsequent layers, the as-built material exhibits a fibrous aspect with a <001> direction of grain
growth (building direction, z, normal to the building platform). This situation leads to a strongly
orthotropic behavior of the material [81]. On the other hand, selectively scanning the powder bed
in small islands, sometimes non-consecutively, and rotating the direction of the laser between the
different layers, makes it possible to obtain an almost untextured microstructure. An elongated grain
structure along the z-direction (as shown in Figure 8), is due to both prevalent heat extraction from
the bottom side of the melt pool (i.e., the building substrate) and epitaxial grain growth, like fusion
welding. In L-PBF, the existing base-metal grains (i.e., the grains existing in the last melted layer) act as
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a substrate for nucleation [53]. Moreover, the melting of subsequent layers causes a reheating of the
already consolidated material, determining the solid-state phase transformations.

 

 

Figure 8. Schematics of commonly projected building directions for tensile specimens.

The peculiar microstructure arising from the described physical phenomena determines the
different mechanical performances depending on the tested direction, or, in the case of the final
components, on the service loading condition. This is the why the best course of action, as a rule, is to
produce tensile specimens with their main axis oriented along different directions, as schematized in
Figure 8; vertical specimens (V) are representative of the commonly identified longitudinal direction,
while horizontal specimens (H) are representative of the transversal direction. The described unique
metallurgical behavior of materials produced via AM led Murr et al. [121] to affirm that such a
methodology could extend traditional materials science and engineering as far as making it possible to
plan application-specific microstructural architectures in as-built components.

In the following sections, a review of mechanical performances obtained from L-PBF processed
alloys is reported. For ease of reading, the correlated process parameters are not shown, but can be
consulted in referenced papers. The authors would like to underline that tensile results reported
under the as-built conditions in Tables 2 and 4–6 involved testing samples with no stress-relieving
heat treatment; the presence of residual stresses inside the specimen can result in deformation (if not
properly machined) and yield strength values affected by the presence of a tension status of compression
or tension inside the material itself, even before load is applied. This observation should aid readers in
understanding the primary importance of stress-relief in L-PBF.

3.1. Austenitic Stainless Steel Grades

Austenitic stainless steels commonly processed in L-PBF systems are essentially alloy 304, alloy
304L and AISI 316L, the latter being the only one of these to have been commercialized by systems
manufacturers [122–126].

• In Table 2, tensile results are reported and compared to the standard minimum requirements:

• tension tests performed at room temperature showed good performance, apart from fracture
elongation, with results being higher than the minimum requirements usually applied for the
selected stainless steel grades processed with conventional technologies;

• fracture elongation is the most negatively affected parameter, for samples tested under the
as-built conditions;

• analyzing the listed tensile properties for 316L stainless steel powders, we can state that the
experimental research performed in the cited papers achieved comparable results. It can be
assumed that they all used proper parameter sets.
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Table 2. Tensile strength of austenitic stainless steel grades obtained from L-PBF, compared to standard
reference values.

Grade Equipment
Relative
Density

[%]
Cond. BD

Test
Cond.

YS

[MPa]
UTS

[MPa]
El.

[%]
Ref.

304 SD NR As built
H

RT
530 700 38

[105]45◦ 370 540 29
V 450 550 58

304L
3D Systems

ProX-300
99.99 As built - RT 485 712 61 [127]

316L
SLM

Solutions
125HL

95.99–99.30 HT–1040 ◦C/4h V RT 376 637 32.4 [128]

316L As built

H

RT

528 639 38.0

[78]
SLM

Solutions
280HL

>99 45◦ 590 699 34.1

V 439 512 11.8

316L
Sisma

MYSINT100
99.3–100 As built

45◦
RT

505–515 650 41
[89]

V 430–495 550-575 66–72

316L
Renishaw

AM250
NR As built H RT 554 685 36 [129]

316L NR NR As built

- RT 456 703 45

[118]
- 250 ◦C 376 461 31
- 1100 ◦C - 300 15–18
- 1200 ◦C - 150 20

Standard Reference Values

Grade Condition Test condition
YS

[MPa]
UTS

[MPa]
El.

[%]
Ref.

304 Annealed–hot finished RT 205 515 40
[130]

304L,
316L

Annealed–hot finished RT 170 485 40

Cond.—Condition; BD—Building Direction; YS—Yield Strength; UTS—Ultimate Tensile Strength; El.—Elongation;
SD—Self-developed; NR—Non reported; RT—Room Temperature; HT—Heat-treated; H—Horizontal; V—Vertical.

Table 3 contains some fatigue resistance results, revealing the beneficial effect of machining
operations, in particular on high cycle fatigue (which is more sensitive to surface conditions and
eventual crack presence). Low cycle fatigue [131] showed little effect from reducing surface roughness.

Table 3. Fatigue endurance limits of L-PBF 316L samples, under different loading and surface conditions.

Alloy Fatigue Endurance at 106 Cycles [MPa] R Surface Condition Ra [µm] Ref.

316L 130 −1 As built 13.29
[132]316L 170 −1 Vibratory finished 1.74

316L 240 −1 Turned 1.08

316L 200 0.1 As built 10.0
[131]316L 256 0.1 Machined 0.4

316L 269 0.1 Polished 0.1

316L 108 −1 As built NR
[133]

316L 267 −1 Turned NR
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Microstructural characterization performed by [127,134,135] on both 304 and 316L stainless steels
showed common features:

• all samples feature columnar grains, see Figures 9–11, independently of the specific alloy;

• all samples feature columnar grains independently of scanning strategy or laser power, see Figures 9
and 10.

• grain size is basically independent of the selected scanning strategy, as long as the laser power is
kept constant (see Figure 9);

• grain size decreases as the selected laser power decreases, as can be seen from Figure 10d: this effect
is investigated in [104], with lower cooling rates being exhibited at higher laser power;

• as-built grains are characterized by needle-like structures with medium sizes of 500–800 nm and
a high aspect ratio, oriented along different directions even in a single weld bead (see different
growing orientations marked by red arrows in Figure 12);

• [127] also reported a top view microstructure, as shown in Figure 11b, exhibiting equiaxed grains
all over the sample;

• two types of boundaries were observed by [135]: cell boundaries (formed by dislocations) and
colony boundaries (prior high-angle austenite grain boundaries);

• in Figure 13, it can be seen how annealing heat treatment affects the starting microstructure
(in Figure 13a): cell boundaries were unchanged after heat treatment at 800 ◦C, but they were not
present after heat treatment at 900 ◦C. In contrast, colony boundaries were unmodified, meaning
that no recrystallization phenomena had taken place.

 

× 
× 

100µm 
100µm 

100µm 100µm 

Figure 9. OM micrographs showing the microstructure of 316L samples fabricated at 200 W laser
power, using different scanning strategies: (a) Meander; (b) Stripe; (c) Chess with 5 mm × 5 mm islands;
(d) Chessboard with 1 mm × 1 mm islands. Z specifies the building direction [134].
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Figure 10. OM micrographs of L-PBF 316L microstructure produced at different laser powers, (a) 200 W;
(b) 170 W; (c) 140 W; (d) grain width correlation to laser power values. Z specifies the building
direction [134].

 

(a) (b) 

Figure 11. OM showing L-PBF 304 stainless steel microstructure: (a) along the vertical cross-section—the
heat flow effect is evident in the build direction, and (b) nearly equiaxed grains in the planar direction,
coincident to the layer top view. From [127], with permission from Elsevier, 2019.
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Figure 12. SEM micrographs showing the microstructure of 316L samples (laser power at 200 W):
(a) within a weld bead; (b) at the bottom region of (a); (c) grain structure beyond two layers; (d) grains
in two adjacent weld beads. Red arrows point out grain growth direction. Z specifies the building
direction [134].

 

 

Figure 13. SEM images showing cross-section microstructures at melt-pool level of L-PBF 316 L steel in
(a) as-built condition, and after annealing at (b) 800 ◦C/15 min and (c) 900 ◦C/15 min [135].
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3.2. Precipitation Hardening Stainless Steel Grades

After austenitic grades, precipitation hardening stainless steels, and 15-5 PH and 17-4 PH alloys,
particularly (mostly applied for aeronautic and oil and gas parts production), are the most widespread
and characterized grades of L-PBF equipment.

Auguste et al., in [136], and Murr et al., in [137], both worked on L-PBF 17-4 PH stainless steel,
studying the effects of different powder batches on the final microstructure; in [136], the main difference
was the Niobium content of the feedstock, while [137] investigated the effect of powder processing
atmosphere and working inert gas.

• 17-4 PH samples showed columnar grains oriented along the building direction, clearly visible in
the samples in Figures 14a, 15 and 16. These observations are in accordance with those performed
on austenitic stainless steels in the previous Section 3.1;

• As-built niobium-rich material, shown in Figure 14a, features mainly ferritic grains, with a minor
content of martensite and residual austenite. Ferritic grains are characterized by a high aspect
ratio, and the largest dimension reaches hundreds of micrometers. Ferritic microstructure is in
contrast to the typical martensitic microstructure observed in this alloy;

• On the other hand, the as-built material shown in Figure 14b shows an overall martensitic
microstructure, with a grain size in the range of 1–20 µm;

• Ferrite-rich samples do not show microstructural evolution after tempering at 480 ◦C (Figure 15a)
and 550 ◦C (Figure 15b) with respect to Figure 14a. Martensitic microstructure and desired
mechanical properties were achieved only after full material homogenization (Figure 15d and
Table 3). This observation is in line with the thermal stability already underlined in austenitic
316L samples;

• Ar-atomized and N2-atomized powders produced completely martensitic phase materials when
fabricated in an Ar environment (Figure 16 refers to a sample obtained from Ar-processed powders
in Ar L-PBF atmosphere). Conversely, Ar-atomized powder and N2-atomized powder showed
different behavior after N2 L-PBF processing gas environment; Ar-atomized powders fused in N2
produced fully martensitic components, while the N2-atomized powder fabricated in a N2-gas
environment produced austenitic components containing roughly 15% martensite (Figure 17);

• Different microstructural observations obtained comparing Figures 16 and 17 were confirmed
by hardness measurements, with the results being reported in Figure 18; the austenitic sample
hardness is lower than the martensitic one, and little variation can be appreciated after aging
treatment, in contrast to the martensitic one, which underwent second-phase precipitation.

 

 

Figure 14. (a,b) OM cross-section observation of two 17-4 PH samples obtained from L-PBF, starting
from different powder batches [136].
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Figure 15. OM cross-section observation of L-PBF 17-4 PH sample (seen in Figure 14a) after heat treatment:
(a) tempered at 480 ◦C/1 h; (b) tempered at 550 ◦C/4 h; (c) solution heat-treated (1040 ◦C/1.5 h), quenched
and tempered at 480 ◦C/1 h; (d) homogenized (1190 ◦C/2 h), solution heat-treated (1040 ◦C/1.5 h) and
tempered at 480 ◦C/1 h [136].

 

 

Figure 16. OM-3D reconstruction of 17-4 PH sample, effective building direction shown by vertical
arrow in the lower right corner: the microstructure is fully martensitic and comes from Ar-atomized
powders fabricated in an Ar-rich environment (Ar/Ar) [137].
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Figure 17. OM-3D reconstruction of 17-4 PH sample, effective building direction shown by vertical
arrow in the lower right corner: the microstructure is mainly austenitic, with a minor volume fraction
of martensite (15%) and comes from N2-atomized powders fabricated in a N2-rich environment
(N2/N2) [137].
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Figure 18. Experimental results from [137]: Vickers microhardness (HV) on as-manufactured samples
(blue piles) and after aging at 482 ◦C for 1 h and air-cooled standard H900 heat treatment (green piles).
Ar/Ar and N2/Ar refer respectively to Ar- and N2-atomized powders, both L-PBF processed in Ar
atmosphere; similarly, Ar/N2 and N2/N2 refer to Ar- and N2-atomized powders, L-PBF fabricated in
N2 environment.

The tensile performances exhibited by L-PBF 17-4 PH specimens, summarized in Table 4,
are characterized by a wide dispersion between different referenced works. In particular, the as-built
alloy does not reach minimum standard requirements, resulting in the need to apply (and, eventually,
develop) specifically tailored heat treatments. Yadollahi et al. [138] underlined the need for heat
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treating L-PBF 17-4 PH in order to reach standard tensile requirements and increase the low cycle
fatigue life. On the other hand, standard solubilization and aging treatments have been found to lower
high cycle fatigue life. Mahmoudi et al. in [139] found that vertically built samples were characterized
by lower strength than those built horizontally, claiming that interlayer bonding was insufficient.

Table 4. Tensile strength of precipitation hardening stainless steel grades obtained from L-PBF, compared
to standard reference values.

Grade Equipment
Relative
Density

[%]
Condition BD

Test
Cond.

YS

[MPa]
UTS

[MPa]
El. [%] Ref.

17-4 PH
EOS

M270
NR

As built
H

RT

523 1028 -

[140]
V 494 979 -

HT—650 ◦C/1 h
H 436 1295 -
V 483 1298 -

17-4 PH
EOS

M290
NR

As built
V RT

835 1169 48.42
[141]

HT—1050 ◦C/0.5 h + 552 ◦C/4 h 1176 1170 32.7

17-4 PH
SLM

Solutions
280HL

>99
average

99.6

As built
H

RT

850 890 13

[136]

V 760 785 2.5

HT—480 ◦C/1 h
H - 780 -
V - 560 -

HT—550 ◦C/4 h
H 1210 1220 0.5
V - 550 -

HT—1040 ◦C/1.5 h + quenching +
480 ◦C/1 h

H 785 990 4.6
V 590 680 1

HT—1190 ◦C/2 h + 1040 ◦C/1.5 h +
quenching + 480 ◦C/1 h

H 1400 1295 3
V 1240 1305 1

17-4 PH
EOS

M290
NR As built H RT - 710 6.7–7.2 [142]

17-4 PH
3D

Systems
ProX 100

NR
As-built

H

RT

650 1050 9.8

[139]
V 600–720 950–1050 3.5–6.4

HT—1038 ◦C/0.5 h + 482 ◦C/1 h
H 910 1220 7.8
V 730–950 970–1120 2.5–3.5

15-5 PH
EOS

M270
NR As built

H
RT

1297 1450 12.53
[143]

V 1100 1467 14.92

Standard Reference Values

Grade Condition
Test

Condition
YS

[MPa]
UTS

[MPa]
El. [%] Ref.

17-4 PH H900 aging—482 ◦C/1 h RT >1170 >1310 >10
[144]

15-5 PH H900 aging—482 ◦C/1 h RT >1170 >1310
>6 (transv.)
>10 (long.)

BD—Building Direction; YS—Yield Strength; UTS—Ultimate Tensile Strength; El.—Elongation; NR—Non reported;
HT—Heat-treated; H—Horizontal; V—Vertical; RT—Room Temperature.

This observation is in contrast to what is expected from metallurgical features. Comparing
results from similar specimens (same as-built condition and building direction) shows that mechanical
properties registered high scattering; this could be correlated with unsuitable processing parameters,
post-processing operations not being performed well (for example, sample machining), or samples being
tested without machining. In the latter case, the results would be diminished by surface discontinuities.

3.3. Other Stainless Steel Grades

Literature research made it possible to highlight works inherent to the characterization of a
martensitic stainless steel alloy, i.e., 420 (in Table 5), and two duplex stainless steel grades, whose
results are summarized in Figure 19 and Table 6.

Saeidi et al. in [118] revealed that as-built L-PBF 420 alloy is characterized by a cellular
microstructure of micron-sized martensitic cells (as can be seen in [118]); this feature leads to high
values of ultimate tensile strength (according to Table 5).
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Table 5. Tensile strength of martensitic 420 alloy obtained from L-PBF, compared to standard reference values.

Grade Equipment
Relative
Density

[%]
Cond. BD

Test
Cond.

YS

[MPa]
UTS [MPa]

El.

[%]
Ref.

420 NR NR
As

built
RT 800 1800 5 [118]

420 SD NR As
built

H
RT

- 505 -
[88]

V - 1045 -

Standard Reference Values

Grade Condition Test Condition
YS

[MPa]
UTS [MPa] El. [%] Ref.

420
Annealed—holding T:

745–825 ◦C + air cooling RT
- <760 -

[145]
QT800—quench at

950–1050 ◦C + oil or air
cooling + tempering at

600–700 ◦C

>600 800–950 >12

Cond.—Condition; BD—Building Direction; YS—Yield Strength; UTS—Ultimate Tensile Strength;
El.—Elongation; SD—Self-developed; NR—Non reported; RT—Room Temperature; HT—Heat-treated;
H—Horizontal; V—Vertical; QT—Quench and Tempered.

Duplex samples processed in L-PBF systems were mainly studied by Hengsbach et al. [146] and
Saeidi et al. in [118,147]. The most relevant observations were:

• The as-built SAF 2507 alloy is characterized by an almost completely ferritic microstructure
(Figure 19a,e), strongly different from the desired microstructure, caused by rapid cooling rates
typical of L-PBF. The cooling rates experienced cause the alloy’s solidification in delta ferrite,
suppressing the austenite field;

• Proper heat treating conditions can restore an acceptable ferrite/austenite ratio; in particular,
sample solubilization at 1000 ◦C (Figure 19c,g) made it possible to achieve a 34% austenite content;

• The performed tension tests (shown in Table 5) showed that L-PBF SAF2205 properly heat-treated
satisfies the standard minimum requirements, while SAF2507 needs to be further optimized
through subsequent heat treatment in order to achieve proper mechanical performances.

 

Figure 19. EBSD maps of duplex 2205 showing (a–c) inverse pole maps and (e–g) corresponding
phase fraction, in (a,e) as-built condition, (b,f) after annealing at 900 ◦C, and (c,g) after annealing at
1000 ◦C [146], with permission from Elsevier, 2019.
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Table 6. Tensile strength of duplex stainless steel alloys obtained from L-PBF, compared to standard
reference values.

Grade Equipment
Relative
Density

[%]
Condition BD

Test
Cond.

YS

[MPa]
UTS

[MPa]
El.

[%]
Ref.

SAF2205
SLM

Solutions
280HL

99.7–99.85
As built

V RT
- 940 12

[146]
HT—1000
◦C/0.083 h

- 770 28

SAF2507 NR NR As built - RT 1214 1321 -
[118]

1200 ◦C - 500 30

SAF2507 EOS M270 99
HT—1200
◦C/0.083 h

- RT - 920 1.8
[147]

1200 ◦C - 400 20

Standard Reference Values

Grade Condition Test Cond.
YS

[MPa]
UTS [MPa]

El.

[%]
Ref.

SAF2205
HT—1020–1100 ◦C +

rapid cooling
RT >450 >620 >25

[148]

SAF2507
HT—1025–1125 ◦C +

rapid cooling
RT >550 >800 >15

BD—Building Direction; YS—Yield Strength; UTS—Ultimate Tensile Strength; El.—Elongation; NR—Non reported;
RT—Room Temperature; HT—Heat-treated; H—Horizontal; V—Vertical; QT—Quench and Tempered.

4. Conclusions

The capability of L-PBF systems to process stainless steel alloys is reported in detail in this review,
which therefore could be considered as a reference for all researchers and technologists involved in
activities concerning stainless steel grades and L-PBF manufacturing. In fact, since research in this
field has been receiving a strong impulse in recent years, it could be quite time-consuming for those
people facing such topic for the first time.

The exploitation of the L-PBF technique makes it possible to achieve significant benefits when the
following issues are required:

• Artefact weight reduction (made possible, for example, through topology optimization and/or
lattice structures);

• Easy customization;

• Complex internal features manufacturing (e.g., inclined ducts).

The above-listed advantages, which are known to be relevant for high-cost alloys (such as
superalloys or titanium alloys) and aerospace applications, are also significant for stainless steel grades,
that, since their discovery, have found application in almost every field of application. In this context,
the adoption of L-PBF reflects huge material savings and efficiency enhancement in applications
ranging from biomedical devices to power production plants. L-PBF is particularly suited to additive
manufacturing of stainless steels, since it makes it possible to produce complex features, in a wide range
of cross-section thicknesses, with good compromise in terms of cost and time, while guaranteeing low
oxides contamination. A variety of stainless steel grades coming from different classes (i.e., austenitic,
martensitic, precipitation hardening and duplex) have been satisfactorily processed, meaning that it
could be possible to widen the list of alloys in order to widen the field of applications.

This review shows that, to date, stainless steel alloys have been satisfactorily processed by L-PBF.
Furthermore, the achieved mechanical properties make stainless steels fit the requirements of several
applications. High mechanical properties are targeted, since the porosity level achieved by L-PBF
is quite low and is comparable to conventionally processed materials. This statement is supported
by the activities of many researchers, which has been demonstrated to satisfactorily achieve 99.9%
relative density. Mechanical performances are even higher than the standard requirements, even if a



Metals 2019, 9, 731 21 of 27

wide range of values can be found in the literature, meaning that it is necessary to unify processing
and post-processing routes. For example, standards defining the proper orientation to build and test
samples, together with proper machine allowance and testing surface condition, still do not exist.

The analysis of the listed tested alloys, relative metallurgical microstructures and tensile strengths
reveals a fundamental lack of alloys to be worked, standardization, and development of proper heat
treatment. This inadequacy defines the path for further research and exploitation.

Funding: This research did not receive any specific grant from funding agencies in the public, commercial,
or not-for-profit sectors.
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