
metals

Review

Laser Powder Bed Fusion of Precipitation-Hardened
Martensitic Stainless Steels: A Review

Le Zai 1,2,†, Chaoqun Zhang 1,*,† , Yiqiang Wang 3, Wei Guo 4,††, Daniel Wellmann 1,5,
Xin Tong 2 and Yingtao Tian 5

1 School of Mechanical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China;
zaile_001@163.com (L.Z.); daniel.wellmann@t-online.de (D.W.)

2 College of Materials Science and Engineering, Chongqing University, Chongqing 400045, China;
xintong@cqu.edu.cn

3 United Kingdom Atomic Energy Authority, Culham Science Centre, Abingdon, OX14 3DB, UK;
yiqiang.wang@ukaea.uk

4 Laser Processing Research Centre, School of Mechanical, Aerospace and Civil Engineering,
The University of Manchester, Manchester, M13 9PL, UK; wei.guo@twi.co.uk

5 Department of Engineering, Lancaster University, Bailrigg, Lancaster, LA1 4YW, UK; y.tian12@lancaster.ac.uk
* Correspondence: chaoqunzhang@sjtu.edu.cn or acezcq@gmail.com; Tel.: +86-20-3420-6543
† Le Zai and Chaoqun Zhang contribute equally to this paper.
‡ Dr. Wei Guo is working at The Welding Institute (TWI) Ltd. as a Senior Project Leader.

Received: 22 December 2019; Accepted: 10 February 2020; Published: 14 February 2020
����������
�������

Abstract: Martensitic stainless steels are widely used in industries due to their high strength and
good corrosion resistance performance. Precipitation-hardened (PH) martensitic stainless steels
feature very high strength compared with other stainless steels, around 3-4 times the strength of
austenitic stainless steels such as 304 and 316. However, the poor workability due to the high strength
and hardness induced by precipitation hardening limits the extensive utilization of PH stainless
steels as structural components of complex shapes. Laser powder bed fusion (L-PBF) is an attractive
additive manufacturing technology, which not only exhibits the advantages of producing complex
and precise parts with a short lead time, but also avoids or reduces the subsequent machining process.
In this review, the microstructures of martensitic stainless steels in the as-built state, as well as the
effects of process parameters, building atmosphere, and heat treatments on the microstructures,
are reviewed. Then, the characteristics of defects in the as-built state and the causes are specifically
analyzed. Afterward, the effect of process parameters and heat treatment conditions on mechanical
properties are summarized and reviewed. Finally, the remaining issues and suggestions on future
research on L-PBF of martensitic precipitation-hardened stainless steels are put forward.

Keywords: precipitation-hardened stainless steels; 17–4 stainless steel; laser powder bed fusion;
selective laser melting; microstructure; ferrite; building atmosphere; defects; heat treatment

1. Introduction

Precipitation-hardened (PH) stainless steels (for example, 17–4 PH steel, ≤0.07 C, 15-17.5 Cr, 3-5
Ni, 3-5 Cu, ≤1 Mn, Si, 0.15-0.45 Nb, balance Fe in wt.%) were invented to meet the demand of the rapid
development of the aerospace industry since the 1940s [1,2]. They have much higher strength than
ferritic or austenitic stainless steels [3]. The main precipitation and hardening elements in martensitic
stainless steels are copper (Cu) and niobium (Nb). The hardening process is dominated by the Cu
precipitate phase in the martensite matrix after a high-temperature solid solution and subsequent
aging heat treatment [4–8]. A wide range of mechanical properties of precipitation-hardened (PH)
stainless steels (SS) can be developed through heat treatment at different temperatures, since various
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types of microstructures can be obtained with different heat treatment processes [9]. The typical
temperature range for aging heat treatment for this alloy is 480-620 ◦C [1]. Under the H900 condition
(aging temperature: 482 ◦C, time: 1 h), the precipitation in 17–4 PH stainless steel begins with
Cu-rich precipitates (bcc, body center cubic) that maintain a coherent relationship with the matrix,
which would lead to an increase in tensile strength and toughness [4]. These precipitates can
transform into non-coherent Cu-rich particles (fcc, face center cubic) after extended aging at 400 ◦C [5].
After experiencing over-aging, the precipitates are coarsened. The number of precipitates is reduced,
and the coherence relationship is also destroyed [6,10]. These changes together lead to a decrease in
mechanical strength, but an increase in ductility and impact toughness.

PH stainless steels are widely used in the aerospace industry [11,12], the marine industry [13],
nuclear reactor components [14], chemical process equipment [15], and medical apparatus due to
their high tensile strength, impact strength, fracture toughness, and corrosion resistance at typical
service temperatures below 300 ◦C [15,16]. Most of these parts are important load-bearing components
of heavy machinery in a demanding service environment. However, PH stainless steels have poor
workability and machinability due to their high strength and high hardness, which result in a long
production cycle and difficulties in obtaining desired shapes through conventional machining and
forming processes [17].

Due to the high strength and high hardness of PH steels, they are difficult to be manufactured
via conventional machining processes. Additive manufacturing (AM) processes [18–24]] offer great
new opportunities for producing high-strength PH steel parts with high geometric complexity [25].
Some metal AM processes are used for printing PH steel parts, including laser powder bed fusion
(L-PBF) [17,26,27], wire arc additive manufacturing (WAAM) [28–31], and direct metal laser deposition
(DMLD) [2]. Compared with L-PBF, the printing accuracy of DMLD is limited by the convergence
size of the powder flow, and the forming accuracy of DLMD is lower than that of L-PBF. The forming
accuracy of WAAM is much lower than that of L-PBF; thus, WAAM can only be used for manufacturing
metal parts with simple geometric shapes; moreover, WAAMed parts generally require subsequent
processing [32–34] to achieve satisfied surface quality. Thus, L-PBF is more suitable for producing
PH steel parts with high geometric complexity than both WAAM and DMLD. L-PBF is an advanced
additive manufacturing (AM) technique, which involves a layer-by-layer melting and solidification
of a metal powder according to the sliced Computer Aided Design (CAD) model, and it is widely
used for printing various metals [18,35–61]. L-PBF of stainless steels was widely studied in recent
years, such as austenitic stainless steels 304 [62–65] and 316L [66–86], duplex stainless steels [87–90],
and PH stainless steels [26,27,91–98]. During L-PBF, metallic powder is selectively melted and
fused by a high-energy-density laser beam [99–101]. A schematic of the L-PBF process is shown in
Figure 1a. L-PBF has significant advantages over traditional processing techniques [102,103]. The use
of three-dimensional data, forming parts in the process, without the need for molds, is suitable for
producing materials with complex geometries. In addition, the surface of the formed part is close to the
sand casting situation and often adequate for the application [104]. In terms of cost and production cycle,
significant savings in raw materials and total lead time can be achieved [105]. In terms of performance,
the strength of the L-PBF part is often superior to casting and comparable to wrought parts [106,107].
The weldability and the austenitic/martensitic microstructure of PH stainless steels make it an attractive
alloy for additive manufacturing (AM) processing [108]. Therefore, the manufacturing of PH stainless
steel parts by L-PBF attracted broad interests from industry.
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Figure 1. (a) Schematic of laser powder bed fusion (L-PBF) process, (b) gas-atomized (argon) 17–4
precipitation-hardened (PH) stainless steel (SS) powder; (c) vertically and (d) horizontally orientated
cylindrical bars of 17–4 PH SS samples [26].

In order to obtain an almost fully dense and functional component, many process parameters,
such as laser energy density, scanning strategy, powder bed preheating process, and build chamber
atmosphere, need to be controlled carefully (Figure 1c,d). The volumetric laser energy density E
(J/mm3), as defined in Equation (1), is critical and needs to be above a certain threshold.

E =
P

v × h × t
, (1)

where P (W) is the laser power, v (mm/s) is the laser scanning speed, h (mm) is the hatch spacing (i.e.,
the distance between laser scan lines), and t (mm) is the powder layer height [109].

There are many involved process and design parameters for L-PBF, including powder, laser power,
scanning speed, scanning strategy, and part building orientation (Figure 1c,d). The quality of the
formed parts is usually closely related to the additive manufacturing equipment, materials (powder
material type, powder sphericity, powder fluidity, etc.), and process (process parameters, scanning
strategy) [32–34,110–114]. Various combinations of these parameters result in parts experiencing a
unique and complex thermal history, which results in a mixture of microstructures during the fabrication.
For example, Irrinki et al. [115] studied the mechanical properties of L-PBF 17–4 PH stainless steel using
gas- versus water-atomized powders. It was found that specimens built by gas-atomized powder had
superior densification (87% to 97%), elongation (7% to 23%), and ultimate tensile strength (470 MPa to
850 MPa) at a laser energy density of 64 J/mm3. Specimens made by water-atomized powder were only
as good as those made by gas-atomized powder when the powder bed energy density was increased
to 104 J/mm3. Gu et al. [116] found that the porosity in L-PBFed 17–4 PH stainless steel increased
with decreasing power (70–90 W) and scanning speed (287–800 mm/s) when the energy density was
maintained at 61 J/mm3. Therefore, it is essential to investigate the interrelation between the L-PBF
process and the resulting microstructures. In this review, the microstructure of L-PBFed PH stainless
steels is reviewed first. Afterward, previous investigations on phase transformation behaviors, as well
as the effect of process parameters and post-heat treatments on mechanical properties, are summarized
and reviewed.

2. Microstructure

The L-PBF fabricated parts show a unique microstructure compared with the conventional method.
There are three phases in PH stainless steels: δ-ferrite (bcc), austenite (fcc), and martensite (bcc; austenitic
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transformation occurs when the temperature is below MS). The solid-state phase transformation
of PH stainless steels typically follows a δ-ferrite → austenite → martensite sequence. However,
large undercooling rates (105–106 K/s) [117] render the phase diagram invalid, and pre-solidified
materials undergo cyclic heating/cooling during the L-PBF process, which results in non-equilibrium
microstructures for 17–4 PH stainless steels. Thus, the microstructures of materials fabricated by the
L-PBF method are different from those of conventional processing materials. In addition, L-PBF parts
exhibit anisotropic properties. Generally the mechanical properties in the build direction differ from
those in the plane of the build [98].

2.1. Microstructure in as L-PBFed State

The as-built PH stainless-steel microstructure consists of columnar grains, which are oriented
parallel to the build direction following the vertical thermal gradient between the melt pool and
the solidified lower layers. These columnar shaped grains can have a size of several hundreds of
micrometers (Figure 2c,d), thus extending over several powder layers. This means that, during the
molten pool solidification, the freshly formed crystals have an epitaxial growth by adopting the
orientation of the lower previously formed grains [98]. PH stainless-steel AM samples exhibit columnar
bcc grains with strong overall [118] texture and small equi-axed fcc grains at molten pool boundaries,
as shown in Figure 4.

Figure 2. (a) XRD spectra and (c) EBSD orientation map (Inverse pole figure, IPF Z) of as-built 17–4 PH
steel in the (Y–Z) plane parallel to the build direction; (b) XRD spectra and (d) EBSD orientation map
(IPF Z) of as-built 17–4 PH steel in the (X–Y) plane perpendicular to the build direction [117].
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Previous work on as-built PH SS AM components revealed a non-equilibrium microstructure,
as well as strong differences in texture parallel and perpendicular to the build direction, due to
the very high cooling rates [17,99,104–107,115]. Some of the literature claimed that the as-built
microstructure via L-PBF contains martensite and retained austenite (metastable phase at room
temperature) [26,27,95,98,119–122], completely different from that of a wrought 17–4 PH stainless steel,
which is fully martensitic. However, Alnajjar et al. [117] and Sun et al. [123] respectively reported a
fully δ-ferrite microstructure (based on Figure 2) and a dominantly ferrite microstructure (Figure 3)
with small grains at melt-pool boundaries comprising bcc martensitic laths and equiaxed fcc austenite
grains. Strictly speaking, all the above statements on phase composition cannot be warranted by their
Electron Backscatter Diffraction (EBSD) and X-ray diffraction (XRD) data, since the martensite in the
17–4 steel has a nearly bcc structure (essentially without interstitials, very low carbon concentration)
and appears as “ferrite” in X-ray diffraction and in EBSD. Significant challenges exist in accurately
identifying δ-ferrite, ferrite, and martensite in as-built 17–4 PH SS steel samples due to the high
similarity in the crystal structure. Due to the inconsistence and controversy on the phase composition
of as-built 17–4 PH SS steel as reported in aforementioned papers, it is very necessary to deeply study
the microstructure of as-built 17–4 PH, especially clearly distinguishing and identifying the martensite
phase and δ-ferrite phase. Very recently, Vunnam et al. [91] carried out some meritorious work on this.
They used EBSD image quality (IQ) to distinguish martensite and ferrite phases [91,124]. The martensite
region and grain boundary region usually have low IQ values. Vunnam et al. [91] reported that austenite,
ferrite, and martensite were all detected in different as-built 17–4 PH samples produced using different
17–4 powders with slightly different chemical compositions (mainly different Creq/Nieq values). Vunnam
et al. [91] found that the δ-ferrite-to-austenite phase transformation kinetics depend on the initial powder
chemical composition. Depending on the Creq/Nieq value of the initial powder, the residual δ-ferrite
volume fraction varied approximately from 95% to below 25%. The very sensitive effect of powder
chemical composition was not recognized before the study of Vunnam et al. [91] and may explain the
variability in phase composition results reported in previous investigations. Their findings are useful for
achieving fully martensitic parts in the as-built state by controlling the composition of the powder. As a
result, post-heat treatments may be saved in same cases for lower cost (Figure 4).

Figure 3. (a) XRD spectra of the as-built and heat-treated 17–4 PH SS samples, (b) as-received wrought
sample, and (c) as-built sample; (d) a typical melt pool in the as-built sample. (e) An EBSD grain
orientation map obtained from the area shown in Figure 3d [123].
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Figure 4. EBSD orientation maps: (a,b) as-built sample; (c) solution heat-treated (HT) sample; (d) H900
sample [123], 17–4 steel.

For 17–4 PH stainless steel, the starting and ending temperatures of martensitic transformation
Ms (132 ◦C) and Mf (32 ◦C) are higher than room temperature, which leads to complete transformation
of austenite at room temperature [14]. For the AM specimens, the cooling rates in L-PBF are high
enough to form a complete martensite structure [122]. However, some regions of martensite formed
during the L-PBF process would be heat-affected by laser scanning paths, resulting in the formation
of reverted austenite (inter-lath austenite). Hence, the as-L-PBFed sample could possess a relatively
small volume of reverted austenite. Furthermore, other characteristics, such as the residual stresses at
the grain boundaries, dislocation density, and grain size, may reduce the MS and Mf temperatures
to below room temperature. All of these factors would lead to an incomplete transformation of the
austenite phase [95,98,117]. The presence of austenite-stabilizing elements such as N in the powder
and (as N2 gas) in the build chamber would also contribute to that phenomenon [96]. Additionally,
some factors such as initial conditions of the powder, building orientation, chamber atmosphere,
and subsequent processing and heat treatment conditions demonstrated significant effects on the
austenite-martensite transformation and the amount of retained austenite in L-PBF 17–4 PH stainless
steel. In general, the high retained austenite (RA) content (after printing) is related to the following
factors: the presence of nitrogen plays a role in stabilizing the austenite, but also segregation effects
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resulting from rapid cooling could be responsible for the high RA fraction. Segregation would result in
different local chemical compositions (favoring local RA); heat treatment would nullify the effect by
chemical homogenization. Below is a detailed discussion of the above factors.

(1) Initial Atomizing Media of Powder and Building Chamber Atmosphere

Powders obtained from gas-atomized (argon-atomized and nitrogen-atomized) or water-atomized
techniques were proven to be feasible for L-PBF because of their respective advantages [115]. As shown in
Figure 5, gas-atomized powders (Figure 5a) are spherical particles, while water-atomized powders have a
mixture of semi-spherical and rounded shapes with relatively clean particles without satellites (Figure 5b).
The building chamber atmosphere (argon or nitrogen) is essential to prevent powder oxidation during
the L-PBF process at elevated temperature. The effects of powder types associated with manufacturing
atmosphere on the final microstructure of L-PBF 17–4 PH steels are listed in the Table 1.

Figure 5. Micromorphology of 17–4 PH SS powder: (a) gas-atomized powder and (b) water-atomized
powder [125]. (reproduced from [125], with permission from Elsevier, 2018).

Table 1. The effect of atomized media and building atmosphere on the amount of retained austenite.

Powder Type Argon Gas Fabrication Nitrogen Gas
Fabrication Reference

Argon-atomized (α) α 1 α [96]
Nitrogen-atomized α (6%) + γ (94%) α α (15%) + γ (85%) [96]

Nitrogen-atomized (α + γ) α (92%) + γ (8%) α + γ (more than 50%) [95]
Nitrogen-atomized α (dominate) + γ α - [93]

Water-atomized α + γ (dominate) α + γ 1 - [93]
Gas-atomized α - [94]

Gas-atomized α (70%) + γ (30%) α - [125]
Water-atomized α (20%) + γ (80%) α (more than 20%) + γ - [125]

1 α-(bcc-martensite); γ-(fcc-austenite); material: 17–4 steel.

Despite the differences in the results of the existing literature, the effect of different atomizing
media on the microstructure of powder is enormous [95,96]. Nitrogen-atomized powder makes it
easier to obtain austenite than argon-atomized powder, and water-atomized powder can obtain the
maximum volume fraction of austenite in three atomization modes. Among the three atomizing media,
the cooling rates for water-atomized powder are 10-100 times larger than gas-atomized powders [126]
(a high cooling rate refines the grains and suppresses the austenite transformation). The carbon content
of the water-atomized powder (0.208 wt.%) is much higher than that of the gas-atomized powder
(0.03 wt.%) [93], and the relatively higher carbon content lowers the MS temperature and suppresses
the production of martensite. The combination of these two factors leads to a higher austenite content
in raw powder materials. Moreover, the formation of retained austenite appears to be highly likely due
to the absorption of nitrogen, an austenite stabilizer [95,96,127], from both powder atomizing media
and chamber atmosphere, resulting in decreased martensite.
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(2) Energy density

Table 2 shows the relative phase content of as-built L-PBF parts obtained by gas-atomized and
water-atomized powder under different energy densities. When the energy density is increased from
64 J/mm3 to 104 J/mm3, the phase remains unchanged in the gas-atomized case, i.e., fully martensitic.
The amount of residual austenite phase in water atomized powder printing is inversely proportional to
the laser energy density. This trend may be caused by the increased peak temperature in the melt pool
due to the increased heat input. The microstructure of the deposited sample at 64 J/mm3 volumetric
laser energy density exhibited a coarser lath martensitic structure, as shown in Figure 6a, and an
ultrafine martensitic structure was observed, as shown in Figure 6b. Figure 6 shows that a significant
amount of the large porosity can be attributed to the lack of fusion at a lower energy density of 64 J/mm3.
In the L-PBF process, martensite is formed when austenite is rapidly cooled below the MS temperature
according to the continuous cooling transformation (CCT) curve.

Table 2. The effect of energy destiny on the amount of retained austenite of parts obtained by
gas-atomized and water-atomized powder (material: 17–4 steel).

Energy
Density(J/mm3)

Gas-Atomized
Powder Water-Atomized Powder Chamber

Atmosphere Reference

64 α (coarse) α + γ Argon [93]

104 α (fine) α (fraction of phase
increased) + γ

Argon [93]

64 α α (70 ± 5%) + γ (30 ± 5%) Argon [125]
80 α α (75 ± 5%) + γ (25 ± 5%) Argon [125]
84 α α (80 ± 5%) + γ (20 ± 5%) Argon [125]

104 α α (90 ± 5%) + γ (10 ± 5%) Argon [125]

Figure 6. Optical micrographs of as built 17–4 PH SS perpendicular to the build direction: (a) gas-atomized
at 64 J/mm3, (b) gas-atomized at 104 J/mm3, (c) water-atomized at 64 J/mm3, and (d) water-atomized at
104 J/mm3 [93].

(3) Building orientation

The relationship between the aspect ratio of the part and the building orientation would affect its
thermal history during the AM process. For example, in the case of a cylindrical rod, the sample in the
vertical orientation has a higher building aspect ratio (tall but slim), while the sample in the horizontal
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orientation has a lower aspect ratio (short and wide) [26]. Eventually, this may affect its final grain sizes
and phase fraction [128]. A larger amount of retained austenite can be found in horizontally orientated
samples (93% martensite +7% austenite) than in vertically orientated samples (97% martensite + 3%
austenite) in EBSD maps of selected areas, as reported by Yadollahi et al. (Figure 7) [26]. The difference
in austenite volume fraction is because the deposited area between layers of the horizontal sample is
larger, and the time interval between melted layers is evidently longer as compared to vertical ones,
which allows more heat energy to dissipate through the surrounding space, powder bed, and previously
melted layer. Therefore, the initial temperature difference between the molten pool and the previously
solidified surface is larger, which leads to a higher cooling rate of horizontal samples and refinement of
austenite grains.

Figure 7. EBSD maps of selected areas in the middle region of (a) vertical and (b) horizontal as-built
(AB) samples [26], material: 17–4 steel.

(4) Laser scanning pattern

The laser scanning strategy can change the thermal history of each layer, thus affecting the porosity
and microstructure of L-PBF parts [129]. Although the energy density input to the powder bed remains
unchanged, the total distance that the laser travels varies with the strategy due to the geometric
constraints of the specific scanning strategy. In addition, the scanning time of each layer is also
different. Six different laser scanning strategies are shown in Figure 8 [129]. Except for the hexagonal
scanning strategy, the grains of all scanning strategies were textured along the build direction due to
the repetitive nature of the line scanning strategy. Table 3 [129] shows the average austenite fraction
corresponding to different scanning strategies.
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Figure 8. Schematic diagram of different scanning strategies [129].

Table 3. The effect of scanning strategy on the average amount of austenite phase, 17–4 steel.

Scanning Strategies Average Austenite
(Volume fraction, %) Reference

17–4 PH powder 62.9

[129]

Hexagon pattern 1 ~58.3
Concentric middle 2 ~82.4
Concentric edges 2 ~50.3

90-BF-F 3 ~27.2
90-BF-T 4 ~25.2
0-BF-F 5 ~43.6
0-BF-T 6 ~69.9

1 The hexagon pattern (“hexagon”) consists of 25-mm-diameter hexagonal islands with a 100-µm overlap of hexagons
within the layer. The hexagons are fused at a 45◦ angle to the loading axis of the tensile specimens. From layer to
layer, in the Z-direction, the pattern angle alternates between 315◦ and 225◦. The hexagon pattern is the default scan
strategy for three-dimensional (3D) system metal printers. 2 Concentric pattern (“concentric”) consists of successive
outlines of the part. In this case, the outer perimeter of the part is processed by the laser first, and the outlines move
successively inward toward the center of the part. 3 90◦ vertical hatch pattern one direction (90-BF-F). This pattern
is unidirectional in the axis perpendicular to the loading axis of the tensile bar. 4 90/270◦ vertical hatch pattern
(90-BF-T). This pattern is bidirectional to the axis perpendicular to the loading axis of the tensile bar. 5 0◦ horizontal
hatch pattern (0-BF-F). This pattern is unidirectional to the axis parallel to the loading axis of the tensile bar. 6 0/180◦

horizontal hatch pattern (0-BF-T). This pattern is bidirectional to the axis parallel to the loading axis of the tensile bar.

2.2. Microstructure after Heat Treatments

The unique heating, melting, and solidification conditions during the additive manufacturing
process induce microstructural heterogeneities, anisotropy, and residual stresses in almost all cases.
Post-heat treatments are required to mitigate these effects, especially for PH stainless steels strengthened
by the precipitation of highly dispersed Cu-rich particles. Post-heat treatment has an important effect
on the microstructure of L-PBF parts. For example, solution annealing and the aging process can
recrystallize and homogenize the microstructure to remove the interface region. The interface area of
the deposited layer and the boundary of the molten pool disappear completely. Sun [123] reported
that the microstructure of the solid solution heat-treated AM sample is finer and more uniform than
that of the AM sample. The {100} texture of the original columnar ferrite grains was eliminated,
and the volume fraction of the retained austenite was reduced by condition A (solutionizing treatment),
as shown in Figure 4c,d. Different heat treatment conditions have a significant effect on the content of
retained austenite, as shown in Table 4 and Figure 9. Solution heat treatment is sufficient to eliminate
the metastable austenite phase. In this case, the subsequent aging treatment of the material results in
an increase in yield and tensile strength. With the increase in aging temperature and time, the volume
percentage of austenite is as high as 20.4% [27,122]. The copper-rich precipitates can be formed within
the martensite matrix during the aging process, but this does not occur spontaneously in the as-built
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sample. Upon direct over-aging 17–4 PH stainless steel to temperatures above peak-aging, this state
with the extension of temperature and time returns the martensite matrix to the softer austenite phase,
as shown in Figure 10a. This figure shows Transmission Electron Microscope (TEM) images of L-PBF
+ direct aging specimens with an overview of the microstructure of both martensite and austenite.
The selected area diffraction pattern (SADP) in Figure 10b represents the crystal structure reverting to
austenite (γ-phase FCC). SEM transmission Kikuchi diffraction (SEM-TKD) analysis shows the electron
band contrast, phase diagram, and inverse pole figure Z (IPFZ). A superfine grain structure can be
observed in Figure 10c. Some austenite grains even reach a sub-micron size. It is noteworthy that direct
aging results in a high fraction of austenitic reduction, i.e., 17.9%. It is observed that these austenite
grains nucleate on the grain boundaries of the slab and parent austenite [27,122]. The high-volume
fraction of austenite in the as-L-PBFed state can inhibit the aging strengthening. However, with the
increase in heat treatment temperature, the retained austenite of L-PBF gradually transforms into
martensite. Possibly, the relaxation of residual stress leads to the transformation of austenite into
martensite after cooling from heat treatment. Over-aging of H1025 and H1150 heat treatments does
not lead to the expected negative relative strengthening [27]. The gas-atomized powder shows a single
martensite after low-temperature solutionizing (1051 ◦C) and aging (482 ◦C).After high-temperature
dissolution (1315 ◦C) and aging (482 ◦C), both gas-atomized and water-atomized components exhibit a
complete martensitic structure [93].

Table 4. The effect of heat treatment conditions on the amount of austenite (material: 17–4 steel).

Condition Martensite (bcc, α), % Austenite (fcc, γ), % Reference

As-fabricated 64.0 36.0 [27]
H900 1 59.5 40.5 [27]
H1025 89.6 10.4 [27]
H1150 94.4 5.6 [27]

Condition A 2 100 0 [27]
CA-H900 96.7 3.3 [27]

CA-H1025 95.3 4.7 [27]
CA-H1150 79.6 20.4 [27]
As-L-PBF 93.8 6.2 [122]

L-PBF + SHT 3 98.5 1.5 [122]
L-PBF + SHT + Aging 4 95 5 [122]
L-PBF + Direct Aging 82.1 17.9 [122]

1 H900 (480 ◦C for 1 h), H1025 (550 ◦C for 4 h), and H1150 (620 ◦C for 4 h) heat treatments; 2 Condition A (CA) state
(1040 ◦C for 30 min) and quenched prior to the subsequent aging; 3 SHT (solution heat treatment) was conducted at
788 ◦C for 2 h followed by water quenching to room temperature; 4 Aging was conducted at 482 ◦C for 1 h followed
by water quenching to room temperature.

Figure 9. Volume fraction of austenite under different heat treatment conditions, material: 17–4 steel [27,122].
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Figure 10. Reverted austenite in L-PBF þ Direct Aging 17–4 PH specimens: (a) TEM image providing
an overview of the reverted austenite; (b) selected area diffraction pattern (SADP) indicating reverted
austenite (g phase); (c) SEM transmission Kikuchi diffraction (SEM-TKD) analyses showing the electron
band contrast (BC), phase map of martensite (blue) and austenite (red), the inverse pole figure Z of
martensite (IPFZ-bcc), and the inverse pole figure-Z of austenite (IPFZ-fcc) [122].

3. Defects

The density of the AM parts is related to the bulk density of the powder. Factors including
powder surface, particle shape, particle size, and flowability of the powder can affect the bulk density
of powder [130]. Density of the L-PBF parts is often measured using a method based on Archimedes’
law [115,125,129]. Hu [131] demonstrated that scan speed and slice thickness have a significant
impact on the L-PBF part’s density. Process parameters affect the density of the molten pool by
changing the behavior of the molten pool. In addition, there is a negative correlation between slice
thickness and relative density. The density of L-PBF parts under different laser energy densities and
scanning strategies is shown in Table 5, where the L-PBF part’s density increases with laser energy
density. A larger volume of low-viscosity molten liquids induced by higher heat input is formed in the
powder bed, which may lead to a better wettability and subsequently enhance the densification [132].
The scanning strategy does not have very much influence on densification of L-PBF parts, but it can
lead to different roundness and area distribution of holes [129].
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Table 5. The effect of energy density and scanning strategy on the density of L-PBF parts (material:
17–4 steel).

L-PBF Parts from Scanning Strategy Energy Density
(J/mm3) Density (%) Reference

Gas-atomized powder D50 = 13 µm
Water-atomized powder D50 = 17 µm
Water-atomized powder D50 = 24 µm
Water-atomized powder D50 = 43 µm

N/A 64 96.6 ± 0.5/96 ± 0.8/
87 ± 0.3/89.7 ± 0.3 [125]

N/A 80 97.4 ± 0.5/97.1 ± 0.6/
91.4 ± 0.6/94.5 ± 0.7 [125]

N/A 84 97.6 ± 0.5/97 ± 0.8/
96.3 ± 0.5/97 ± 0.5 [125]

N/A 104 97.5 ± 0.5/97 ± 0.5/
96.8 ± 0.1/97 ± 0.5 [125]

Average particle size 14.5 µm,
D10 = 3.28 µm,
D90 = 30.14 µm

Hexagon 62.5 98.9 [129]
Concentric 62.5 98.2 [129]

90-BF-F 62.5 98.5 [129]
90-BF-T 62.5 98.8 [129]
0-BF-F 62.5 98.7 [129]
0-BF-T 62.5 98.7 [129]

In the as-built and heat-treated specimens, many microscopic defects (porosity or inclusions)
could exist due to non-optimal thermal histories impacting the wettability, thermal, and flow behavior
of the melt pool. These porosities can be classified into three types by their characteristic morphology
and different formation mechanism, as shown in Figure 11 [129]. Type I porosity is in a spherical
shape caused by entrapped gases and low laser penetration depth due to the vapor pressure of the
entrained gas. This may be affected by the powder packing density and the powder manufacturing
process [26,133]. The shape of type II porosity is more irregular than that of a trapped gas pore
occurring from a submicron to macro-size [34] It is caused by many factors related to the AM process,
such as cracking caused by thermal stress, incomplete melting of particles, and balling by the inability
of the melt pool to overcome surface tension, which creates incomplete coverage for the next powder
layer [34]. Type III is mostly an irregular slit shape [26] leading to stress concentrations more severe
than spherically shaped pores, caused by the incomplete fusion of the powder layer into the underlying
layer, resulting in inter-laminar cracking or elongated voids along the boundary of molten pool [134].
Such voids have a significant impact on the mechanical properties of L-PBF parts, especially its
elongation to failure and fatigue behavior, due to the susceptibility of crack initiation.

Figure 11. Optical micrographs of 90-BF-F AM show typical defects observed in all samples (material:
17–4 steel). The loading direction is perpendicular to the page, and the building direction is parallel to
the Z-direction [129].
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4. Mechanical Properties

4.1. Hardness Distribution

4.1.1. Effect of Process Parameters on Hardness

Ponnusamy [135] investigated the effect of defocus distance of the laser beam on the surface
characteristics of 17–4 PH stainless-steel parts manufactured by L-PBF. The results showed that the
maximum microhardness was about 414 HV with minimal surface roughness for samples with a
defocus of -4 mm at 85% laser power (maximum power 300 W). The hardness of L-PBF parts obtained
using water-atomized powder is considerably lower than that of gas-atomized and wrought alloy
parts because of the higher content of martensite in gas-atomized powder. The hardness of L-PBF parts
increases from 18 HRC to 24 HRC when the energy density increases from 64 J/mm3 to 104 J/mm3.
This might be due to the relatively higher density of the parts being manufactured at higher laser
energy density, as reported by Pasebani [93]. Irrinki [115] also found that hardness of parts fabricated
through both water-atomized and gas-atomized powders increased with increased laser energy density.
Murr et al. [96] compared the L-PBF fabrication of both Ar-atomized and N2-atomized powder in an
Ar atmosphere (Ar/Ar; N2/Ar). It was found that L-PBF fabrication of N2-atomized powder in a N2

atmosphere (N2/N2) generated more retained austenite with lower hardness. Accordingly, Ar-atomized
powder (Ar/N2) in N2 atmosphere produces a similar content of martensite (Ar/Ar; N2/Ar) to that of Ar

and N2 powder in Ar atmosphere accompanied by similar hardness values, as shown in Figure 11
of Reference [96]. Building orientation, inter-layer time intervals, and energy density can affect the
thermal history experienced during the fabrication, which results in a different amount of retained
austenite in the microstructure, showing different microhardness. The correlations among scanning
velocity, hatch spacing, slice thickness, and microhardness all exhibit a downward trend. The volume
percentage and size of the Cu precipitates play an important role in changing the microhardness [131].

4.1.2. Effect of Heat Treatment on Hardness

As reported by Akita et al. [17], the average hardness of as-built, L-PBF-quenched (the as-built
sample was heated to 1050 ◦C and held for 4 h, followed by water quenching), and CM (conventionally
melted) specimens were 275 HV, 340 HV, and 454 HV (test load: 4.9 N, load-holding time: 30s),
respectively. The microstructure (Figure 12) containing δ-ferrite (soft-tough phase) was attributed to the
relatively slow cooling rate during the L-PBF process, while the microstructures of the L-PBF-quenched
specimen were more uniform. This specimen consists of rough acicular martensite due to the extremely
fast cooling rate by water quenching. The martensite in the CM sample is finer and more uniform
than the L-PBF-quenched sample. The above differences in microstructure explain the changes in
hardness shown in Figure 13. Previous investigations of L-PBF 17–4 PH stainless steels focused on
evaluating the heat treatment response of as-built material through hardness measurements in the
solutionized [27,129,136,137], solutionized and aged [27,93,129,136], and aged only conditions [27,95,96],
as shown in Table 6. The L-PBF + SHT specimen exhibited higher hardness values than the As-L-PBF
sample. A higher martensitic phase fraction and some traces of Cu-rich precipitates in L-PBF +

SHT specimen were responsible for the increase in hardness. The L-PBF + SHT + aging specimen
exhibited much higher hardness than the L-PBF + SHT specimen. This increase was mainly due to
precipitation strengthening by the aging process. When going from the as-built condition directly into
an aging heat treatment (without solution treatment), the change in hardness values depends on the
amount of retained austenite, which is dictated primarily by the original atomization condition of the
powders [136].
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Figure 12. (a) Three-dimensional macro-morphology of L-PBF specimen; (b,c) microstructure of L-PBF
specimen; (d,e) microstructure of L-PBF-quenched specimen; (f,g) microstructure of conventionally
melted (CM) specimen. (Material: 17–4 steel) Arrows indicate ferrite-rich area [17].

Table 6. The effect of heat treatment conditions on hardness (material: 17–4 steel).

Condition Hardness (HV) Martensite (bcc, α), % Austenite (fcc, γ), % Reference

As-fabricated 333 ± 2 64.0 36.0 [27]
H900 1 375 ± 3 59.5 40.5 [27]
H1025 399 ± 8 89.6 10.4 [27]
H1150 381 ± 3 94.4 5.6 [27]

Condition A 2 330 ± 3 100 0 [27]
CA-H900 417 ± 5 96.7 3.3 [27]
CA-H1025 350 ± 4 95.3 4.7 [27]
CA-H1150 317 ± 3 79.6 20.4 [27]

As-built 334.5 ± 15 N/A N/A [123]
Solution 355.2 ± 8 N/A N/A [123]

Solution + H900 524.5 ± 6 N/A N/A [123]
1 H900 (480 ◦C for 1 h), H1025 (550 ◦C for 4 h), and H1150 (620 ◦C for 4 h) heat treatments; 2 Condition A (CA) state
(1040 ◦C for 30 min) and quenched prior to the subsequent aging.
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Figure 13. Hardness under different heat treatment conditions, material: 17–4 steel [27,123].

4.2. Tensile Properties

L-PBF 17–4 PH SS parts are not necessarily fully martensitic and often contain some retained
austenite. The amount of retained austenite can be highly dependent on various fabrication conditions.
The volume percentage of retained austenite may significantly influence the material’s strength,
toughness, strain hardening, and elongation to failure [95,96]. With the increase in the content of
retained austenite phase, the tensile strength and hardness of the parts decrease, while the retained
austenite is beneficial to improve the strain hardening and elongation at break because of the
transformation-induced plasticity (TRIP) effect.

Studies [26,122] were conducted to investigate the effect of building orientation on mechanical
properties, as shown in Table 7. The results showed that the building direction has a certain influence
on the monotonic stretching behavior of L-PBF 17–4 PH stainless steel. Compared with the horizontal
sample, the vertical sample has a small volume per unit volume and a large porosity. For vertical
specimens, the weak interfacial layer is perpendicular to the direction of the tensile load, providing
an easier route for pore growth and coalescence. However, in horizontal samples, these layers are
parallel to the loading axis, which hinders the opening and expansion of the voids [26]. The increase
in strength could be attributed to the relatively higher density of the manufactured part at a higher
laser energy density, which produces sufficient heat to melt the powder, and the fraction of martensitic
phase increased in the part made in water-atomized powder [93,125]. Furthermore, the strength of the
as-built sample after heat treatment was improved to different extents both shown in Table 8. The effect
of heat treatment on the strength (yield strength and tensile strength) is attributed to the hardened
second-phase precipitates in the matrix, as well as other changes in microstructure characteristics, i.e.,
the phase volume fraction (relative volume fraction of martensite to retained austenite), grain size, and
morphology. The martensite phase content of the L-PBF + SHT or Condition A (CA) sample is higher
than that of the AS-L-PBF sample, which is responsible for the higher strength. After the aging process,
the L-PBF + SHT + aging or CA- H××× specimen also has a higher strength due to precipitation of
chromium-nickel-copper, which occurs during aging as shown in Table 8. The enhancement of L-PBF +

direct aging comes from work hardening [122]. In addition, the voids, pores, and unmelted areas (i.e.,
weaker metallurgical bonding) between layers can be attributed to entrained gases and lower laser
penetration depth. Such voids obviously affect the mechanical properties of materials, especially their
elongation at break and fatigue properties.



Metals 2020, 10, 255 17 of 25

Table 7. The effect of build orientation on the mechanical properties (material: 17–4 steel).

Samples Yield Strength
(MPa)

Ultimate Tensile
Strength (MPa) Elongation (%) Reference

As-built
samples

Vertical 580 940 5.8

[26]Horizontal 650 1060 14.5
CA-H900
samples

Vertical 1020 1150 2.8
Horizontal 1250 1410 11

Table 8. The effect of heat treatments on the mechanical properties (material: 17–4 steel).

Condition Yield Strength
(MPa)

Ultimate Tensile
Strength (MPa) Elongation (%) Reference

As-built samples, vertical 580 940 5.8 [26]
CA-H900 samples, vertical 1020 1150 2.8 [26]

As-built samples, horizontal 650 1060 14.5 [26]
CA-H900 samples, horizontal 1250 1410 11 [26]

As-fabricated 661 ± 24 1255 ± 3 16.2 ± 2.5 [27]
H900 1 945 ± 12 1417 ± 6 15.5 ± 1.3 [27]
H1025 870 ± 25 1358 ± 8 13.3 ± 1.5 [27]
H1150 1005 ± 15 1319 ± 2 11.1 ± 0.4 [27]

Condition A 2 939 ± 9 1188 ± 6 9.0 ± 1.5 [27]
CA-H900 1352 ± 18 1444 ± 2 4.6 ± 0.4 [27]

CA-H1025 1121 ± 9 1172 ± 2 9.6 ± 1.7 [27]
CA-H1150 859 ± 11 1017 ± 15 16.6 ± 1.2 [27]

As-L-PBFed 803 1228 12.7 [122]
L-PBF + SHT 3 966 1268 8.8 [122]

L-PBF + SHT + Aging 4 1276 1381 13.6 [122]
L-PBF + Direct Aging 1173 1478 9.8 [122]

Solutionized at
1015 ◦C and

aged at 482 ◦C

Gas-atomized
(energy density
y1 = 64 J/mm3,
y2 = 104 J /mm3

1116/1200 1358/1368 5.2/2.6 [93]

Water-atomized
(energy density
y1 = 64 J/mm3,
y2 = 104 J/mm3

365/500 510/990 1/3.3 [93]

Solutionized at
1315 ◦C and

aged at 482 ◦C

Gas-atomized
(energy density
y1 = 64 J/mm3,
y2 = 104 J /mm3

1186/1255 1308/1300 2.6/2 [93]

Water-atomized
(energy density
y1 = 64 J/mm3,
y2 = 104 J/mm3

650/1000 780/1261 0.7/5.5 [93]

1 H900 (480 ◦C for 1 h), H1025 (550 ◦C for 4 h), and H1150 (620 ◦C for 4 h) heat treatments; 2 Condition A (CA) state
(1040 ◦C for 30 min) and quenched prior to the subsequent aging; 3 SHT (solution heat treatment) was conducted
at 788 ◦C for 2 h, followed by water quenching to room temperature; 4 Aging was conducted at 482 ◦C for 1 h,
followed by water quenching to room temperature.

4.3. Fatigue Properties

For L-PBF PH SS components, it is important to pay attention to their fatigue behavior. This is
because fatigue failure is the most common failure mechanism in many engineering components and
structures. Fatigue failure is the result of cyclic loading and may occur when the stress is much smaller
than that caused by monotonic failure.

Few studies tested the performance of L-PBF fabricated 17–4 PH stainless-steel parts under cyclic
loading, and the results indicated that fatigue properties were more sensitive to the defects generated
by L-PBF (e.g., porosity, microcracks), leading to the low fracture strains and stresses under cyclic
loading. Akita et al. [17] compared the fatigue strengths and crack growth behavior fabricated by
L-PBF, L-PBF-quenched (the as-built sample was heated to 1050 ◦C and held for 4 h, followed by
water quenching), and CM (conventionally melted) samples. The L-PBF and L-PBF-quenched 17–4
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PH stainless steel exhibited much lower fatigue strengths compared to the CM one due to the lower
hardness and higher population of defects. However, fatigue crack growth resistances of the L-PBF
and L-PBF-quenched 17–4 PH stainless steel were higher than that of the CM one due to frequent crack
branching and deflection. Yadollahi et al. [26] investigated the effects of building orientation and heat
treatment (solution annealing and peak aging) on the fatigue properties. The voids and interlayer
cavities formed by insufficient melting of vertical specimens in L-PBF process were more harmful than
those of horizontal specimens. This is because they provide greater stress concentration under load,
which results in lower fatigue strength, as shown in Figure 14. It was also found that the high cycle
fatigue life of the specimens after heat treatment is significantly lower than that of the as-built parts,
which is because the fatigue life is more sensitive to impurities precipitated during aging. In contrast,
the low cycle fatigue life of the specimens is higher than that of the as-built parts. However, the results
show that using Archimedes’ principle to measure the scalar density of a single piece is an ineffective
method to improve the fatigue strength of a single piece. Future research directions should pay
attention to how to adjust process parameters to improve fatigue performance with sufficient density.

Figure 14. Schematic diagram of the unmelted region formed in the vertical and horizontal building
directions with respect to the direction of load and stress concentration [26].

5. Summary and Outlook

In this paper, previous studies on PH stainless steels parts fabricated by L-PBF were reviewed.
The effects of initial powder characteristic, process parameters, and post-heat treatment on L-PBF
microstructure, phase transformation behavior, and mechanical properties were discussed.

Despite the attractive advantages of producing PH stainless-steel parts by L-PBF, obstacles
still remain, which hamper its widespread practical applications in industrial applications. Rapid
melting, solidification, and re-melting of powders during the process and different combinations of
processing parameters result in a complex thermal history and complicated microstructure. In the
future, the influence of various factors, including process parameters, initial powder characteristic,
building atmosphere, and post-heat treatments needs to be deeply studied to understand the phase
transformation and microstructure evolutions which occur during the L-PBF of PH stainless steels.
Accurately identifying δ-ferrite, ferrite, and martensite in L-PBFed PH stainless-steel samples is of
significant importance for further studies on microstructure evolution. Fatigue properties and corrosion
properties should be further investigated to realize the industrial applications of L-PBFed PH stainless
steels. More investigations on the influence of various heat treatments on the microstructure evolution
are necessary to better control the microstructures and properties of L-PBFed PH stainless steels
through high-efficiency and low-cost heat treatments.
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