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A B S T R A C T   

Today, a large number of different steels are being processed by Additive Manufacturing (AM) methods. The 
different matrix microstructure components and phases (austenite, ferrite, martensite) and the various precipi
tation phases (intermetallic precipitates, carbides) lend a huge variability in microstructure and properties to this 
class of alloys. This is true for AM-produced steels just as it is for conventionally-produced steels. However, steels 
are subjected during AM processing to time-temperature profiles which are very different from the ones 
encountered in conventional process routes, and hence the resulting microstructures differ strongly as well. This 
includes a very fine and highly morphologically and crystallographically textured microstructure as a result of 
high solidification rates as well as non-equilibrium phases in the as-processed state. Such a microstructure, in 
turn, necessitates additional or adapted post-AM heat treatments and alloy design adjustments. In this review, we 
give an overview over the different kinds of steels in use in fusion-based AM processes and present their mi
crostructures, their mechanical and corrosion properties, their heat treatments and their intended applications. 
This includes austenitic, duplex, martensitic and precipitation-hardening stainless steels, TRIP/TWIP steels, 
maraging and carbon-bearing tool steels and ODS steels. We identify areas with missing information in the 
literature and assess which properties of AM steels exceed those of conventionally-produced ones, or, conversely, 
which properties fall behind. We close our review with a short summary of iron-base alloys with functional 
properties and their application perspectives in Additive Manufacturing.   

1. Introduction 

The main advantages of additive manufacturing (AM) technologies 
of metallic parts compared to conventional synthesis and shaping pro
cesses lie in their ability to produce complex and/or customized parts 
with a short lead time, albeit in relatively low numbers. These advan
tages are exploited for example when patient-specific implants are 
produced, when complex, structurally optimized parts lead to 
performance-critical weight savings, or when AM is used for the repair 
of expensive metallic jet engine parts. The alloys usually envisaged in 
these applications are biocompatible, high temperature and lightweight 
materials such as Ti-, Ni-, Al- and Mg-based alloys. Consequently, re
views of alloys in AM have typically focussed on these materials [1–3], 
with two notable exceptions which do discuss steels, however with a 
different focus than the present review [4,5]. Yet, the most successful of 
all alloy families since the dawn of the iron-age 3000 years ago, namely 
steel, has received relatively little attention with respect to providing a 

holistic view of the interplay of alloy design, microstructure, properties 
and AM processing. 

1.1. Scope of this review 

In this review article, we aim to fill that gap by providing a review of 
the many different steels in use today in AM. Our focus is on the mi
crostructures as well as the mechanical and electrochemical properties 
of steels made by fusion-based AM. In particular, we concentrate on the 
impact of the typical process conditions (thermal, chemical) operative 
during AM processing on the microstructure and properties. In contrast 
to the recent review by Fayazfar et al. [5], we do not describe in detail 
the AM process parameters required to achieve dense parts. We do 
discuss the impact of process parameters on the microstructure, where 
relevant. we restrict ourselves to fusion-based AM processes, in partic
ular Laser and Electron-beam Powder-Bed Fusion (L-PBF and E-PBF) as 
well as Directed Energy Deposition (DED). Of these processes, the 
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overwhelming majority of published studies are concerned with DED 
and L-PBF. While E-PBF is entirely capable of processing steels, its main 
applications today lie with other alloys. 

We intentionally do not describe metal matrix composites (MMC) 
here. In particular in DED processing, which traces its roots to cladding 
(hardfacing) processes, there is a very high number of different steels 
reinforced by hard second-phase particles in use. Describing all of these 
in detail would lengthen this review excessively. We refer the reader to 
other reviews of this class of materials [3,6,7]. Additionally, we restrict 
ourselves to chemically homogeneous materials. This means that we do 
not give an exhaustive list of studies dealing with chemically graded 
specimens or AM of dissimilar alloys (multi-material approaches). Note 
that AM of graded specimens shares many similarities and challenges 
with dissimilar metals joining, which has been researched in the joining 
and welding community for many years. 

1.2. Steel classes and their applications 

Steels are the materials of choice in applications where the re
quirements are. 

1. Corrosion resistance and general longevity under harsh environ
mental conditions  

2. Strength, ductility, hardness, toughness and wear resistance  
3. Low price  
4. Unrivalled variety of achievable microstructure features ranging 

from ultra-hard martensite to compliant multiphase compounds, 
and/or  

5. Functionalities such as ferromagnetism or invar effects. 

The requirement of a good resistance to environmentally harsh 
conditions calls for stainless steels. Consequently, these steels, in 
particular AISI 316L/1.4404, are used in a large variety of applications 
where the parts to be fabricated are expected to come into contact with 
corrosive media at moderate temperatures during service. Where an 
overlap of corrosion resistance and increased mechanical strength and 
hardness (compared to austenitic stainless steels) is required, maraging- 
type precipitation-hardened martensitic stainless steel grades are often 
used (so called PH steel grades such as 17-4PH/1.4542 and 15-5PH/ 
1.4545). This is e.g. the case in marine, power-plant and injection 
moulding industries [8]. 

Good yield strength, high hardness and abrasion resistance are 
required in the tool and die making industry, calling for tool steels. The 
key advantage of AM in this application is the ability to manufacture 
many separate, smoothly curved cooling channels close to the surface 
contour of e.g. injection moulding tools, leading to an efficient heat 
removal and thus an increased productivity and/or lifetime of the tool 
[9–14]. The tool steels most used in conventional toolmaking processes 
contain a significant amount of carbon and are not easy to process, as 
will be described later, and thus the most popular choice of tool steel in 
AM processing today are the carbon-free maraging steels, in particular 
18Ni-300/1.2709 [5]. 

The comparably moderate price of stainless steels and their good 
processability also leads to austenitic stainless steels often being 
considered a good material for users new to AM. 

Besides these main groups of steels, there is a number of other, less 
studied alloys in use in AM. They include for example martensitic 
stainless steels, duplex stainless steels, TRIP/TWIP steels and oxide- 
dispersion strengthened (ODS) steels. Functional application fields for 
steels such as custom shaped parts for electro-magnetic or invar appli
cations require the use of Fe–Si, Fe–Ni or Fe–Co alloys. 

1.3. Organization of this article 

To allow the reader to gain a structured overview over this wide 
field, we group in the following the steel grades according to their main 

microstructural constituents at room temperature. We begin by 
describing fully austenitic (stainless) steels, progress to TRIP/TWIP 
steels, which are in the undeformed state austenitic and then move to 
duplex steels, which consist of a combined austenitic/martensitic 
microstructure. Next, we describe martensitic and precipitation hard
ening stainless steels. These are fully martensitic if processed by con
ventional process routes. Similarly, maraging and carbon-bearing tool 
steels are normally employed in an aged/tempered martensitic state. 
Finally, we describe ODS steels, which are usually particle-reinforced 
fully ferritic stainless steels. This grouping relates to the microstruc
tural constituents as they are present after conventional processing. As 
will become clear from the individual sections below, processing by AM 
does not always lead to the intended phase composition so that not all of 
these materials fall readily into one of these microstructure categories 
when subjected to AM processing. 

Within each section, we describe the microstructure of the material, 
the phases present in the as-produced and heat-treated state and its 
crystallographic texture. We summarize the static mechanical properties 
and, where enough data is available in the literature, the fatigue prop
erties. Where appropriate, we also describe additional properties of the 
steel such as the magnetic and corrosion properties. We close our review 
with an outlook on new developments in the field of steels for AM, which 
includes steels with functional properties. 

1.4. Overview over composition and tensile properties of the steel classes 

In Table 1, the chemical composition of the most widely used steel 
grades in each of the described alloy classes are given, together with the 
usually used grade name. In Fig. 1 and Fig. 2, schematic overviews over 
their basic mechanical properties as well their microstructure after AM 
processing are presented. For comparison, also the values and micro
structure for equivalent, conventionally-produced steels are given. The 
figures serve are intended to provide a broad overview over the results 
reported in the literature, but do not in all cases capture the sometimes 
considerable dependence of the microstructure on processing 
parameters. 

2. Austenitic microstructure: stainless steels and TRIP/TWIP 
steels 

2.1. Austenitic stainless steels (ASS) in use in AM 

The published literature in AM of austenitic stainless steels is almost 
exclusively restricted to 316L stainless steel (1.4404, X2CrNiMo17-12- 
2), with some reports in the literature about 304L stainless steel 
(1.4307, X2CrNi18-9). In these steels, the high chromium content (17- 
18 wt.-%) leads to a good corrosion resistance, while the nickel additions 
keep the microstructure of the alloys fully austenitic in conventionally- 
produced materials. To the best of our knowledge, there are no reports 
on the 200-series of austenitic stainless steel, where Ni is replaced by Mn 
as austenite stabilising element. 

2.2. Early attempts to process austenitic stainless steels by AM 

Today, austenitic stainless steels are processed routinely in L-PBF, 
yielding fully dense material. The stainless steel 316L was already used 
in some of the very earliest papers demonstrating laser powder-bed 
fusion, i.e. full melting of the powder instead of partial sintering or 
melting of a second-phase binder material with a low melting point. 
However, these attempts in the early 2000s were only partially suc
cessful because of the strong balling effect during the process, where 
molten metal forms spheres owing to a high surface tension and thus 
poor wetting of the substrate [15]. Balling can be attributed to a low 
laser power, a large focus diameter and hence a low laser energy per unit 
area. Typical values at that time were a maximum power of 50 W and a 
beam diameter of 0.8 mm. Contributing factors to balling were the poor 
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oxygen control in the process chamber and the coarse powder (mean 
diameter of 75 μm) in use [15]. Continued attempts during the next 
decade with varying powder size and process parameters coupled with 
thermal modelling and single track experiments (cf. Fig. 3) resulted in 
identification of a process window to avoid balling and produce solid 
components in the L-PBF process [16–18]. Still, the lasers in use had a 
limited power and large beam diameters compared to today’s standards, 
with typical values up to 200 W and between 0.5 and 1.1 mm, respec
tively. This resulted in rather slow possible build rates with scan ve
locities ranging from 0.5 to 50 mm/s [16]. Finally, in 2010 Tolosa et al. 
achieved a relative density greater that 99.9% in L-PBF produced 316L 
stainless steel using a 200 W laser with a 80 μm laser focus diameter and 
scan velocity of up to 1000 mm/s [19,20]. Efforts in process develop
ment are now directed towards developments of machine independent 
standard process parameters. Kamath et al. suggest the use of the energy 
density (roughly: the energy imparted by the laser beam divided by the 
volume of the melt pool) to identify process parameters required to 
produce components with more than 99% relative density [21]. Thomas 
et al. suggest the use of process maps based on normalized energy 
density [22]. Bajaj et al. define a criteria of dimensionless overlap depth, 

calculated from process parameters using analytical models, being 
greater than 1 for producing parts with relative density greater than 99% 
[215]. Other recent works are focussed on increasing production rates of 
L-PBF process. For instance, Metelkova et al. used a larger laser beam 
diameter together with higher laser power to increase the productivity 
by up to 840% [23]. 

2.3. Microstructure of as-built austenitic stainless steels: phase selection 
and hierarchical nature 

The microstructure in L-PBF produced stainless steels has been re
ported to be fully austenitic and to have a columnar grain structure with 
fine solidification cells with diameters of 1 μm or less [1,24–27]. Note 
that these solidification cells are very similar in crystallographic orien
tation, so many tens or hundreds of such cells together form one 
austenite grain, i.e. a material volume bound by high angle grain 
boundaries (see Fig. 4b and c). The grains observed in L-PBF produced 
stainless steel samples are finer than the ones in conventional processes 
[24,26–29]. 316L and 304L stainless steels are in a composition range 
where solidification can occur either with a primary (δ-) ferritic phase or 
with a primary austenitic (γ) phase. The different primary solidification 
phases and their impact on the final microstructure and properties of 
these alloys are well documented e.g. in the welding literature [30,31]. 
In DED processing of 316L stainless steel, it is indeed observed that in 
the regions along the borders of the solidification cells (i.e. in the 
intercellular regions), the microsegregation during solidification leads 
to an enrichment in the ferrite stabilising elements Cr and Mo and hence 
to fine ferritic films (up to 9 vol.-%) [32,33]. The primary solidification 
phase in this case is austenite, as expected from the Schaeffler diagram 
[33]. In L-PBF, however, the observed microstructure in all studies is 
fully austenitic and there is no indication of any solid-state phase 
transformation [24,29,34–36]. This observation is in line with results 
obtained in rapid solidification experiments (splat quenching and laser 
welding), where it was shown that a higher cooling rate favours parti
tionless austenitic solidification [37]. In the case of L-PBF, the solidifi
cation is however not entirely partitionless. The intercellular regions 
show an enrichment with Cr and Mo, which is, however, not sufficient to 
stabilise ferrite [27,38]. 

Despite this seemingly simple microstructure, austenitic stainless 
steels produced by L-PBF display an outstanding combination of higher 
strength than their conventionally produced counterparts without a 
reduced ductility. Wang et al. attribute this property combination to the 
hierarchical nature of the microstructure (cf. Fig. 4), consisting of so
lidification cells, low and high angle grain boundaries, dislocations, and 
oxide inclusions [38]. This hierarchy spans six orders of magnitude on 
the length scale and is unique to AM processing. Similar hierarchical 
microstructures have also been reported in Electron Beam Powder Bed 
Fusion (E-PBF) of stainless steel 316L [39]. 

Wang et al. also show that the microstructural features can be 
controlled via process parameters and propose tuning of the 

Table 1 
Chemical composition of the most widely used grade of each steel class. All compositions in wt.-%, Fe content is balance. If no value is given, the content is unspecified 
or as low as possible.  

Type Commonly used grade name C Cr Ni Mo Mn Si Ti Al Other 

austenitic stainless steel 316L 
(AISI standard) 

<0.03 16–18 10–14 2.0–2.5 <2 <0.75    

Duplex stainless steel SAF2705 
(brand name) 

<0.03 25 7 4 <1.2 <0.8    

PH stainless steel 17–4 PH 
(brand name) 

<0.07 15–17 3–5  1 1   3-5 Cu 

Maraging tool steel 18Ni-300 
(MIL standard) 

<0.03 <0.5 17–19 4.5–5.2 <0.1 <0.1 0.6–0.8 0.05–0.15 8.5–9.5 Co 

C-bearing tool steel H13 
(AISI standard) 

0.32–0.45 4.75–5.5  1.1–1.75 0.2–0.6 0.8–1.2   0.8–1.2 V 

ODS steel PM2000 (brand name) 0.07 19 0.03 0.13 0.07  0.5 4.2 0.5 Y2O3  

Fig. 1. Overview over basic mechanical properties of steels discussed in this 
reviews, to allow a general comparison of properties obtained by conventional 
processing and by the 2 a.m. processes DED and L-PBF. The kind of steel is 
denoted by field colour, while the field border indicates the method of pro
duction. Generally, the properties in heat treated state, where applicable, are 
given. All data sources are mentioned in the individual chapters of this review. 
ODS: Oxide Dispersion-Strengthened, C-tool steels: Carbon-bearing tool steels, 
TWIP/TRIP: Twinning/Transformation-induced Plasticity, PH: precipitation 
hardening. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 
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microstructure on a layer-by-layer basis or even within individual layers 
[38]. The possibility to control cooling rates during and after solidifi
cation by varying process parameters presents an opportunity to exert 
local and digital control over the steel microstructure, impossible in 
conventional methods. Todd suggests using these to precisely control 
microstructures at a fine scale to unlock the potential of existing alloys in 
terms of mechanical properties [40]. 

Upon plastic deformation, austenitic stainless steels typically show 
strain-induced martensite formation. The high yield strength, combined 
with a low work hardening rate observed in L-PBF produced 316L is due 
to the fact that the martensite formation is hindered in the very fine 

microstructure [41]. This obstruction is particularly pronounced at 
cryogenic temperatures. Agnew et al. argue that the high elongation to 
fracture observed in L-PBF produced 316L is the result of work hard
ening from twinning induced plasticity (TWIP) [42]. 

2.4. Texture and texture control of austenitic stainless steels 

Usually, a strong crystallographic fibre texture with the <001> di
rection aligned along the build direction (i.e. against the direction of 
fastest heat removal) is observed [29,36]. However, depending on 
scanning strategy such a strong crystallographic texture is sometimes 
not present [24,26]. The texture is usually explained by the fact that the 
<001> direction is the fastest growing direction in the solidification of 
cubic metals, and hence dendrites/cells grow with this crystallographic 
orientation aligned with the temperature gradient [4]. The temperature 
gradient, in turn, is dictated by the heat removal from the melt pool, 
which is globally dominated by conduction towards the base plate (i.e. 
along the build direction), but locally varies along the melt pool. As 
explained below, by modifying the process parameters such that the 
melt pool shape and the fraction of each melt pool that gets re-melted 
with each scan track and each layer is altered, the overall texture of 
the material can be influenced. 

Sun et al. demonstrate an approach to achieving high strength and 
ductility in L-PBF produced 316L by enhancing the TWIP effect [44]. 
They modify the crystallographic texture along the build direction from 
the usual <001> to <110> using a scanning strategy including small 
hatch spacings and a relatively high laser power. The <110> grain 
orientation favours twinning upon deformation and leads to higher 
strain hardening rates which in turn simultaneously improves UTS and 
ductility. Sun et al. later demonstrated that by careful control of the laser 
parameters in L-PBF it is even possible to attain a crystallographic 
lamellar microstructure (see Fig. 5 c) in 316L, where, <100> and 
<110> oriented grains along the build direction are present alternately 
[43]. Texture control can also be used to avoid the anisotropy in yield 

Fig. 2. Overview over typical microstructures of the different steels in this review, produced conventionally (in the state intended for use) and after additive 
manufacturing. Only the 2 a.m. processes L-PBF and DED are depicted due to limited information available for E-PBF in the literature. Note that depending on 
processing conditions, different microstructures may be observed after AM. ppt.: precipitates, ret.: retained, α: ferrite, bcc, α’: martensite bcc/bct, γ: austenite, fcc. 

Fig. 3. Early single-track experiments to identify suitable process parameters 
for L-PBF processing of 316L austenitic stainless steel. Reprinted with permis
sion from Ref. [16]. 
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and tensile strength [42]. However, the strain hardening behaviour is 
highly dependent on the grain morphology, resulting in anisotropy in 
ductility despite reduced texture [42]. 

2.5. Heat treatments of as-built austenitic stainless steel parts 

Riemer et al. perform stress relieving heat treatments up to 650 �C 
and report a stable microstructure [29]. This is supported by Saeidi et al. 
who do not find microstructural changes up to annealing temperatures 
of 800 �C (cf. Fig. 6) [45]. Higher annealing temperatures, both in a 
furnace and in a HIP, lead to recrystallization of the material. Saeidi 
et al. observe a partial transformation to δ-ferrite needles at annealing 
temperatures of 1150 �C or higher, as predicted by the equilibrium 
phase diagram. This ferrite is stable upon slow cooling to room tem
perature and, together with the recrystallization and coarsening phe
nomena, leads to a loss of strength of the material [45]. 

2.6. Tensile properties of austenitic stainless steel compared to 
conventionally produced material 

As qualitatively described before, L-PBF produced stainless steels 
often have superior yield strength and tensile strength [26,27,29,38,42, 
46–48]. The reported values show a high variability and are in the range 
of 350–600 MPa and 480–800 MPa for yield strength and UTS, respec
tively. Conventionally produced steel shows typical values of 
230–290 MPa and 580–590 MPa for YS and UTS [49] (see Fig. 7 for a 
comparison). L-PBF produced material also has a higher yield to tensile 
strength ratio [26,29,46,48]. Although some works report lower frac
ture toughness and elongation to failure (as low as 12%) for L-PBF 
produced stainless steel as compared to wrought material [26,50] 
(typically: 40–50%), most studies report a higher elongation to failure 
and fracture toughness (up to 67%) [27,29,38,42,48,51]. The high 
tensile and yield strength have been related to the finer microstructure 
and dislocation substructure as per Hall-Petch relation [27,38,42,47]. As 
with all AM-produced alloys, the defects in the material (brittle phase
s/inclusions, porosity) have a strong impact on the elongation to frac
ture. For a tabular overview of the tensile test properties determined by 
many different authors for stainless steels produced by L-PBF, E-PBF and 
DED, we refer the reader to the tables in the reviews by Herzog et al. [1], 
Lewandowski and Seifi [49], and Fayazfar et al. [5]. Generally, the 
values reported for DED and E-PBF fall within the large range of values 
reported for L-PBF-produced austenitic stainless steel, as can be seen in 

Fig. 4. Microstructural features of an L-PBF produced 316L austenitic stainless steel at different length scales. a) Schematic showing the various length scales of the 
microstructural features observed. b) EBSD inverse pole figure mapping showing the grain orientations. C) SEM image of the cross section showing high-angle grain 
boundaries (HAGB), fusion boundaries (delineating melt pools), and the cellular solidification structure. d) Bright field TEM image of the cellular structure showing 
dislocation networks in the cell boundaries. e) high-angle annular dark-field (HAADF) scanning TEM (STEM) image of the solidification cells showing oxide particles. 
Figure reprinted with permission from Ref. [38]. 

Fig. 5. a), b) Backscattered electron (BSE) SEM images showing melt pool 
boundaries and columnar grain structure along the y-z (scanning direction – 
build direction) plane for a sample prepared using low energy density (a) and 
high energy density (b). C), d) EBSD inverse pole figure maps along z axis (build 
direction) corresponding to (a) and (b). The process parameters impact the 
texture by re-melting different parts of the material. Figure adapted from 
Ref. [43] and reused under Creative Commons Attribution License (CC BY). 

Fig. 6. TEM images for a) as L-PBF produced and b) heat treated (800 �C for 
1 h) 316L stainless steel. Annealing at this temperature results in reduction in 
dislocation density but the cellular structure and the cell size remains un
changed. Reprinted with permission from Ref. [45]. 
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the overview Fig. 1. 
In DED produced stainless steels, a lower yield and tensile strength is 

observed at the top of the sample than near the base plate. This is the 
result of lower cooling rates further away from the substrate, where heat 
conductivity away from the laser heat source is slower [32,52] (we will 
return to this point in greater detail in the section dealing with tool 
steels). 

2.7. Fatigue properties of austenitic stainless steel 

Fatigue strength of L-PBF produced stainless steel samples is an 
important factor for applications in areas such as the medical or aero
space industry [26,29,53]. As can be expected, there is a difference to 
conventionally produced materials. Firstly, the elongated grain struc
ture (composed of many solidification cells, elongated in the same di
rection as the grains) in L-PBF produced samples results in a different 
crack growth behaviour depending on the loading direction (see Fig. 8). 
For loading parallel to the direction of grain growth (Fig. 8 b), the crack 
path is highly tortuous, resulting in slow growth. On loading perpen
dicular to the grain long axis, the crack propagation along grain 
boundaries is straight and unhindered (Fig. 8 a) [26,29]. Stress relieving 

heat treatments up to 650 �C do not alter the grain structure and 
therefore do not have any significant effect on the crack propagation 
[29]. Hot isostatic pressing (HIP) processing at even higher tempera
tures, on the other hand, results in partial recrystallization and therefore 
in a bimodal, more isotropic microstructure yielding isotropic crack 
propagation [29]. High surface roughness of the as L-PBF built samples 
is particularly detrimental to their fatigue performance and it was 
observed that the fatigue limit can be improved by as much as a factor of 
two when introducing a surface finishing step [29,53]. Stress relief heat 
treatments and HIP both have only a small effect on the fatigue per
formance, but largely, after surface finishing, the fatigue limit is in the 
range of conventionally processed samples [26,29,53]. 

2.8. Corrosion properties of austenitic stainless steel 

Recent studies have shown that L-PBF stainless steels have better 
corrosion resistance properties as compared to wrought material [43,54, 
55]. Sander et al. show that L-PBF produced stainless steel 316L is more 
resistant to pit initiation as compared to wrought 316L, however, L-PBF 
samples also had inferior repassivation once a stable pit was initiated (cf. 
Fig. 9) [55]. The Cr-depleted zone around MnS inclusions is known to be 
a pit nucleation site, and thus the better resistance to pit initiation in 
L-PBF material can be attributed to small or non-existent MnS inclusions 
[50,55]. The size of MnS is smaller in L-PBF-produced material 
compared to conventionally-produced material presumably due to the 

Fig. 7. Tensile mechanical properties of L-PBF produced 316L austenitic 
stainless steel compared with the properties of conventionally-produced ma
terial. The improved yield strength at similar uniform elongation values of L- 
PBF material compared to annealed conventionally produced material can be 
clearly seen. Figure adapted with permission from Ref. [38]. The references for 
the conventionally-produced material properties taken from the literature are 
available in the original publication. 

Fig. 8. Cross sectional SEM image (backscattered electron contrast) showing fatigue crack growth interaction with solidification cell structure in loading perpen
dicular to the grain long axis (a) and parallel to it (b). Note that grains are elongated and coaxial with the solidification cells. Since the crack progresses preferentially 
along the cell boundaries, the crack tortuosity depends on loading direction. Reproduced with permission from Ref. [26]. 

Fig. 9. Pitting and repassivation potentials of L-PBF produced 316L austenitic 
stainless steel compared to conventionally-produced material. While the resis
tance to pitting is higher, the repassivation of pits also requires a higher po
tential. Figure reprinted under Creative Commons license (CC-BY-NC-ND 4.0) 
from Ref. [55]. 
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high cooling rate during solidification [56,57]. This is observed also 
with other primary precipitates in L-PBF-produced materials [58]. The 
small oxides/oxynitrides present in the material apparently do not act as 
pit initiation sites [57]. The lamellar microstructure obtained by Sun 
et al. leads to an extremely high corrosion resistance with breakdown 
(pitting) potential approaching the stability limit of chromium oxide 
[43]. Lau et al. studied the potential of L-PBF stainless steels to be used 
in nuclear applications [50,59,60]. In consecutive papers they show that 
after high temperature recrystallization, the fatigue, impact, and stress 
corrosion cracking behaviour of L-PBF 316L is comparable to wrought 
alternatives and is suitable for use in nuclear applications under elevated 
temperatures. 

2.9. Other austenitic stainless steels 

In general, AM produced 304L stainless steel is very similarly to the 
previously described 316L stainless steel in terms of microstructure and 
properties. The rationale for its use lies in its lower Ni content which 
leads to a reduced price, but also a reduced austenite stability. Abd- 
Elghany et al. demonstrated L-PBF of 304L stainless steel, however, 
due to poor density they only achieved yield and tensile strengths of 
about 70% as compared to wrought products [35]. Nonetheless, they 
were able to obtain a fully austenitic microstructure devoid of any grain 
boundary carbides. Later, Guan et al. manufactured almost fully dense 
samples resulting in yield and tensile strengths of up to 570 and 717 MPa 
respectively, both higher than the wrought alternatives [48]. They also 
reported a higher yield to tensile strength ratio of ~0.8. They also 
showed the effect of scan strategy on the isotropy of the microstructure 
and related it to the mechanical properties. Wang et al. performed DED 
of 304L [52]. They studied the effect of chemical composition on the 
austenite stability and mechanical properties as a result of strain hard
ening. They observed that lower content of austenite stabilizers, either 
achieved intentionally by mixing of pure Fe powder with pre-alloyed 
304L or by evaporation of austenite stabilizers during the process, re
duces the austenite stability which promotes strain hardening by TRIP 
effect and results in a superior UTS and elongation to failure. 

2.10. TRIP/TWIP steels 

TRIP and TWIP steels are usually fully austenitic metastable steels 
that show deformation-induced transformation (TRIP) or twinning 
(TWIP) upon plastic deformation. In this property, they are not unlike 
the aforementioned austenitic stainless steels. The high work hardening 
capacity of these steels make them attractive for applications where high 
energy absorption, high strain hardening rates and high ductility are 
required. 

There are a few studies reporting on the development and use of 
TRIP/TWIP steels in AM. Haase et al. processed a high-manganese steel 
(X30Mn22) by L-PBF and investigated its microstructure and deforma
tion behaviour [61]. In the as-produced state, the microstructure con
sisted mainly of austenite, together with α0- and ε-martensite. Mn 
segregation was present, but much reduced as compared to cast refer
ence material. They showed that the TRIP/TWIP effect is indeed oper
ational upon tensile deformation of the material and discuss its 
anisotropy stemming from the strong, L-PBF-typical fibre texture. For all 
testing directions, the yield strength and UTS were found to be higher 
compared to cast and rolled reference material (302–416 MPa vs. 
275 MPa and 906–1065 MPa vs. 894 MPa, respectively), but the elon
gation at fracture is less (24–31% vs. 52%). The same group also shows 
production of the same steel, but with varied Al additions by DED and 
L-PBF [62]. By increasing the Al content, the stacking fault energy of the 
material increases, which leads to a change in deformation mechanism 
from TRIP to TWIP, as well as a suppression of martensite formation in 
the as-produced microstructure. Another study employs the commercial 
TWIP steel X–IP 1000 (X60Mn22), processed by L-PBF [63]. The mate
rial displays mechanical properties similar to its conventionally 

processed counterpart and a strong crystallographic texture. The authors 
also report on L-PBF processing of the same steel modified by Ag addi
tions for improved electrochemical dissolution rates intended for use in 
biodegradable implants [64]. 

3. Austenitic/martensitic microstructure: duplex stainless steels 

Duplex stainless steels are used due to their very good corrosion 
resistance, in particular against pitting and crevice corrosion [65]. As 
the name suggests, their microstructure consists of a combination of 
ferrite and austenite, typically in roughly equal amounts. Despite similar 
concentrations of the austenite-stabilising Ni as in austenitic stainless 
steels (and additionally some N in the “superduplex” grades), ferrite is 
stabilized by the very high content of Cr (24–26%). This is primary 
δ-ferrite that forms upon solidification, while austenite forms during 
cooling or during heat treatments. As can be expected, changes in pro
cessing can have a strong impact on the phase composition. Most of the 
few published works on AM of duplex stainless steels pertain to the 
"superduplex" steel 2507 (1.4410, X2CrNiMoN25-7-4). 

3.1. Phase selection, microstructure and texture of duplex stainless steels 
in as-produced and heat treated state 

In the first study on L-PBF processing of duplex steel, relative den
sities of only 90% were achieved [66]. Nevertheless, already in this 
study it was established that L-PBF processing leads to an almost 
exclusively ferritic microstructure with small amounts of austenite and 
nitrides (presumably Cr2N) nucleating at grain boundaries. The higher 
the laser energy input is, the more time austenite has to grow at elevated 
temperatures, and hence the higher the final austenite fraction in the 
microstructure is. Note that the growth morphology of austenite is along 
grain boundaries or of Widmanst€atten type. A post-heat treatment al
lows to reach the desired phase mixture of 55% austenite and 45% 
ferrite. Subsequent studies reached >99.5% relative density and 
confirmed the microstructural findings, including the absence of σ phase 
in the as-produced state [67]. The σ phase is an intermetallic phase in 
Cr-rich steels that is generally detrimental to the ductility and is there
fore unwanted. Due to the exclusively ferritic microstructure in the 
as-produced state, the yield strength and UTS of L-PBF produced 2507 is 
much higher compared to conventionally produced material, with a 
moderate elongation at fracture of 8% and a ductile fracture mode. Heat 
treatment at 1200 �C leads to the desired αþγ microstructure, but also to 
the formation of σ phase precipitates [68]. This renders the steel quite 
brittle at room temperature (1.8% elongation at fracture) and softer 
(920 MPa UTS), due to the presence of austenite. Hengsbach et al. study 
the heat treatment response of L-PBF-produced UNS S31803 duplex 
stainless steel and find that recrystallization is taking place at all studied 
temperatures from 900 to 1200 �C and that the maximum austenite 
fraction is obtained at the intermediate temperature of 1000 �C [69] (see 
Fig. 10 for a comparison of as-built and recrystallized micro- and 
nanostructure). They also remark that some nitrogen is lost during the 
L-PBF process, without quantifying it. 

Eriksson et al. demonstrate the processing of Zeron 100X, a super
duplex stainless steel, by wire and arc additive manufacturing (WAAM) 
[70]. Due to the significantly slower cooling rate in this AM process, 
compared with L-PBF, there is a high fraction of austenite and chromium 
nitrides already present in the microstructure after cooling. Addition
ally, the intrinsic heat treatment of subsequent passes (IHT, cf. Section 5 
on tool steels) leads to the precipitation of secondary austenite. 

3.2. Magnetic properties of duplex stainless steels 

Another consequence of the high ferrite fraction of AM-produced 
material is that the magnetic properties differ markedly from 
conventionally-produced material: The saturation magnetization and 
the coercivity in L-PBF processed 2507 duplex steel are both much 
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higher than in its conventionally-produced counterpart [71]. Addition
ally, the AM-typical strong fibre texture also leads to a pronounced 
anisotropy in the soft magnetic properties. 

4. Mainly martensitic microstructure: martensitic and 
precipitation-hardening stainless steels 

Precipitation-hardened (PH) stainless steels combine a high corro
sion resistance and mechanical strength. They are promising for AM 
production due to their good weldability. There are fully martensitic and 
austenitic/martensitic grades [72]. The two PH steels practically 
exclusively in use in AM today are 17-4 PH (1.4542, X5CrNiCuNb16-4) 
and 15-5 PH (1.4545, X5CrNiCo15-5), both usually called “fully 
martensitic” grades. PH steels contain Cr (in the range of 16–18 wt%), Ni 
and Cu (3–5 wt % each). The chromium content is responsible for the 
corrosion resistance of PH steels by forming a passive layer of Cr2O3 
oxide [73]. Nickel is an austenite stabilizer, which also enhances the 
corrosion resistance. Precipitation hardening is due to the Cu pre
cipitates in the microstructure, which nucleate and grow upon ageing 
heat treatment. In comparison to the 17-4 PH grade, 15-5 PH steel has a 
slightly lower chromium content and minor additions of molybdenum. 
There are other PH steel grades which do not rely on Cu as precipitation 
strengthening element, such as 17-7 PH (1.4568, X7CrNiAl17-7), or 
commercial alloys such as stainless steel EOS CX [74] or Uddeholm 
Corrax. These achieve precipitation hardening instead by an addition of 
Al, forming the Ni3Al phase, which renders them closely related to 
maraging steels (see the next section). There are very few studies on AM 
of martensitic stainless steels (i.e. non-precipitation-hardening). These 
steel grades (400 series stainless steels) contain Cr at similar levels as in 
austenitic stainless steels (usually 12-14 wt.-%) but no or a low amount 
of C and Ni which is insufficient to stabilise austenite at room 
temperature. 

Due to the high number of studies on 17–4 PH steel, mostly using the 
L-PBF process, we first describe the microstructure and properties of this 

material-process-combination and how they compare with their 
wrought (conventionally produced) counterpart. Next, we describe 
other AM processes and the properties of 15–5 PH and other martensitic 
stainless steel grades. 

4.1. Microstructure and texture of PH stainless steels 

Wrought 17–4 PH steels usually have a fully martensitic (BCC) 
microstructure [8]. However, the presence of austenite-stabilising Ni 
makes it relatively common to also find retained austenite in the 
microstructure. The martensite finish temperature is only slightly above 
room temperature (32 �C), so small variations in steel chemistry and 
processing can have a pronounced effect on the phase composition. 

Extensive studies on the effect of AM process parameters and post 
heat treatment on the relative density, final microstructure and me
chanical properties of 17-4 PH have been performed [75–81]. The 
as-produced microstructure can contain a high fraction of austenite 
phase or can even be fully austenitic, despite the high cooling rates 
during L-PBF. For example, Facchini et al. report that L-PBF-produced 
17–4 PH stainless steel (Ar process atmosphere) contains 72% austenite 
and 28% martensite [82]. TEM investigations show retained austenite 
sandwiched between martensite plates. The as-produced microstructure 
can additionally contain Nb-rich carbides (cf. the SEM micrograph and 
the EDS maps in Fig. 11) [83]. 

Both ferritic/martensitic and austenitic as-produced 17–4 PH usually 
exhibits the AM-typical strong crystallographic fibre texture with the 
<001> direction along the build direction [84,85]. In Fig. 12, the 
microstructure of L-PBF produced 17–4 PH steel is displayed as EBSD 
inverse pole figure and phase maps. The (in this case only moderate) 
volume fraction of retained austenite is clearly visible. It must be noted 
that many studies only note the fraction of austenite and martensite/
ferrite without unravelling the complex spatial distribution of phases 
and its origin by solidification and solid-state phase transformations. 
Generally, there is a much larger variability in the reported 

Fig. 10. TEM images of L-PBF produced UNS 
S31803 duplex stainless steel in the (a) as- 
produced state and (b) in the heat treated state. 
(c–f) EBSD (electron backscatter diffraction) in
verse pole figure and phase mappings of the same 
material. Contrary to conventionally-produced 
duplex stainless steel, the L-PBF material is 
almost fully ferritic in the as-produced state, with 
small austenite grains and chromium nitride pre
cipitates along the grain boundaries. A suitable 
heat treatment partially recovers the desired 
duplex austenite/martensite microstructure. 
Adapted with permission from Ref. [69].   
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microstructures as compared to other steel types. 

4.2. Reasons for the high variability in the observed microstructure if PH 
stainless steels 

Several explanations for the strong discrepancy between micro
structure in as-quenched conventional material (fully martensitic) and 
as-L-PBF-produced material (up to fully austenitic) have been proposed. 
First, chemical inhomogeneity due to microsegregation can lead to the 
enrichment of Ni in interdendritic (-cellular) areas. This enrichment 

either leads to the formation of austenite already during the late stages 
of solidification (the first solidification phase expected being ferrite) 
and/or to a local stabilisation of austenite (that had been formed by 
solid-state transformation from ferrite) by reducing the Mf temperature 
to values below the room temperature [86]. Next, the small solidifica
tion cell size (2 μm or less in diameter) and the residual stress in the 
material can hinder the martensitic transformation [87]. Finally, the 
austenite is stabilized by the uptake of nitrogen into the solid solution 
during processing (see next section). While all of these explanations are 
plausible, there is no consensus yet in the literature about the solidifi
cation and solid-state phase transformation paths in L-PBF produced 
17–4 PH. 

In one study, the as L-PBF produced sample consists predominantly 
of coarse BCC ferrite phase, with only 10.5% of smaller austenite and 
martensite grains at the melt pool boundaries [85]. The authors specu
late that the fine-grain austenite/martensite structures are formed in the 
heat affected zone at the melt pool boundaries, where the intrinsic heat 
treatment (re-heating by subsequent scan tracks and layers) induces 
local recrystallization and phase transformation. They do not discuss the 
reason for the majority phase being ferrite, but it stands to reason that 
the material solidified as ferrite and never transformed to austenite 
during cooldown [85]. 

4.3. Effect of atomizing media and L-PBF process atmosphere on phase 
selection in PH stainless steels 

Several studies investigated the effect of atomizing medium on the 
powder properties and final microstructure of 17–4 PH [79,80,89,90]. 
Atomization can be performed either by water [79,90], or by different 
gases, such as Ar or N2. It has been shown that powders atomized using 
Ar gas are completely martensitic, while N2-atomized powders are pri
marily austenitic, with ~6% martensite phase [91] (cf. the micrographs 
and XRD diffractograms in Fig. 14). This difference in the phase content 
is attributed to the 40% higher thermal conductivity of N2 gas, causing a 
faster cooling during atomization compared to Ar [91]. However, using 
N2 as atomizing medium could also incorporate additional nitrogen, 
which has an austenite-stabilising effect, into the material and thus 
affect the final microstructure. Unfortunately, these studies do not 
report the N2 composition in the as-atomized powder [79,91]. 

The effect of L-PBF chamber gas (Ar or N2) on the microstructure of 
17–4 PH steels has been evaluated [87,89]. For an Ar gas atomized 
powder, a martensitic microstructure in the as-fabricated samples was 
obtained regardless of the process gas atmosphere. In samples produced 
using N2 gas atomized powder, the atmosphere during L-PBF had a 
strong impact on the phases present after the process: under an N2 at
mosphere, the resulting microstructure was 50–75% austenite, while 
under an Ar atmosphere the microstructure was only ~8% austenite 
[87]. 

Fig. 11. SEM image showing the presence of fine NbC precipitates in inter- 
dendritic regions in as-built 17–4 PH stainless steel. (b–e) EDS maps acquired 
from the highlighted region in (a) giving evidence for the enrichment of Fe and 
Cr in dendrite cores and Nb and C in interdendritic regions. Reprinted with 
permission from Ref. [83]. 

Fig. 12. EBSD inverse pole figure map (left) and phase map (right) of 17–4 PH stainless steel produced by L-PBF. The high fraction of retained austenite, stabilized by 
the very small austenite grain size is visible. Note the bimodal grain size distribution in this specimen. Adapted with permission from Ref. [88]. 
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4.4. Effect of L-PBD process parameters on phase content in PH stainless 
steels 

The high variance in the reported as-produced microstructures for 
this material suggests that the laser melting parameters during L-PBF 
have a marked influence on the amount of retained austenite obtained 
after building. It was shown that the austenite fraction could be changed 
merely by changing the laser scan strategy in L-PBF. In samples pro
duced with a concentric-type scan strategy (outside-in succession of 
concentric rings), the austenite content was much higher (82%) 
compared to regular scan strategies (~50%) [93]. This is attributed to 
different thermal gradients in the sample depending on scan strategy 
[93]. Changing the volumetric energy density also has an effect on the 
austenite fraction [75]. 

4.5. Post-heat treatment studies of PH stainless steels: homogenization 
and Cu precipitation 

Sun et al. [85] have performed a microstructure comparison of 
wrought and AM produced 17–4 PH steels in the as-produced, solution 
heat treated and aged states. They show that a solution heat treatment 
(4h at 1038 �C) with final quenching leads to a fully martensitic 
microstructure also in L-PBF produced material. Fig. 13 shows TEM 
micrographs of 17–4 PH produced by L-PBF and conventionally. Both 
samples have been solutionized and aged (1h at 482 �C). Apparently, the 
differences in the initial microstructure of wrought and AM specimens 
have no significant effect on the Cu precipitation during ageing heat 

treatment. Other studies also show that heat treatment can transform 
AM-produced 17-4 PH steel microstructures to be very similar to the 
ones expected from wrought material [87,88]. Merely ageing 
as-produced material (at temperatures between 495 and 620 �C) also 
decreases the retained austenite fraction, but not beyond ~20% [80]. 
Lass et al. [94] investigate a number of heat treatment schedules and 
propose an alternative multi-step heat treatment and quenching process 
to obtain a suitable “condition A” microstructure of 95% martensite and 
5% retained austenite. This heat treatment includes a low-temperature 
treatment at � 60 to 0 �C in order to induce martensite transformation. 

4.6. Hardness and tensile test properties of PH stainless steels 

The different fractions of martensite and austenite in 17–4 PH steel 
impact the mechanical properties not only due to austenite being a softer 
phase, but also because the precipitation reaction during ageing occurs 
only in martensite. Therefore, a large range of values for mechanical 
properties such as hardness [80,89,95], yield and ultimate tensile 
strength, and elongation at fracture have been reported, dependent on 
the microstructure of the material. In the as-produced state and the 
as-produced and age hardened state, the material is typically softer and 
less strong than wrought and age hardened material [96]. 

The different microstructural states are also reflected in the tensile 
test response of 17–4 PH steel. Fig. 15 shows the stress-strain curves of 
as-produced material as well as solutionized, solutionized and aged, and 
direct aged material [87]. In the as-produced material processed under 
nitrogen atmosphere, when the microstructure contains >50% retained 

Fig. 13. STEM micrograph of solution heat treated and aged 17-4 PH steel produced by L-PBF (a, b) and conventionally (c, d). (a) and (c) lower magnification 
HAADF images; (b) and (d) higher magnification EDS maps showing Cu-rich precipitates (all scale bars are 40 nm). Solution heat treatment largely eliminates the 
differences between the processing routes and precipitation is similar in both specimens. Adapted with permission from Ref. [85]. 
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austenite, strain-induced martensite formation during the tensile test 
occurs (TRIP effect) as evidenced by the low strain hardening rate in the 
early stage of plastic deformation. The measured elongation to fracture 
is just under 50% and the yield strength is 600 MPa. Compared to fully 
age hardened wrought material, the former is very high, while the latter 

is quite low. Imposing a solutionizing treatment transforms the retained 
austenite to martensite and consequently the yield strength increases 
strongly at the cost of a reduced elongation at fracture. As is the case for 
other AM-produced steels, given the correct heat treatment, the strength 
of the material can be as good as or even surpassing 
conventionally-produced material, but typically at slightly lower 
ductility [94,97]. “Correct heat treatment” in the case of PH steels refers 
to a treatment that aims to transform the retained austenite to 
martensite, with subsequent ageing. 

4.7. Fatigue properties of PH stainless steels 

AM induced defects in the microstructure such as voids, oxides and 
un-melted particles, as well as surface defects such as enhanced surface 
roughness affect the material’s fatigue behaviour under cyclic loading 
[98,99]. Additionally, due to the AM-typical crystallographic texture 
and the anisotropic distribution of process defects, both low-cycle and 
high-cycle fatigue properties of L-PBF produced 17–4 PH are dependent 
on the build orientation [88,100]. Samples tested parallel to the build 
direction showed a shorter fatigue life compared to samples tested 
perpendicular to the build direction. This is due to the morphology of 
build defects (unmelted areas, lack-of-bonding defects) that leads to a 
higher defect area per gauge area in the direction parallel to the build 
direction compared to perpendicular to the build direction. These in
ternal defects serve as crack initiation sites. 

Interestingly, heat treating the material (solutionizing and ageing) 
does not improve the fatigue life under all conditions [88]. At high strain 
amplitudes, when fatigue life is short, the impact of defects is less strong 
than at low strain amplitudes and long fatigue life. Since defects domi
nate the mechanical behaviour of the strong, heat treated material more 
than that of that of the softer, as-produced material, the former shows a 
higher fatigue strength in the low-cycle regime and vice versa (see 
Fig. 16) [88]. 

Fig. 14. Microstructures and corresponding XRD measurements of (a) Ar-atomized and (b) N2-atomized 17–4 PH stainless steel powders. Reprinted under Creative 
Commons license (CC BY-NC-ND 4.0) from Ref. [92]. 

Fig. 15. Tensile test results for 17–4 PH stainless steel produced by L-PBF in 
various heat treatment states. “No HT”: as-produced state, all other heat 
treatments performed for 2h at the temperatures indicated (1h at 482 �C). In the 
as-produced state, the high fraction of retained austenite leads to a pronounced 
TRIP effect, while heat treatment at 788 �C leads to a fully martensitic micro
structure with increased strength. Reprinted with permission from Ref. [87]. 
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To our knowledge, no detailed investigations about the fatigue 
behaviour of DED- and E-PBF-produced PH stainless steels exist in the 
literature. 

4.8. Corrosion resistance of PH stainless steels 

L-PBF produced 17–4 PH steel shows a better resistance to corrosion 
compared to wrought 17–4 PH. This result was found for both gas- and 
water-atomized powder (type of gas not specified), and only applies 
when the material shows full relative density [101]. Both the polariza
tion resistance [90] as well as the pitting potential [102] (cf. Fig. 17) are 
improved compared to wrought material (both materials solutionized 
and aged). The better corrosion resistance is attributed to the refined 
microstructure of AM-produced material (both finer lath martensite and 
finer, homogenously distributed NbC precipitates) and the increased 
stability of the passive film as a result of an increased nitrogen content in 
the AM-produced material stemming from N2 gas atomization [102]. 

4.9. PH stainless steels: other AM processes 

A recent study showed the feasibility of wire and arc additive 
manufacturing (WAAM) of 17–4 PH steels [86]. The as-deposited 
WAAM 17–4 PH microstructure had a dense δ-ferritic/martensitic 
microstructure with a small amount of retained austenite. The presence 
of 38% helium in the argon-rich shielding gas reduced the amount of 
retained austenite. The authors state that a higher heat input and 
therefore a slower cooling rate is expected when using He shielding gas 
compared to Ar, due to the higher thermal conductivity of He. Also in 
this study, solutionizing and ageing leads to a microstructure compa
rable with wrought material and satisfactory mechanical properties 
[86]. 17–4 PH steel has been successfully produced by DED, but reports 
in the literature are very scarce until now [103,104]. 

4.10. AM of 15-5 PH grade stainless steel 

Several studies focused on the feasibility of manufacturing 15–5 PH 
steels using L-PBF and investigated the effect of build orientation on its 

high-temperature tensile and fatigue properties [53,105–109]. Roberts 
et al. [110] reported a completely martensitic 15–5 PH steel having a 
30% higher tensile strength at 593 �C and 50% higher Vickers hardness 
at room temperature than wrought 15–5 PH. Stress rupture tests at 
593 �C and 211 MPa showed that AM 15–5 PH had a ~30% higher 
rupture life than conventional 15–5 PH [110]. However, the mecha
nisms for this creep life improvement has not been clarified yet. 

4.11. Martensitic stainless steels 

There is very limited information available on the processing of 
martensitic stainless steel. The only grade in use so far seems to be 420 
(1.4021, X20Cr13). It is possible to obtain fully dense specimens with 
fully martensitic microstructures both by DED [111,112] and by L-PBF 
[113]. The phase content of the microstructure depends strongly on the 
chosen process parameters: DED processing can result in a mixture of 
martensite and eutectic (δ-) ferrite, while L-PBF processing under high 
laser power can result in retained austenite as well. The former duplex 
microstructure results in a higher hardness compared to conventional 
processing [112], while the latter results in hardness comparable with 
wrought material (up to 51 HRC) [113]. 

5. Martensitic microstructure: Tool steels 

There are two kinds of tool steels in use in AM, namely carbon-free 
maraging steels and carbon-bearing tool steels. In both kinds of tool 
steel, the final microstructure in use consists of martensite with pre
cipitates. However, in the case of carbon-bearing tool steels, the 
martensitic matrix without precipitates obtained upon quenching is 
hard and brittle and tempering serves to regain some ductility by 
precipitating carbon from the martensite matrix in the form of carbides. 
In the case of the high-Ni maraging steels, on the other hand, quenching 
leads to a comparably soft and ductile martensitic microstructure which 
gains its strength by precipitation of intermetallic-phase particles upon 
ageing [114,115]. Since the cooling rates in fusion AM processes are 

Fig. 16. Fully reversed fatigue test results for 17–4 PH steel produced by L-PBF, 
compared with conventionally produced material. “AB”: as-built, “HT”: heat 
treated (solution heat treated and aged). Specimens were built in two different 
directions (specimen long axis along build direction: “vertical”, perpendicular 
to build direction: “horizontal”). Although heat treatment improves the stress 
life of AM-produced specimens, their fatigue performance lags behind 
conventionally-produced material due to the presence of defects in the micro
structure. Reprinted with permission from Ref. [88]. 

Fig. 17. Onset of pitting corrosion in wrought and heat treated, L-PBF-pro
duced 17–4 PH stainless steel. The steep rise in current density, signifying 
pitting corrosion, occurs at higher electrode potentials in AM-produced material 
compared to conventionally-produced material Reprinted with permission 
from Ref. [56]. 
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typically high, martensite formation is induced in both kind of tool steels 
during AM. Therefore, maraging steels with a ductile martensitic 
microstructure are well processable in AM while carbon-bearing tool 
steels with a brittle martensitic microstructure tend to crack a result of 
thermal stresses built up during the AM process [116]. A considerable 
fraction of the literature on carbon-bearing tool steels is therefore con
cerned with finding the optimum process parameters to produce crack 
free, dense samples. In contrast, for maraging steels most studies are 
aimed at optimizing microstructures, mechanical properties and post 
process heat treatments. 

5.1. Maraging steels 

5.1.1. The microstructure of as-built maraging steels 
For maraging steels, the most widely used alloy in AM is 18Ni-300 

(1.2709, X3NiCoMoTi 18-9-5) [1,9,114,117–133]. There are only a 
few examples of other types of maraging steels in the AM literature, such 
as 18Ni-250 (1.6359 (~1.2706), X2NiCoMo18-8-5) [134], 14Ni-200 
[135,136] as well a Fe–Ni–Al maraging-type model alloy [137]. In the 
remainder, we therefore focus the discussion on the 18Ni-300 grade. 

Crack free samples with relative densities above 99% can be readily 
produced [114,119,123,126,127,131]. Compared to conventionally 
produced (wrought) maraging steels which are almost fully martensitic 
[130,138], AM produced maraging steels show a drastically different 
microstructure. They have a cellular/dendritic solidification micro
structure in L-PBF [1,114,119,120,122,123,125–127,130–132] (see 
Fig. 18) as well as in DED [128,130,137] with cell sizes of approximately 
0.3–2 μm in L-PBF and around 5 μm in DED. The prior austenite grains 
are relatively coarse with grains up to 1 mm in diameter in 
DED-produced material. Within this solidification microstructure, the 
martensitic phase transformation occurs. The resulting microstructure 
looks rather different from conventionally-produced maraging steels: 
the blocks of martensite laths are mainly found within the individual 
solidification cells as they are often (yet not always) confined by 
retained austenite along cell boundaries [130]. The retained austenite is 
a consequence of the enrichment of alloying elements in the interden
dritic (intercellular) region by microsegregation during solidification 
(cf. EBSD and EDS maps in Fig. 19). The enrichment of Ni stabilizes the 
austenite to room temperature [130,137]. Therefore, AM produced 
maraging steels contain a significant amount of austenite (6–11%, 
depending on processing conditions) [120,122,129–131]. 

5.1.2. The texture of as-built maraging steels 
The retained austenite grains show a fibre texture with the crystal

lographic <001> orientation parallel to the build direction [139]. As in 
other steels, this is attributed to the preferential growth during solidi
fication along the maximum thermal gradient [4]. Unlike in e.g. 
austenitic stainless steels, the solid state martensite transformation in 

maraging steels leads to a pronounced weakening of the texture, because 
one austenite grain orientation leads to a multitude of martensite vari
ants and hence possible crystallographic orientations [114,139]. Fig. 20 
shows the resulting almost random grain orientation with no specific 
texture noticeable in either an EBSD mapping or in the corresponding 
pole figures. 

5.1.3. Heat treatment of maraging steels 
The cellular microstructure is retained upon aging at common aging 

temperatures (490–530 �C) [114,120,124,133]. At higher aging tem
peratures such as 600 �C, substantial austenite reversion takes place 
[133]. The cellular microstructure completely disappears after solution 
treatment (usually between 815 and 840 �C, where the steel is fully 
austenitic) [119,120,123,125,129] and is replaced by a fully martensitic 
yet coarser microstructure upon quenching [120,129]. This leads to a 
decrease in hardness and strength compared to the as-produced state 
[119,125,129]. 

As mentioned before, the reason for the outstanding combination of 
strength and toughness of maraging steels is the hardening of the 
martensitic microstructure by intermetallic precipitates during the aging 
heat treatment. In the as-L-PBF-produced condition, no precipitates or 
small clusters of atoms are found in 18Ni-300 [114,122,124,130], 
indicating a cooling rate high enough to suppress precipitation. How
ever, there are indications for early stages of precipitation in 
DED-produced material, accompanied by an increased hardness [130]. 
This is shown to be the result of repeated re-heating of the material upon 
deposition of additional tracks and layers, a condition termed intrinsic 
heat treatment (IHT). A simple ternary Fe–Ni–Al maraging model alloy, 
specifically designed to show precipitation upon IHT during DED pro
cessing, shows a high number density of intermetallic NiAl precipitates 
directly after AM without additional ageing post-heat treatment [137]. 

The precipitation sequence upon post-AM-process aging heat treat
ment of L-PBF-produced maraging samples is comparable to conven
tionally produced maraging steels [115,140,141]: first, spherical Ni3X 
precipitates (η-phase) are formed with X being Ti, Al, Mo [114,119,122, 
124,130] followed by Fe7Mo6 (μ-phase) precipitates [122,124,130](cf. 
Fig. 21). See Ref. [130] for a comparison of precipitation in conven
tional, L-PBF- and DED-produced material. 

5.1.4. Tensile mechanical properties of maraging steels 
Overall, the mechanical properties of AM-produced maraging steel 

are comparable to conventionally produced material, but not entirely 
identical. Material produced by L-PBF displays equal or slightly higher 
yield and ultimate tensile strength compared to conventionally pro
duced material in the non-aged condition despite the finer microstruc
ture resulting from L-PBF [119,120,123,131]. After an aging heat 
treatment (both with and without prior solutionizing), a significant in
crease in hardness (e.g. from 381 to 645 HV) and in tensile strength 
accompanied by a reduction in ductility is observed, as expected [119, 
125,129,131]. 

Together with precipitation, austenite reversion is observed at the 
cell boundaries around retained austenite during ageing [120,122,129, 
131]. In conventional material, no austenite, neither retained nor 
reverted, was observed, which is the reason for its higher hardness 
compared to AM produced material in the aged condition [130]. Upon 
aging heat treatment the toughness reduces significantly and in the aged 
condition it is lower for L-PBF produced material compared to conven
tionally produced one [114,119,131]. Tan et al. found the mechanical 
properties to be isotropic [114]. 

Casati et al. concluded that a solution treatment of L-PBF prduced 
samples is not necessary and consequently the as-prduced samples can 
be directly aged [129]. In Fig. 22, the results of their tensile tests before 
and after ageing are shown. They found that the retained austenite does 
not play a key role in the fracture process and that the reversion of 
austenite plays a minor role compared to the strengthening effect of the 
intermetallic precipitants. In contrast, Tan et al. [120] argue that after 

Fig. 18. SEM micrograph showing the cellular/dendritic solidification micro
structure of L-PBF produced 18Ni-300 Maraging steel. Reprinted under Creative 
Commons license (CC BY 4.0) from Ref. [129]. 
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solution and aging heat treatment the fracture mechanism is more 
favourable than directly aging the as-produced material and suggest that 
solution treatment should be performed. See Table 2 for an overview of 
published mechanical properties of 18Ni-300 maraging steel. 

5.1.5. Fatigue properties of maraging steels 
Croccolo et al. found the fatigue properties to be isotropic with a 

fatigue limit of 600 MPa [117] (i.e. 1/3 of the static yield strength, in 
line with results for conventionally-produced maraging steel [142, 

Fig. 19. EBSD mapping (a) together with corresponding EDS element mapping of DED produced 18Ni-300 Maraging steel. The enrichment of alloying elements in 
the interdendritic (intercellular) regions stabilizes austenite. Reprinted under Creative Commons license (CC BY 4.0) from Ref. [130]. 

Fig. 20. EBSD analysis of L-PBF produced 18Ni-300 Maraging steel (vertical cross section through the sample). (a) depicts an inverse pole figure colored map. (b) 
Shows the corresponding pole figures. Reprinted under Creative Commons license (CC BY 4.0) from Ref. [114]. 
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143]). Becker et al. found the fatigue crack growth rates of peak aged 
material to be isotropic and equal to conventionally-produced material 
[123]. Isotropy is due to the weak texture in this material as a conse
quence of the martensitic phase transformation, as explained above. 
Despite virtually defect-free samples, the ductility and fracture behav
iour is still strongly affected by the properties of any defects remaining 
in the material, i.e. their orientation, morphology, arrangement etc. 
[125,129]. 

5.2. Carbon-bearing tool steels 

The most prominent examples of carbon-bearing tool steels used in 
AM are the high speed steels M2 (1.3343, HS 6-5-2 C) [18,116,144–149] 
and HS 6-5-3-8 (1.3294, ~M3.2) [150], the cold working steels 
X65MoCrWV3-2 [151] and the hot working tool steels H11 (1.2343, 
X38CrMoV5-1) [10,152–157] and H13 (1.2344, X40CrMoV5-1) [11,12, 
148,158–179,182]. Most articles deal with the tool steel H13 and the 
phenomena encountered there are representative for the whole class of 
steels. Therefore, we will first describe the microstructure and me
chanical properties of H13 in detail before briefly touching on the other 
tool steels in use in AM. 

Fig. 21. Atom probe tomography reconstruction showing the different types of precipitates (Ni3Ti (η type) and Fe7Mo6 (μ phase)) occurring in a L-PBF produced 
18Ni-300 Maraging steel after aging at 510 �C for 2h. Reprinted with permission from Ref. [124]. 

Fig. 22. Tensile curves of L-PBF produced 18Ni-300 maraging steel before and 
after aging at 460 �C for 8h. Reprinted under Creative Commons Attribution 
License (CC BY 4.0) from Ref. [129]. 

Table 2 
Overview of published mechanical properties of 18Ni-300 maraging steel. AP: as produced, SA: solution annealed, AH: ageing heat treated.  

Source condition E (GPa) Rp0.2 (MPa) YS (MPa) UTS (MPa) elongation at fracture (%) Hardness (HV or HRC) Tough-ness (J) 

[120,123,126,131] Wrought SA 180  760–895 830–1170 6–17 30-37 HRC  
Wrought AH 183–193  1790–2070 1830–2100 5–11 525 HV/54 HRC  

[119] L-PBF AP    1178 7.9 381 HV 24 
L-PBF SA    1080 10.2 341 HV 24 
L-PBF AH    2164 2.5 645 HV 5 

[123] L-PBF AP 181  815–1080 1010–1205 8.3–12 420 HV  
L-PBF SA 161  800 950 13,5 320 HV  
L-PBF AH 220  1750 1850 5,1 600 HV  

[124] L-PBF AP      370 HV  
L-PBF AH      573 HV  

[121] L-PBF AP  1000  1200 8   
[125] L-PBF AP  900  1200 6   

L-PBF AH  1950  2000 1,5 630 HV  
[126] L-PBF AP    1085–1192 5–8 30-35 HRC  
[127] L-PBF AP 166  985 1152 7.6 34 HRC  
[129] L-PBF AP   915 1188 6.1 371 HV  

L-PBF SA      279 HV  
L-PBF AH   1957 2017 1.5 600 HV  

[131] L-PBF AP 163 1214  1290 13,3 40 HRC 42 
L-PBF AH 189 1998  2217 1,6 58 HRC 5 

[120] L-PBF AP   915 1165 12.4 35-36 HRC  
L-PBF AH   1967 2014 3.3 53-55 HRC  
L-PBF SA   962 1025 14.4 28-29 HRC  
L-PBF SA þ AH   1882 1943 5.6 52-54 HRC   
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5.2.1. Microstructure and texture of carbon-bearing tools steel H13 
It was shown that virtually dense and crack free samples from H13 

(1.2344, X40CrMoV 5–1) can be produced by DED with optimized 
process parameters [173,175,176,178]. Dense as well as crack free 
samples can be achieved by heating the base plate during the L-PBF 
process to at least 100 �C [12,158,161,170,174]. It has been shown that 
H13 can be processed by electron beam melting (E-PBF), which requires 
a pre-heated powder bed in all cases [13,180]. Similar to maraging 
steels, the microstructure of AM-produced H13 tool steel consists of 
solidification cells/dendrites with retained austenite located in the 
interdendritic regions. The cell size ranges from 0.5 to 2 μm for L-PBF 
[158,162,166,174] and from 2 to 30 μm for DED [165,167,169,173, 
175]. In DED, the secondary dendrite side arms are more pronounced 
than in L-PBF [175]. Brooks et al. [177] suggest from WDS measure
ments that Cr, Mo as well as V are enriched in the interden
dritic/austenitic region. As in maraging steel, the cellular structure is the 
result of microsegregation during solidification which enriches some of 
the alloying elements in the interdendritic regions. In particular the 
enrichment of carbon stabilizes the austenite to room temperature (see 
Fig. 23) [172]. In contrast to maraging steels, however, carbide pre
cipitates can already be present in the as-AM-produced state [158,161, 
166,169,172–175]. 

Alternative explanations for the austenite formation have been pro
posed. Holzweissig et al. hypothesize that the austenite is formed upon 
carbon diffusion in the solid due to the IHT [158]. Krell et al. propose a 
delta ferritic solidification of the dendritic region and a gamma solidi
fication of the interdendritic region [174]. It must however be noted that 
there is no conclusive experimental evidence for these alternative 
explanations. 

There is only limited information available in the literature 
regarding the texture of H13 tool steel. Probably the crystallographic 
texture in L-PBF produced material is very weak, for the same reasons as 
in maraging steels [162]. 

5.2.2. In-situ and ex-situ heat treatment of carbon-bearing tool steels 
Since martensite formation induces transformation strain and turns 

the material brittle, and since pre-heating the base plate eliminates 
cracking, an obvious conclusion is to assume that pre-heating prevents 
martensite formation by keeping the temperature above the martensite 
start temperature MS. However, for all pre-heating temperatures up to 
300 �C, which is above the MS temperature for the nominal composition 
of H13, the same cellular solidification structure and martensitic 
microstructure is found [174]. This suggests that cracking is avoided due 
to the lower thermal gradients and reduced residual stresses at elevated 
temperatures rather than due to a suppression of martensite formation. 
Base plate heating of 400 �C changes the phase transformation and 

hence the microstructure after cooldown significantly: by keeping the 
part above the MS temperature, a bainitic microstructure is formed 
[161]. This bainitic sample shows a higher hardness as well as higher 
tensile strength compared to the martensitic microstructure obtained at 
lower heating temperatures. It must be noted that authors typically 
report the nominal base plate temperature, usually measured in the 
heating itself below the base plate. The actual temperature in the sample 
being built can be significantly lower than this nominal temperature. 
Another factor is the chemical inhomogeneity of the material: Due to 
microsegregation, the steel inside dendrites/cells contains less carbon 
than the nominal composition and hence locally has a higher MS 
temperature. 

Like in L-PBF, DED-produced H13 shows a martensitic microstruc
ture with some retained austenite. But unlike L-PBF, the martensite is 
tempered due to the heat input upon IHT during DED [173]. This effect 
is visible when comparing the hardness of the top layer (negligible IHT) 
to lower layers of a sample (significant IHT): in as-DED-produced H13, 
the top layer has a higher hardness compared to the lower layers (see 
Fig. 24) [156,160,164,175]. The lower layers tempered by the IHT 
contain V and Cr rich carbides [177]. These are mainly MC-type car
bides, plus a small amount of M7C3 carbides [169]. Cottam et al. attri
bute the transformation of retained austenite to martensite to the in-situ 
tempering due to the IHT [179]. During the build, also the cooling rate 
during solidification decreases as the part becomes taller and heat 
conduction into the base plate is reduced. Therefore, solidification cell 

Fig. 23. SEM micrograph (a) together with the corresponding EBSD analysis (b) of H13 steel built by L-PBF. The main microstructure constituent is martensite (red). 
Austenite (blue) is stabilized at the cell boundaries due to microsegregation. Reprinted with permission from Ref. [172]. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 24. Hardness profile along the cross section of a DED built H13 tool steel 
sample. The highest hardness in the top region of the sample (left side of the 
graph) is due to the fact that here the martensite is untempered. The layers 
below are tempered by the IHT and therefore softer. The hardness peak at 
around 6 mm from the top is presumably due to secondary hardening (i.e. 
precipitation of carbides). Reprinted with permission from Ref. [160]. 
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diameters at the top of the build are larger compared to the bottom of the 
build [178]. 

A similar in-situ tempering effect by the IHT as in DED has also been 
reported for L-PBF [161,172]. However, the results are not as conclusive 
as in the case of DED-produced material: Zheng et al. found Fe3C 
cementite (as well as retained austenite) in the martensitic microstruc
ture in the as-L-PBF produced state by means of XRD [166], while Ren 
et al. did not find any precipitates by TEM [162]. Both studies do not 
mention the use of base plate heating. Deirmina et al. find precipitation 
of transition carbides, followed by M3C, M23C6 carbides and finally MC, 
M2C and M6C upon tempering of an austenitized and quenched 
L-PBF-produced sample in a dilatometer. Since the first two precipita
tion reactions are not observed upon tempering of an as-produced 
sample, they propose that a low-temperature transformation already 
occurs during the L-PBF process [172]. Mertens et al. attribute the 
higher hardness in the top layer compared to the bulk of the sample to a 
tempering of the martensitic microstructure for builds without and with 
base plate heating up to 200 �C [161]. 

The retained austenite decomposes during post-heat treatment at 
500 �C, and the cellular solidification microstructure disappears at 
tempering temperatures above 600–700 �C [172–174]. Complete aus
tenitization followed by quenching results in a martensitic microstruc
ture very similar to conventionally produced material without retained 
austenite [171–174] (see Fig. 25). 

L-PBF produced samples that are tempered directly from the as- 
produced state do not show the dip in hardness at low tempering tem
peratures that is characteristic for conventionally produced material and 
that is due to softening of the martensite [172,174]. Furthermore, the 
secondary hardness peak is shifted to significantly higher temperatures. 
This can be explained by a high amount of carbon and carbide formers 
being bound in the retained austenite that is stable up to relatively high 
temperatures [172–174]. Only when this austenite is decomposed, the 
secondary carbides can form. 

5.2.3. Mechanical properties of carbon-bearing tools steel H13 
Reported hardness values in the as-L-PBF produced state range from 

570HV up to 680HV (and even 745HV in the skin area [163]) [162,170, 
174]. These values are similar to or even higher than as-quenched 
(hardened) wrought H13 material, reflecting the fully-martensitic 
state of this material. The fact that many of the reported values for the 
yield strength and UTS are significantly lower in the as-L-PBF-built 
condition than conventionally produced and heat treated H13 suggests 
that the extreme brittleness of this state leads to premature fracture of 
tensile test specimens [12,158,161,163,170]. After tempering, the 
L-PBF-produced material shows almost the same value as wrought and 
heat treated material [12]. However, the elongation to fracture is much 
lower in the L-PBF-produced samples in the as-produced as well as aged 
conditions [12,158,161,163,170], presumably because of remaining 
process-induced defects such as porosity. For as-DED-produced material, 
the hardness (550HV to 660HV [164,175,179]), the UTS (~2000 MPa) 
and the elongation at fracture (5–6%) are similar to those of quenched 
and tempered wrought material, reflecting its in-situ tempered state 
[169]. Depending on the application, this could be a desired outcome, 
since it could alleviate the need for a post-tempering treatment. See 
Table 3 for an overview of published mechanical properties of H13 tool 
steel. 

The fatigue life of L-PBF produced H13 (as-built surfaces) is signifi
cantly below that of conventionally produced material [12]. This can be 
attributed to the residual stress and the sample surface roughness 
stemming from the L-PBF process [170]. Even after surface machining 
the fatigue strength remained significantly lower than that of reference 
material (50% failure probability at 107 cycles strength of 283 MPa 
compared to 600 MPa) [170]. The fatigue properties drastically improve 
upon stress relief and austenite decomposition heat treatment at 600 �C 
[12]. 

The wear resistance of DED produced H13 is comparable or even 
superior to that of conventionally produced material [169,181]. The 
wear loss in a sliding wear pin-on-disc experiment of as-DED produced 
material was only 1/3 of that of wrought and hardened H13 steel [169]. 
There is no conclusive information yet available on the wear perfor
mance of L-PBF produced H13 steel. 

5.2.4. Other carbon-bearing tool steels 
The microstructure and processing of H11 (1.2343, X38CrMoV 5–1) 

produced by L-PBF is similar to the one described for H13 [153–157]. 
There is as much as 15 wt% retained austenite in the as-produced state, 
which reduces to 3 wt% or less upon tempering [153,157]. The micro
structure also includes a very low volume fraction of M3C carbides in the 
as-produced state and M23C6 in the tempered state [153]. A high 
(nominal) preheating temperature of 500 �C leads to austenite trans
formation to upper bainite instead of martensite [157]. 

For M2 steel it was shown that it is possible to produce dense and 
crack free 1D single line tracks [183] as well as 2D surfaces in L-PBF 
without pre-heating [184]. 3D structures, however, require base plate 
heating to at least 200 �C [116,144–147,184]. The microstructure is 
somewhat different from H11 and H13: microsegregation during solid
ification not only stabilizes austenite, but also leads to the formation of 
carbides and possibly eutectic structures in the interdendritic regions 
[144,148,149,184] (see Fig. 26). The hardness of as-L-PBF-produced M2 
steel parts is, at 57 HRC, almost as high as that of heat treated 
conventionally produced material (65 HRC) [116]. By re-melting each 
layer during the L-PBF process, the as-produced hardness can even reach 
values as high as 64 HRC [116]. The tensile testing results of 
as-produced L-PBF samples are somewhat worse than those of heat 
treated conventional material, with 1300 MPa UTS and 0.7% elongation 
at fracture compared to 1600 MPa and 1.5% [116]. 

There are scattered examples of other, higher-carbon tool steels 
being processed by AM in the literature. They include high-carbon steel 
HS 6-5-3-8 (1.3294) [150], X65MoCrWV3-2 [151] and a steel contain
ing even 2 wt% C [185]. These steels can be produced fully dense and 

Fig. 25. SEM micrographs showing the microstructure of H13 steel samples 
produced by L-PBF at 200 �C pre-heating temperature after different heat 
treatments: a) and b) tempering at 600 �C and 700 �C respectively. C) auste
nitization at 1040 �C followed by oil quenching. Reprinted with permission 
from Ref. [174]. 
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crack free by high pre-heating temperatures (e.g. 500 �C). The solidifi
cation microstructure and in-situ tempering is in principle similar to the 
behaviour described for lower-carbon tool steels above. 

6. Ferritic microstructure: ODS steels 

Oxide dispersion strengthened (ODS) steels are stainless steels meant 
for use at high temperatures. They contain a minimum of 12% Cr and 
essentially no austenite stabilisers, and hence are either martensitic, 
martensitic/ferritic, or fully ferritic at room temperature. Grades with 
high Cr contents and with other ferrite stabilising elements are ferritic at 
all temperatures up to melting. ODS steels achieve their corrosion 
resistance by their Cr content (as much as 23%) as well as, for some 
grades, Al additions. Their creep resistance is provided by a homoge
neous dispersion of fine oxide particles, typically a few to a few tens of 
nm in size. With some exceptions, the oxide added is Y2O3, although this 
stoichiometry may change during processing to Y2Ti2O7 or other com
pounds. Additionally, their microstructure makes them attractive in 
fission and fusion power plants. ODS steels are conventionally produced 
via a powder metallurgical process route involving mechanical alloying 
(i.e. prolonged high-energy milling) of metal and oxide powders and hot 
compaction (e.g. hot extrusion or HIP), potentially followed by post-heat 
treatments. They are often considered difficult to weld, because the 
small oxide precipitates may coarsen or leave the weldment during 
joining. 

6.1. ODS steels by AM of mechanically alloyed powders 

Most reports of the use of ODS steels in AM are related to the com
mercial alloy PM2000 (Fe–19Cr-5.5Al-0.5Ti-0.3Y2O3) or its close rela
tive, MA956. The first report of L-PBF processing of an ODS steel is by 
Walker et al. [187]. They synthesized single-wall specimens from 
mechanically-alloyed PM2000 powder and showed that a homogeneous 
distribution of oxides can be retained in this process route. Although the 
average sizes of the oxides in their samples are somewhat coarser than in 
conventionally-produced PM2000 (average diameter 48–61 nm by 
L-PBF, depending on process parameters, vs. 30 nm conventionally), the 
general feasibility of ODS processing by AM was proven. Processing in 
this study suffers from a very low available laser power of only 50W, 
necessitating very slow scanning speeds for full consolidation. The au
thors show that the slow scanning speed is the main factor contributing 
to oxide coarsening during the L-PBF process [187]. 

Subsequent studies use similar processing routes, i.e. melting of fully 
mechanically alloyed PM2000 or MA956 powders by L-PBF [188–190]. 
The microstructure in all cases is similar. It is fully ferritic, shows a 
strong fibre texture with the <001> direction parallel to the build di
rection, and includes a homogeneous distribution of fine oxides (see 
Fig. 27). In some cases, also coarser oxides are observed [188], poten
tially due to agglomeration of nanometre-sized oxides [190]. The crystal 
structure of the oxides is sometimes reported as Y2Ti2O7, sometimes as 
Y4Al2O9 [189]. The strong crystallographic texture leads to an aniso
tropic mechanical behaviour, with e.g. ductile fracture when strained in 
the build direction, but brittle transgranular fracture when strained 
perpendicular to the build direction [188]. After an additional heat 
treatment, the tensile strength reaches the values of conventionally 
produced material [188]. 

Vasquez et al. processed Fe–14Cr–1W powder mechanically alloyed 
with Y2O3 and TiH2 by L-PBF and report a microstructure of the built 
parts similar to the one described above for PM2000 [191]. Gao et al. 
successfully produced mechanically alloyed Fe–18Cr–2W–0.5 
Ti–0.3Y2O3 powder by E-PBF [192]. They show the preferential 
arrangement of a part of the small oxides along grain boundaries, 
10–40 nm in diameter. The results of tensile tests conducted on the 
as-built parts at temperatures up to 600 �C, while dependent on the 
testing direction, are very promising. This includes occurrence of a 
ductile fracture mode [192]. 

6.2. ODS steels synthesized in-situ by additive manufacturing 

The natural oxide layer on the surface of steel powder particles, 
together with a residual oxygen content in the process chamber, leads to 
oxides in the microstructure of many steels processed by L-PBF. Saeidi 
et al. describe the presence of Cr-rich, amorphous silicates in the 

Table 3 
Overview of published mechanical properties of H13. AP: As-produced, AH: age hardened (tempered), BP: Base plate temperature during build.  

Source condition E (GPa) YS (MPa) UTS (MPa) elongation at fracture (%) Hardness (HV or HRC) 

[12,161,164,169] H13 wrought AH 210 1569–1650 1930–1990 9–12 40-53 HRC 
H13 wrought AP     50-54 HRC 

[163] L-PBF AP   1000–1200 0.8–1.9 612 (skin 745) 
[158] L-PBF AP 100 �C  1150–1275 1550–1650 1.5–2.25  
[164] DED AP     46-54 HRC 
[161] L-PBF AP RT 190 1236 1712 4.1  

L-PBF AP (BP 200 �C) 188 835 1620 4.1  
L-PBF AP (BP 400 �C) 194 1073 1965 3.7  

[12] L-PBF AP  1003 1370 1.7 59 HRC 
L-PBF AH  1580 1860 2.2 51 HRC 

[175] DED AP     550 (up to 700 in top layer) HV 
[160] DED AP     400-600 (750 in top layer) HV 
[165] DED AP     53-56 HRC 
[166] L-PBF AP     57 HRC 
[169] DED AP  1288–1564 2033–2064 5–6 660 
[170] L-PBF AP (BP 240 �C) 198 892 1440 1.5 571-579 HV  

Fig. 26. SEM micrograph of the microstructure of an L-PBF produced M2 steel 
showing examples of the carbides formed at the cell boundaries. Reprinted with 
permission from Ref. [186]. 
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microstructure of L-PBF-produced 316L austenitic stainless steel [47, 
193]. Such oxides are probably present in all L-PBF-produced steels, but 
few authors notice or comment on them. Saeidi et al. ascribe the higher 
than expected hardness of austenitic stainless steel, compared with 
conventionally produced one, partly to the existence of these oxides. The 
room-temperature mechanical properties, in particular the ductility of 
their samples compares favourably with 304L ODS austenitic stainless 
steel produced by HIP. 

Also other authors notice the presence of oxides in as-L-PBF- 
produced steels, be it in 316L austenitic stainless steel (mostly Si- and 
Mn-rich oxides) [27,50,194], Invar alloy (Fe–36Ni, with Fe3O4 oxides) 
[195] or maraging steels (TiO2) [124], see Fig. 28. As mentioned before, 
often a bimodal oxide size distribution is found: besides oxides tens of 
nm in diameter, also coarser oxides, 10–100 μm are found [131,196]. 
The coarse oxides usually occur when the material is processed with low 
laser power and, importantly, slow scanning. 

These findings led to attempts to synthesize ODS steels not by the 
laborious and energy- and time-intensive process of mechanically 
alloying, but by intentional oxidation in-situ during the L-PBF process. 
Oxygen can be introduced directly into the powder during atomization 
using an oxidising gas atmosphere [197], or by using an artificially 
oxygen-enriched process atmosphere in L-PBF [198,199] or in DED 
[200]. In the latter case, incursion of air in the region above the melt 
pool also led to the emergence of nitrides next to the expected oxides. In 
most studies, using an oxidising process atmosphere led to an increase in 
the number density of oxide particles. 

Oxides can also be introduced as nano-particles into the steels 
without mechanical alloying. Do~nate-Buendía et al. use laser-generated 

Y2O3 nano-particles (among others) electrochemically dispersed on 
micrometre-sized PM2000 matrix powder in the DED process [201]. The 
thus synthesized ODS steel performed similarly to oxide-free PM2000 
matrix powder processed by DED, but showed a 22% increase in 
compressive yield strength at a temperature of 600 �C. 

It is remarkable that the size of the small oxide particles in all these 
studies is between 10 and 80 nm despite the wildly varying processing 
routes. This fact suggests that the oxides are actually dissolved in the 
liquid steel melt during AM processing. A part of the oxygen floats to the 
melt pool surface and a) is ejected as spatter [202] b) keeps being floated 
up layer by layer, until it forms the surface “slag layer”, or c) forms 
coarse oxide inside the material, in particular at slow scanning speeds. 
The remaining oxygen presumably precipitates from the melt, leading to 
the often-observed small and round oxide particles. It must by noted, 
however, that there is no experimental proof for this hypothesized 
mechanism yet, beyond the similarity in particle size. 

6.3. Other reinforcing particles 

In a similar way as in ODS steels, various authors have processed 
steels (mostly austenitic stainless steels) with the aim to produce a steel 
matrix reinforced with nanometre-sized hard particles. This includes 
processing of TiB2 nano-powders with steel micro-powder [203,204] 
and the in-situ formation of TiC particles by the reaction Ti þ C→TiC in 
the melt pool [205,206]. As mentioned in the introduction, a full review 
of these MMC-type materials is, however, outside the scope of this 
review. 

Fig. 27. PM2000 ODS steel produced by L-PBF after mechanical alloying. (a) TEM micrograph showing the oxide dispersion in the ferritic matrix and (b) the 
corresponding oxide size distribution for SLM (L-PBF) and conventionally produced material. Oxides after L-PBF processing are slightly coarser than in 
conventionally-produced material, but are homogeneously dispersed. Adapted with permission from Ref. [188]. 

Fig. 28. Three different materials produced by L-PBF including oxide particles with diameters below 1 μm (a) Si-rich oxides in a 316L stainless steel [47], b) TiO2 
inclusions in a 18Ni-300 maraging steel [124], c) oxides in Invar 36 [195]. Adapted from the references with permission. 
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7. Conclusions 

Steels are mankind’s most successful, important, affordable and 
available structural materials. They often serve in the form of enabling, 
backbone, and safety-critical components in key products in all fields 
relevant to society such as transportation, energy conversion, safety, 
health, infrastructure and manufacturing. Examples are large buildings, 
cars, ships, tools, spaceships, wind turbines, and nuclear power plants. 

The published studies about the additive manufacturing of steels 
reflect the opportunities and challenges of this manufacturing pathway 
and the wide variety of available steel grades. For some steels classes and 
specific AM processes, large numbers of studies have been performed. 
For other steel variants and AM processes, the number of published 
works is still small and in some cases there is disagreement among the 
published results regarding microstructure and properties. Generally, 
we can draw the following conclusions:  

� Steels can be processed in fusion AM processes to almost full relative 
density. A small volume fraction of process-typical defects such as 
pores remains in the microstructure. Some grades, especially carbon- 
bearing tool steels, require pre-heating of the substrate plate to 
achieve crack-free parts.  
� The microstructure of AM-produced steels is, as is to be expected, 

dominated by the solidification and solid-state phase trans
formations. Its features are smaller than those in the conventionally 
produced counterparts, usually at least by an order of magnitude.  
� For some steels, the phases in the as-produced microstructure differ 

greatly from the intended in-use microstructure. This is due to the 
high cooling rates during AM, which may change the primary so
lidification phase, but also because microsegregation upon solidifi
cation leads to chemical inhomogeneity and hence locally differing 
phase stabilities. Additionally, high cooling rates after solidification 
can lead to incomplete phase transformations (e.g. austenite forma
tion in duplex stainless steels), while the intrinsic heat treatment, in 
particular during DED, can trigger precipitation reactions (e.g. in- 
situ tempering in tool steels). 
� Because of the difference between intended and observed micro

structures, many AM-produced steels require a post-heat treatment. 
This may differ from the usually-applied and standardised heat 
treatment. 
� As is typical for microstructures of steels solidified in a strong tem

perature gradient, steels produced by AM usually show a pronounced 
crystallographic <001> fibre texture along the build direction. 
However, solid-state phase transformations upon cooling, in partic
ular the martensite transformation e.g. in tool steels, leads to a 
weakening of the texture.  
� The hardness and tensile strength of AM-produced steels typically 

matches or even exceeds that of their conventionally-produced 
counterparts. This is variously attributed to the fine microstruc
ture, to its hierarchical nature, and to precipitates present in the 
microstructure after processing. The ductility, however, is often 
found to be inferior. The crucial factor to achieve high elongation at 
fracture is the complete elimination of fracture initiation sites such as 
microcracks or lack-of-bonding defects. For some material/process 
combinations where this is achieved, the ductility has been shown to 
match conventionally-produced material.  
� Similar to ductility, also the fatigue strength depends mostly on 

surface and internal defects. Samples tested with as-produced surface 
conditions usually show a poor fatigue life. Post-treatments such as 
hot isostatic pressing and surface machining considerably improve 
fatigue properties. In some cases, thus-treated specimens show a 
comparable fatigue life as conventionally-produced specimens.  
� The corrosion properties of AM-produced steels, mainly stainless 

steels, is typically superior to those of conventionally-produced 
material. Again, this is often attributed to the fine microstructure, 
sometimes also to the special texture and the two-phase nature of 

AM-produced stainless steels. The research into the reasons for the 
improved corrosion resistance is still in its early stages. 

Steels can be well processed by AM and display properties that are in 
some cases exceeding those of conventionally-produced steels (strength, 
corrosion resistance), but in other cases lagging behind (ductility, fa
tigue life). It is important to keep these strengths and weaknesses in 
mind when designing parts to be manufactured from steel by AM or use 
these observations for the custom-design of AM-specific steels with 
better properties considering these potential areas of weakness. Like
wise, the AM-typical requirements on modified heat treatments and, 
potentially, mechanical anisotropy need to be taken into account. For 
instance, texture related anisotropy in diffusion, magnetic and stiffness 
features need to be mitigated or can be utilized. 

8. Outlook 

In the future, additional research is required to overcome the chal
lenges in AM steel processing. In some cases, the underlying reasons for 
the observed properties need to be clarified, e.g. in the interesting 
corrosion resistance of L-PBF produced stainless steels. In other cases, 
the interplay between alloy and processing is needs to be improved 
either by adapted alloys or by improved processing, e.g. in the case of C- 
bearing tool steels experiencing a relatively uncontrolled in-situ- 
tempering during AM processing. Some combinations of alloys and 
processes are not explored yet, e.g. there are only limited studies of 
steels in E-PBF. 

Some of this research is already ongoing, especially in the area of 
microstructure modification by process control. At the end of this re
view, two points merit consideration. First, the vast majority of research 
being conducted on AM of steels up to now is about the processing of 
existing alloys with new processes. However, alloys are always devel
oped considering a certain processing route which in turn lends the 
material a beneficial microstructure and thus property profile. There
fore, almost all steels in AM at the moment are used in a way that was 
initially not intended. While this works well in some cases (e.g. 
austenitic stainless steels), other steel classes are more difficult to pro
cess (carbon-bearing tool steels). This disadvantage can be ameliorated 
by substitution (employ maraging steels instead), process modification 
(develop high-temperature pre-heating systems), but also by alloy 
modification. This latter possibility is currently mostly being neglected, 
but might evolve into a promising research field in the near future, with 
some companies already today marketing steel grades “developed spe
cifically for AM”. The aim of such alloy development should not only be 
to improve the processability of steels in AM, but also to exploit the 
unique features of AM processes to produce steels with improved 
properties. An example are the high cooling rates in conjunction with 
the intrinsic re-heating during sequential layer building enabling an 
order of magnitude high precipitate number densities compared to 
conventional manufacturing routes in the case of some maraging steels. 

The second point pertains to the definition of “steel”. In this review, 
as well as in the vast majority of published studies, steel refers exclu
sively to iron-base alloys intended for structural applications. There is, 
however, increasing interest in utilizing AM for making parts of iron- 
base alloys with functional properties. This includes the invar features 
of FeNi or FeCoNi steels which have over a wide temperature range a 
negligible coefficient of thermal expansion and are therefore products 
with key relevance for applications in the liquid-gas, precision ma
chinery and space industries. In these fields, AM produced invar alloys 
are already used for economic reasons and further growth is envisaged. 
For instance, Invar 36 (Fe-36 wt%Ni) can be well processed by L-PBF 
[207–209] and by DED [210]. Another example for functional, 
iron-based alloys are electrical steels. These soft-magnetic materials 
require a specific crystallographic texture (Goss texture, {011}<100>) 
to achieve the low hysteresis losses that make them desirable for ap
plications e.g. in transformers and electric motors. In this application 
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domain, the ability of AM to produce functional parts with complex 
geometries opens a very promising field of research as advanced design 
strategies for the ongoing electrification efforts in transportation, con
struction and manufacturing often require parts with custom-designed 
shapes. Additionally, if the necessity to deform electrical steel by roll
ing is removed by AM processing, Fe–Si-alloys with increased Si content 
may be used, which shows a higher electrical resistivity compared to 
conventional electrical steel (up to 3.5%Si) and hence a lower hysteresis 
loss [211–213]. Further iron-based functional materials that are 
considered for use in AM include amorphous, nanocrystalline, and 
magnetocaloric materials (see Ref. [214] for a recent review). 
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