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Abstract

Stainless steels are widely used in chemical, structural and automotive applications due to
their high room-temperature mechanical properties, toughness, corrosion resistance and
low cost. However, tendency and rise in industrial demands for components to be used at
high temperature with good mechanical performance and corrosion resistance limit their
usage in many applications and narrow down their service criteria. Tailoring the micro-
structure, tuning the chemistry, adjusting the phase composition and introducing a dense
3D network of dislocations can tailor and develop stainless steels with high performance
for extreme conditions, such as elevated temperatures. In this chapter, the effect of the
microstructure of additively manufactured and thermo-mechanically processed stainless
steels on the high temperature mechanical performance is discussed and a comparison is
made with conventional steels. Moreover, new mechanisms are introduced and discussed
co-relating the microstructure and properties.

Keywords: stainless steel, selective laser melting, microstructure tailoring, high
temperature, mechanical properties

1. Introduction

Additive manufacturing (AM) has been developed from prototyping to near net shape and
end products which can challenge and compete with the traditional manufacturing methods
such as casting, pressing and sintering. The components of materials, such as stainless steel,
are built up with unique structures at various length scales spanning from macro down to
nano metric levels which are different from materials produced by conventional methods.
The AM technique makes it possible to assemble localized tuneable structures, tailor the
chemistry and microstructure and advance the mechanical, physical and corrosion properties
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to produce customized materials. The tailoring and manipulation of the materials chemistry
and the microstructure not only improves the room temperature mechanical properties of
stainless steels but provides opportunities to design stainless steels for elevated temperatures
and for relatively harsh environments. Industrial demands show that the stainless steels are
of interest for high temperature applications nowadays since these materials can compete
in price with other materials and therefore be more efficient and economical. This chapter
introduces AM manufactured stainless steels (316L, 2507 and 420) and their post processing to
tailor microstructures to achieve advanced mechanical properties both at room temperature
and elevated temperatures and make comparisons with traditionally manufactured stainless
steels. The outcome of this work is undoubtedly of interest for engineers and scientists.

2. Additive manufacturing

Additive manufacturing is a flexible technique that can manufacture three-dimensional (3D)
solid objects of virtually any geometry from digital design data based on computer aided
design and computer aided manufacturing (CAD/CAM). The AM technique builds up objects
in a bottom-up approach, i.e. by adding material layer by layer on top of each other and
consolidating it using a high energy heating source [1]. Early use of AM in the form of rapid
prototyping focused on pre-production and nowadays AM is being used to fabricate end-use
products. AM can be used to process materials such as plastics, polymers, metals, alloys,
ceramics and human tissue. Based on the raw materials used, AM is categorized into three
main groups: (I) solid-based, such as laminated object manufacturing (LOM) [2] where cut to
shape laminates are bonded together; (II) liquid-based, such as fused deposition modeling
(FDM) [3] Stereo-lithography (SLA) where a photosensitive polymer resin is cured layer by
layer using a scanning ultraviolet laser beam [4, 5]; and (III) powder-based, such as selec-
tive laser sintering (SLS) or selective laser melting (SLM) [6—-8] where layers are created by
spreading the powder on the building substrate and melting the powder particles bonding
them together using a high energy laser source (see Figure 1), and electron beam source,
i.e., electron beam melting (EBM) [9-11] and three-dimensional printing (3DP) [12, 13] where
layers are created from powders onto which a traversing ink jet head prints a bonding agent.
LOM, FDM, SLA and 3DP can produce metal parts in an “indirect” approach in which a
binder is used to bond precursor particles forming 3D parts and post-processing is required
after the AM process. SLS/SLM, EBM are “direct” ways in which the precursor particles are
partially melted and/or fully melted during the AM process to make the final part directly.
In the following sections, the SLM processing of stainless steels and post processing to tailor
structure and properties are discussed.

SLM is used to fabricate metallic prototypes, components and counterparts in various indus-
trial applications such as aerospace, defense, spacecraft, automobile and the biomedical
industries. Figure 2 shows examples of products built by SLM technology.

For SLM fabrication of materials two requirements have to be met:

* Powder precursor: the powder should be provided as gas atomized spherical granules
with size between 25 and 150 pm. The powder should have a good flowability to ensure



Microstructure-Tailored Stainless Steels with High Mechanical Performance at Elevated... 115
http://dx.doi.org/10.5772/intechopen.80468

Scanner system

Powder Roller Fabrication

: owder bed
delivery 3 Object being
system fabricated

Powder delivery piston Fabrication piston

Figure 1. Schematicof the selectivelaser melting process (http://blog.trendonix.com/3d-printing-selective-laser-sintering).

Figure 2. Example of products in different application fields produced by SLM technology (courtesy of Saeidi [14]).

unified spreading of the powder by the re-coater blade on the building substrate and an
acceptable apparent density to avoid sinking of the powder.

¢ Optimization of the processing parameters: laser processing parameters are optimized to
ensure a solid and decent part. The main parameters are laser power (P), scan speed (v),
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focal spot diameter (2a), line spacing (L) and layer thickness (t). Because of strong associa-
tion between the laser power and scan speed a suitable way of expressing their influences
on powder interaction is in the form of a compound variable (Eq.1) which is referred to as
the laser energy density (LED) [1].

Favrder bed

Growth Type [

scan direction

Paveder bed

Growth Type Il

scan direction

Pewder bed

Growth Type II1

Figure 3. Three types of melt pools with growth type I (balled melt pool) type II (discontinuous and fragmented melt
pools) and type III (continuous melt pool columns) (courtesy of Beng [15]).
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LED = P/2a.V (1)

During SLM, upon exposure of powder with the laser beam momentarily melt droplets are
created and due to the moving beam elongated melt pools are created. These melt pools can be
regarded as small casting. The shape of the melt pools can be controlled by the surface tension
of the melt. The solidification of the melt results in the formation of microstructure within the
melt pools, thus the shape and size of the melt pool are controlled and adjusted [15]. The size
and shape of melt pools can be adjusted by controlling the laser processing parameters. Three
different melt pool types, (I) balled melt pools; (II) discontinuous and fragmented melt pools;
and (III) continuous melt pools have been identified in laser processing of materials, as shown
in Figure 3. The fast cooling rate (10° KS™') for metallic materials and the confined melt pool
results in unique microstructures [14].

2.1. Fabrication of stainless steels using SLM

Stainless steels are one of the most widely investigated materials for SLM [16] and based on the
laser processing parameters and LED discussed above, SLM can fabricate dense [17, 18] and
porous stainless steels used in aerospace, automotive, fuel cells [19] and biomedical applications
[20, 21]. In this chapter, fabrication of stainless steel grades such as austenitic 316L, duplex 2507
and martensitic 420 grades with SLM technique and post processing of the stainless steels will be
discussed and their influence on the microstructure and mechanical properties will be explained.

Figure 4. Different melt pool patterns caused by different scanning strategies during SLM of (a and b) 316L austenitic
stainless steel, (c) CrCoMo dental alloy, (d) 2507 duplex stainless steel (figures have not been published elsewhere).

17
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2.2. Microstructure hierarchies and heterogeneities in SLM stainless steel
components

Hierarchical assembly of materials is one of the most promising yet challenging aspects of
nanoscience [22-24]. Although synthesizing hierarchical materials, in terms of complexity
and precision, is still very primitive, advanced progress has already been made towards this
field. Recently, hierarchical structures are processed in materials, e.g., Ni-base super alloys
processed by rapid solidification of the melt [25, 26]. Hierarchies in laser induced coating of
Ti6Al4V alloys, in which a multi-scale textured zirconia coating was applied on titanium alloy
using a pulsed laser, has been reported [27]. Lui et al. [28] synthesized W-Cr alloys with hier-
archical structure using combustion synthesis. However, hierarchies in stainless steel have
been reported recently [18] in the microstructure of selective laser melted steels. During SLM

Figure 5. (a) Melt pools in macroscopic length scale, (b) EBSD image of SLM 316L stainless steel showing elongated
grains inside the melt pools at microscopic length scale, (c) SEM image showing existence of a substructure inside the
micro grains, (d) SEM image showing the substructure has a cellular morphology with size around 1 pm, (e) the cellular
substructure in 420 martensitic stainless steel, (f) nano metric martensite needles inside the cells and across the cells in
420 steel (figures have not been published elsewhere).
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of stainless steels network of melt pools are created at the macroscopic levels. The size of the
melt pools is determined by the line spacing. The directions of melt pools and how they are
built can be adjusted according to the laser scanning pattern. Changing or rotating the scan-
ning pattern could generate complex network of the melt pools in stainless steels. Figure 4
shows different scanning patterns for SLM 316L, CrCoMo dental alloy and SLM 2507.

During the SLM process, upon rapid solidification in the small volume of melt pool various
crystallization processes can take place at microscopic level (Figure 5a). Inside the melt pools
grains are formed as seen in from the EBSD orientation mapping showing elongated grains
(Figure 5b). At the sub-micron scale and nano levels inside the grains a substructure is seen
which is sown in Figure 5¢. The substructure has cellular morphology with cells around 1 pm
(Figure 5d). Hierarchy in laser melted 420 martensitic stainless steel is depicted in Figure 5e
and f where cellular structure in micron scale (Figure 5e) and colonies of martensitic needles
with different orientation in submicron scale (Figure 5f) are seen.

Hierarchical microstructure heterogeneities at two length scales macro and micro are pres-
ent in the laser melted stainless steels. The microstructure heterogeneities can be categorized
to grain morphology, grains size and orientation. Figure 6a shows existence of different

Figure 6. SEM images of SLM 316L showing (a) different grain morphology existing inside the melt pools, (b) cells with
different sizes, (c¢) HRTEM image from SLM 316 L indicating different orientation of subgrains inside bigger grains, (d)
EBSD images from SLM 2507 stainless steel confirming existence of smaller grains in between the tesserae and inside
each tesserae (figures have not been published elsewhere.).

119



120  Stainless Steels and Alloys

microstructure patterns, such as hexagonal cells, columnar and band structure. Figure 6 illus-
trates these heterogeneities clearly. Figure 6a shows existence of different microstructure pat-
terns, such as hexagonal cells, columnar and band structure. In Figure 6b, cells with different
sizes are seen. As shown by the HRTEM in Figure 6c, the cells next to each other coexisting in
a bigger grain have different orientations.

EBSD image reveals the existence of different grain size and orientation in duplex 2507
stainless steel processed by laser melting (Figure 6d). Morris et al. [29] proved the cellular
substructure is in fact subgrains with low angle grain boundaries (LAGBs) that are confined
in the bigger grains with high angle grain boundaries. The measured misorientation of two
adjacent cells (subgrains) was around two degrees, further supporting their claim.

3. Mechanical properties of stainless steels

3.1. Mechanical performance and microstructural studies of SLM stainless steels at
room temperature (25°C)

Stainless steels are primarily utilized because of their corrosion resistance, low cost and room
temperature mechanical properties. The properties of stainless steels result from both its
chemical composition, microstructure characteristics and its method of manufacture, includ-
ing processing during fabrication. This section addresses room temperature mechanical prop-
erties of stainless steel grades (316L, 2507, 420) manufactured by SLM and a comparison is
made with conventional steels. Figure 7 shows the tensile test curve of SLM 316L at room
temperature (a) and the corresponding micrograph of fracture surface (b).

The mechanical properties are listed in Table 1. As seen, the SLM 316L shows yield strength of
456 MPa and tensile strength of 700 MPa and microhardness of 325 Hv. These properties are
higher than all conventional 300 series steels with yield strength between 240 and 300 MPa,
tensile strength between 500 and 650 MPa and microhardness in the range of 140-180 Hv
[30]. The ductility of the SLM 316L however is similar to conventional 316L. Despite hav-
ing a high ductility, one major drawback of conventional 316L stainless steel is its low yield
strength (~250-300 MPa) [31]. Many traditional metallurgical routes for strengthening 316L
(for example, cold rolling, forging) inevitably results in a severe drop in ductility. To date,
despite decades of studies the strategies to achieve both high strength and ductility remain
rare. However, the mechanical strength of the SLM 316L is superior without sacrificial loss
of ductility. Therefore, the SLM fabrication can overcome the strength—ductility trade-off that
exists ubiquitously in pure metals and alloys [29].

The underlying mechanism breaking the strength-ductility trade has been investigated by
detailed characterization of SLM 316 stainless steel (Figure 8). The SLM 316L possesses
hierarchically heterogeneous microstructure with fine micron sized cellular subgrains with
one or more orientation confined by macro grains (Figure 8a). The subgrains are formed by
enrichment of elements such as Cr and Mo investigated by STEM and elemental mapping
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Figure 7. (a) Tensile test curve obtained from SLM 316 L at room temperature, (b) scanning electron micrograph of the
fracture surface showing ductile dimples with size less than 1 pm (figures have not been published elsewhere).

Steel Type Yield strength  Tensile strength  Elongation (%) Hardness

- (Mmpa) - (mpa) (1)
Austenitic 240-300 500-650 40-45 140-180
Ferritic 270-450 420-750 15-13 250-400
Martensitic 400-800 500-1100 10-15 280-560
Duplex 400-550 700-1000 20-25 270-310
SLM 31612 456 703 45 325

Table 1. Mechanical properties of stainless steel types and comparison with SLM 316 L.

(Figure 8b). Movement of Mo with a large atomic radius around 1.99 A inside the steel matrix
generates lots of stress and forms dislocation loops (Figure 8c) [17]. Dislocation interactions
with each other and with low angle grain boundaries (Figure 8d and e), formed by the sub-
grains, increases the mechanical strength whilst presence of slip planes, deformation twins
[29] and different subgrain size avoids ductility loss. The superior properties arise from the
collective effects of hierarchically heterogeneous microstructures, including solidification cel-
lular structure, LAGBs, and dislocations.

Room temperature mechanical properties of SLM duplex 2507 are listed in Table 2. The mate-
rial exhibits a superior mechanical strength with yield strength of 1200 MPa, tensile strength
of 1320 MPa and microhardness of 450 Hv which are almost two times higher than all grades
of ferritic and duplex stainless steel reported by AutoCompu [30]. However, the elongation of
the studied SLM 2507 is two times lower than conventional duplex steels (10% for SLM 2507
compared to 20-25% for conventional duplex stainless steels).

121



122 Stainless Steels and Alloys

Figure 8. (a) SLM 316L possesses hierarchically heterogeneous microstructure with fine micron sized cellular subgrains
with one or more orientation confined by macro grains, (b) STEM and elemental mapping indicating subgrains are
formed by enrichment of elements such as Cr and Mo (copyright obtained; DOI: 10.1039/C4RA16721]), (c) bright
field TEM image showing dislocation loops formed around the cell boundaries (copyright obtained; DOI: 10.1016/j.
msea.2014.12.018), (d) oxide nano inclusions strengthening the 316L steel by pinning the dislocation movement as seen
from the inset.

s Tensile strength Yield strength Microhardness
i (MPa) (MPa) (HV)
SLM Duplex 1321248 121443

Duplex SS 600-800 400-550 200-250
400-600 250-400 135-175

Table 2. Comparison of room temperature mechanical properties of SLM duplex with conventional duplex and ferritic
stainless steel.

The reason behind superior mechanical strength is combination of macro mosaic texture con-
taining grains shown by EBSD image (Figure 9a and b) very dense 3D network of dislocation
forming loops with diameter of 200 nm (Figure 9c and d), nitrogen enriched zones and forma-
tion of hard and brittle nitrides (Figure 9e and f).
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Figure 9. EBSD image of (a) top view of SLM duplex 2507 stainless steel showing a mosaic texture in which each tesserae
contains grains, (b) dense 3D network of dislocations forming loops approximately 200 nm, (c) TEM mapping showing
nitrogen enriched zones, (d) TEM line scanning revealing nitrides (copyrights obtained; DOI: 10.1016/j.msea.2016.04.027).

SLM fabricated martensitic stainless steel, grade 420, demonstrated hard material with
microhardness of 650 Hv and excellent mechanical strength (1800 MPa tensile strength
and 800 MPa yield strength) with low toughness i.e., 4-5% of elongation. The strength and
microhardness of 420 grade processed by SLM exceeds that of tools steels reported [32, 33].
The superior mechanical strength can be explained by presence of fine cellular structure
with submicron martensitic needles. The size of the martensite needles in SLM fabricated
martensitic stainless steel, grade 420 is finer than martensitic needles formed by quench and
partitioning reported in literature [34, 35]. The colonies of fine cells and submicron mar-
tensitic needles can effectively promote the mechanical strength of the SLM 420 material.
Table 3 compares the mechanical properties of SLM 420 with conventional processed AISI
420 stainless steel.
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3.2. Mechanical performance and microstructural studies at intermediate
temperatures (250-800°C)

The structure materials for in-vessel components of the international thermonuclear experi-
mental reactor (ITER) will require the material to withstand temperature of the working
environment (estimated around 200-250°C). 316L stainless steel has been selected as one
candidate due to its combination of good mechanical properties, excellent corrosion resis-
tance and good machinability [36, 37]. Challenging issue of the ITER in-vessel components
is their geometrical complexity containing inner structure details, like piping systems. These
components are difficult to build, costly and sometimes even impossible to build by any
conventional manufacturing process. 316L manufactured by SLM shows to be promising
for building complex components with enhanced properties. Zhong et al. [38] studied the
mechanical properties of SLM 316L at 250°C and made a comparison with the required prop-
erties suitable for ITER. Table 4 shows the mechanical properties of SLM 316L, HIP 316L and
the properties required for ITER. As seen, the mechanical properties of the SLM 316L at room
temperature and 250°C are higher than the strength requirement for an ITER component. This
study successfully confirmed that the SLM was a suitable technique for building complex
components with enhanced properties required for ITER application. Well-arranged cellular
subgrains strengthen SLM 316L by dislocation pinning effect following Hall-Petch rule and
give rise to higher strength and lower ductility than EBM 316L. However larger columnar
grains and irregular subgrains in EBM 316L results in higher ductility and higher toughness
than SLM 316L [38].

Industrial demands for stainless steel components and parts to be used at higher service
temperatures have attracted attentions towards using stainless steels for high temperature
applications. Thus, today, steels such as martensitic grade 403 steel is used in gas turbines at
550-600°C [39] and A286 austenitic stainless steel is used in jet engines at 700°C [40]. The need

Type of material Tensile strength Yield strength Elongation Microhardness
Mpsz Mpaz %. HV
EZ s

1800 MPa 800 Mpa 650 HV

Annealed cold drawn AIS420[32] EERRTVES 700 Mpa 7% |

Table 3. Table comparing SLM 420 stainless steel with the mechanical properties of conventionally cold drawn 420
stainless steel.

Yield Strength (MPa) | Tensile strength (MPa) | Total Elongation (%)

SLM at RT 487+ 3 594+4 49+4

SLM at 250 °C 376+3 461+3 31+4

HIP at RT/200 °C 220/160 570/450 54/42
Criteria RT/ET 220/135 525/415 45/-

EBM at RT 253+3 509+5 59

EBM at 250 °C 152+3 386=+3 463

Table 4. Mechanical properties of SLM 316L and EBM 316L at room and 250°C temperature and properties criteria for
ITER application.
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for a low cost, easy to machine and widely used stainless steel such as 316L has been realized.
The 316L is typically utilized at service temperatures up to 500°C [41, 42] whereas above
500°C, the steel undergoes composition and microstructure changes such as precipitation of
unwanted phases and grain coarsening that degrades its performance.

Figure 10a shows the mechanical performance of SLM 316L at 800°C. The material withstands
tensile stress of 400 MPa before failure compared to 180 MPa for conventional 316L and 304
stainless steels. The tensile test curve is divided into three regions. In the first region the
stress reaches a plateau of 100 MPa while simultaneously stretching and elongating to 10%.
The reason for this the structural hierarchy presented in the steel microstructure after SLM
which remains despite being heated to 800°C. The hierarchy can be verified from the EBSD
figures where the melt pools with width of 100 pm are seen and inside the melt pools array of
elongated grains are observed which themselves contain smaller subgrains (Figure 10b and c).
In the second region, strain strengthening effect occurs, i.e. after the yield point elonga-
tion deformation proceeds uniformly. These phenomena are due to the fine micron sized

Hierarchical microstructure with =
grains consisting smaller grains 500] (a)
with different orientation

tress (MPpa)
g
o

S
g0\ 5

Heterogeneous microstructure with an
interlocking pattern and fine cellular
subgrains block dislocation glide and
slide and cause strain strengthening

Mixed mode of Brittle cleavages and striations depicting
material failure

Figure 10. (a) Tensile test curve of SLM 316 L obtained at 800°C and divided into three regions, (b and c) in the first region
the hierarchy verified from the EBSD figures cause strengthening, (d and e) fine micron sized subgrains interacting with
dislocation movement, (f and g) fracture analysis showing a dual ductile-brittle fracture mode with striations, cup and
cone dimples and brittle cleavages (copyrights obtained; DOI: 10.1016/j.matdes.2017.08.072).
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subgrains (see Figure 10d and e) inhibiting dislocation movement. These phenomena are
typical in materials with low stacking fault energies such as austenitic stainless steels. In the
third region threshold value of the material is reached after 400 MPa stress and the materials
fails in a dual ductile-brittle mode. Figure 10f and g) shows striations, cup and cone dimples
and brittle cleavages confirming a dual failure mode.

3.3. Mechanical performance and microstructural studies of SLM stainless steels at
high temperatures (>800°C)

The microstructure of a polycrystalline material is a key parameter in determining a wide
range of its properties including mechanical strength, toughness, electrical conductivity and
magnetic susceptibility [43, 44]. One important aspect of microstructure is the size of the grains
and its influence on the properties. Thus, to design the grain size and restrict grain growth,
microstructural engineering has become of fundamental importance [45]. High temperature
applications are critically influenced by grain growth, precipitation and phase changes.
Biggest issue which is very common and probable in materials exposed at high temperatures
is the abnormal grain growth, where one or more grains will grow abnormally in the micro-
structure. The presence of abnormally large grains is detrimental to the mechanical properties
of polycrystalline structures [46]. Mechanical properties of SLM 316L at 1100 and 1200°C is
listed in Table 5 and compared to conventional 316L materials at the same temperature [47].

The Superior, 10 times higher, mechanical strength of 300 and 150 MPa of 316L SLM (for tem-
peratures 1100 and 1200°C respectively) compared to 35-40 and 20 MPa, points out that the
rapid grain growth and loss of strength has been avoided. The growth mechanism involved
in this case is “subgrain controlled mechanism” shown by the schematic in Figure 11a. In step
one, the cellular subgrains inside and confined by the macro grains (shown by the hexagon)
are seen. During heating at temperatures up to 1100°C (step 2) the subgrain boundaries merge
with adjacent subgrains and form larger subgrains while still being confined by the larger
macro grains. In step three, upon heating to temperatures >1200°C the cellular subgrains
have disappeared and new subgrains with irregular shapes have formed which are bigger
than 1 pm and are still confined inside the macro grains. This continues until at very high tem-
peratures (>1200°C) the subgrains have grown into the size of the macro grain and from this
point on the macro grains will start to grow and abnormal grain growth can possibly occur.
SEM microscopy observation shows the clear tendency of subgrains merging into bigger

 twe | crunsielm) | Tenssuength(upe | Eonpaion 09

SLM-1100°C 5-16 pm 300 MPa 15-18%
32 um 150 MPa 20%
Casted-1100°C 50 um 35-40 MPa 40%
Casted-1200°C 80 um 20 MPa 45%

Table 5. Mechanical properties of SLM 316L at 1100 and 1200°C and comparison to conventional 316L materials at the
same temperature.
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subgrains as seen in Figure 11b and c. The white dashed areas show how the 1 pm-sized cells
merge and become a bigger subgrain (approx. 2-5 pm) and the black line marks the boundary
of the initial macro sized grain (approx. 10-20 pm) containing the 1 pm subgrains. By applying
higher temperature (1200°C), it appears that the subgrains have disappeared and the irregular
macro sized grains have remained (see Figure 11d and e).

Before heating After heating up to 1100°C  After heating to temperatures 21200°C

m @ &)

Figure 11. (a) Schematic of the grain growth mechanism in SLM 316L showing three stages before heating, after
heating to temperatures up to 1000°C and after heating to temperatures higher than 1200°C, (b and c¢) SEM microscopy
observation shows the clear tendency of subgrains merging into bigger subgrains upon heating to temperature as high
1100°C. The white dashed areas show how the 1 pm-sized cells merge and become a bigger subgrain (approx. 2-5 pm)
and the black line marks the boundary of the initial macro sized grain (approx. 10-20 pm) containing the 1 pm subgrains,
(d and e) the subgrains have disappeared and the irregular macro sized grains have remained (copyrights obtained;
DOI: 10.1098/rs0s.172394).
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High temperature mechanical properties of SLM 2507 duplex was assessed at 1200°C. The
tensile test curve is seen in Figure 12a. Comparison with conventional duplex material made
in Table 6 shows significantly higher strength of SLM 2507 material with tensile strength of
200 MPa. The high strength is due to the fine microstructure consisting of columnar grains
of austenite (100 pm in length and 2—4 pm in width) and ferrite grains in between them
(Figure 12b). The interlocking network strengthens and toughens the material at the same
time, showing 30% elongation before failure. The ductile failure mode is confirmed by the cup
and cone dimples seen in Figure 12c and d.

In another study the SLM duplex 2507 was first heat treated to 1200°C in a tube furnace
with cooling rate 300°C/hr thereafter mechanical properties of the material was measured at
1200°C. The mechanical strength is around 400 MPa (Figure 13a) which is two times higher than
one reported in Figure 12. Intermetallic phases such as sigma precipitate due to enrichment of
Mo and Cr in the matrix of stainless steel (Figure 13b and c). Due to non-equilibrium nature of
SLM 2507 and the high activation energy of Mo and Cr for diffusion, upon heating the material
to high temperatures such as 1200°C the diffusion barrier of Mo is met and activation energy for
the diffusion is provided thus phase changes and sigma precipitation can occur upon cooling.

Fast cooling rates during heat treatment can influence the formation of intermetallic sigma
phase. Studies carried out [48] and shown by TTT diagrams indicate cooling rates (higher

200+ (a)

austenite

150 4

100+

Stress [MPa]

50

T T
0.0 0.1 0.2 0.3 0.4 0.5
Strain [%]

ferrite

Figure 12. (a) Tensile test curve of SLM 2507 obtained at 1200°C, (b) fine microstructure consisting of columnar grains
of austenite (100 pm in length and 2—4 pm in width) and ferrite grains in between them, (c) fracture analysis showing
ductile failure mode confirmed by the cup and cone dimples (figures have been used in paper submitted to Journal of
Alloys and Compounds on 20/06/2018.).
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Tensile test at 1200 °C Tensile strength (MPa) Elongatlon (%)
SLM duplex 2507 (without 200 MPa
sigma precipitates)

Conventional duplex 19 MPa -—--

Table 6. Mechanical properties of duplex stainless steel obtained at 1200°C.
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Figure 13. (a) Tensile test curve of heat treated SLM 2507 obtained at 1200°C, (b and c) intermetallic sigma and Khi
precipitates, (d) XRD pattern of SLM 2507 with intermetallic and without intermetallic formation (figures have been used
in paper submitted to Journal of Alloys and Compounds on 20/06/2018).

than 250°C/hr) can completely avoid sigma precipitation. The test instrument for the high
temperature mechanical testing is Gleeble*. The cooling rate in vacuum in the Gleeble cham-
ber is approximately 200°C/s which is much higher than 250°C/hr and thus sigma can totally
be avoided. Therefore, the material heat treated at slow cooling rates precipitates sigma
phase, which are strong and brittle phase precipitates (see Figure 13b and c). Formation of
sigma phase strengthens the material and causes higher strength as compared to material
with no sigma phase (see XRD patterns in Figure 13d).
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4. Conclusions

Tailoring microstructure, tuning the chemistry, adjusting phase composition and introduc-
ing dense 3D network of dislocations through fast cooling processes such as selective laser
melting can tailor and develop stainless steels with high performance for extreme conditions,
such as elevated temperatures. The very fine cellular sub-grains and Mo enrichment at the cell
boundaries can enable the material to withstand more stress and higher temperatures. The
non-equilibrium phase composition and phase transformations obtained after laser melting
can strengthen the material via formation of coarser martensitic needles (in 420 stainless steel)
and intermetallic phases (in 2507 duplex stainless steel) upon post heat treatment.
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