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Abstract 

Additive manufacturing is revolutionizing the way of production and use of materi-

als. The clear tendency for shifting from mass production to individual production of 

net-shape components has encouraged using selective laser melting (SLM) or elec-

tron beam melting (EBM). In this thesis, austenitic, duplex and martensitic stainless 

steel parts were fabricated by laser melting technique using fixed laser scanning 

parameters. The fabricated steel parts were characterised using XRD, SEM, 

TEM/STEM, SADP and EBSD techniques. Mechanical properties of the fabricated 

steel parts were also measured. The mechanism of the evolution of microstructure 

during laser melting as well as the mechanism of the effect of developed microstruc-

ture on the mechanical properties was investigated. It was found that the intense 

localized heating, non-uniform and asymmetric temperature gradients and subse-

quently fast cooling introduces unique high level structural hierarchies and micro-

structure heterogeneities in laser melted steel parts. A unique structural hierarchy 

from the millimetre scale melt pools down to the sub-micron/nano scale cellular sub-

grains was observed. The cellular sub-grains were 0.5-1μm with Molybdenum en-

riched at the sub-grain boundaries in SLM 316L. The Mo enriched cell boundaries 

affected the chemical and microstructure stability of the post heat treated samples. 

Well dispersed and large concentration of dislocations around the cell boundaries 

and well distributed oxide nano inclusions, imposed large strengthening and harden-

ing effect that led to relatively superior tensile strength (700 MPa), yield strength 

(456 MPa), and microhardness (325Hv) compared to those of HIP 316L steel. The 

in-situ formation of oxide nano inclusions provided a unique way for preparation of 

oxide dispersion-strengthened (ODS) steel in a single process. The formation of 

oxide nano inclusions in the very low oxygen partial pressure of laser chamber was 

thermodynamically explained. High concentration of nano size dislocation loops, 

formation of nitride phases along with nitrogen enriched islands and oxide nano 

inclusions lead to strong dislocation pinning effect which strengthened the laser 

melted duplex stainless steel with a total tensile strength of 1321 MPa, yield strength 

of 1214 MPa and microhardness of 450HV. The grade 420 stainless steel was laser 

melted in Ar and N2 atmosphere which also showed a two level hierarchy with na-

nometric martensite lathes embedded in parental austenite cellular grains. The Ar 

treated sample had relatively higher retained austenite, lower YS (680-790 MPa) and 

UTS (1120-1200 MPa) compared to those treated in N2 (YS= 770-1100 MPa, 

UTS=1520-1560 MPa). The mechanism of the effect of atmosphere on phase trans-

formation was explained. 
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1. Introduction 

Additive manufacturing refers to a family of flexible techniques that can 

produce 3D objects with complex geometries from digital files. It has been 

developed from prototyping to near net shape products and end products 

which can challenge and compete with the traditional methods. Due to the 

application of a layer by layer principle, the objects are often built up by the 

inherent simultaneous formation of characteristic structures at multi-length 

scales spanning from macro down to nano metric levels. This character is 

very different from that of any material produced by so far established meth-

ods. This technique would make it possible to customize materials by as-

sembling localized tunable structures and chemistry and therefore can open 

up new horizon to materials microstructure and properties and expand their 

applications. 

1.1 Additive manufacturing (AM) 

Additive manufacturing (AM) refers to the process of building up three-

dimensional (3D) solid objects of virtually any geometry from digital design 

data based on CAD/CAM principles. It was used to be called rapid prototyp-

ing and is nowadays popularly called 3D Printing. In contrast to the tradi-

tional fabrication methods, using removal of material by cutting or drilling,  

AM is a bottom-up approach which builds up objects by adding material in a 

layer by layer manner 
[1]

. Early use of AM in the form of rapid prototyping 

was focused on preproduction visualization models. More recently, AM is 

being used to fabricate end-use products. 
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AM can be used to produce plastics, polymers, metals, concrete, ceramics 

and human tissue. According to the raw materials used, AM is categorized 

into three main groups: solid-based; such as Laminated Object Manufactur-

ing (LOM) 
[2] 

 where cut to shape laminates are bonded together,  liquid-

based; such as Fused Deposition Modeling (FDM) 
[3]

, Stereo-Lithography 

(SLA) where a photosensitive polymer resin is cured layer on layer using a 

scanning ultra violet laser beam  
[4-5]

, powder-based; such as Selective Laser 

Sintering (SLS) or Selective Laser Melting (SLM) 
[6-8]

 where layers are cre-

ated by melting pre-placed powder or partially melting powder by using a 

scanning infrared laser beam, Electron Beam Melting (EBM) 
[9-11]

, Laser 

Engineered Net Shaping (LENS) 
[12]

 and Three-Dimensional Printing (3DP) 

[13]
 where layers are created from powders onto which a traversing ink jet 

head prints a bonding agent. LOM, FDM, SLA and 3DP are able to produce 

metal parts in an “indirect” way in which a binder is used to bond precursor 

particles forming 3D parts and post-processing is required after the AM pro-

cess. SLS/SLM, EBM and LENS are “direct” ways in which the precursor 

particles are partially melted and/or full melted during the AM process to 

make the final part directly.  

AM is used for fabrication of prototypes, components and counterparts in 

many industrial application such as aerospace, defense, spacecraft, automo-

bile and the biomedical industries. Recently it is also being used in fashion 

industries for clothing and foot wear. An example of a F4E prototype com-

ponent made from plastic using AM and real component made from 316L 

stainless steel using selective laser melting is shown in Figure1. 
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Figure1. A prototype component for F4E application made from plastic us-
ing AM and real component made from 316L stainless steel using selective 
laser melting 

In this thesis the powder based additive manufacturing method with the laser 

source has been used, thus the focus will be on SLS/SLM. In SLS/SLM, the 

laser focuses at the specific location on the powder bed for each layer speci-

fied by the CAD file. The particles lie loosely in a bed, which is controlled 

by a piston, that is lowered the same amount of the layer thickness each time 

a layer is finished. The difference between laser melting and commonly 

quoted laser sintering is slim; the first method refers to a fully melted laser 

spot volume, whereas the latter might comprise a melt and/or solids. 

 

1.2 Laser sintering/melting principles  

The laser system consists of a laser source, a laser scanner, a powder loading 

unit, a building plate, recoater and a gas flow controller, see Figure 2. The 

laser scanner moves along the building plate by use of scanning mirrors. 

Different type of laser can be used with different wavelengths to match the 

absorption characteristics of the corresponding powder granules. The two 

types of laser sources that are commonly used for laser melting is a continu-
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ous wave CO2 laser with a wavelength of 10.6 μm, which is particularly suit-

able for processing ceramics. The other is a continuous wave ytterbium fiber 

laser with a wavelength of 1.1μm, which is commonly used for processing 

metals. 

The process begins by spreading and levelling a thin layer of metal powder 

using the recoater blade and after height adjustment of the building plate 

with the recoater and achieving environmental conditions, the laser exposure 

begins. The laser beam is directed by the scanning mirrors and delivers the 

power P to the powder making the first layer. Repeatedly the laser beam 

scans over new layer of powder on the previously solidified layer and makes 

the next layer. This is repeated until the part is built. 

 

Figure 2. Schematic of the laser sintering machine parts including the re-
coater, powder chamber, building plate and the laser beam 

[14]
. 
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1.2.1 Laser processing parameters 

The main laser processing parameters are laser power (P), scan speed (v), 

focal spot diameter (2a), line spacing (L) and layer thickness (t). The spot 

size can act in two ways in which a decrease in spot size can generate higher 

power density which increases the power absorption and secondly a decrease 

of spot size can result in reduction in exposure area and increase building 

time. Because of strong association 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)  

LED = P/2a.V                                                                               (1) 

It is obvious from (Eq.1) that the energy received at the powder surface will 

increase with increasing power and/or decreasing spot size and/or decreasing 

scan speed. Scan spacing determines the overlapping of the scanned tracks in 

which influence surface roughness and density and can introduce an anneal-

ing effect.   

A thin layer of powder is an important requirement during layer manufactur-

ing because the bond required to fuse consecutive layers is often difficult to 

achieve by virtue of the pre-placed powder layer. This is because the under-

lying solidified layer needs to be remelted in order to achieve a strong fusion 

bond. But, since the substrate is not directly irradiated, the degree of remelt-

ing will depend on the transmitted energies through the powder layer. Hence, 

a smaller layer thickness will increase the bond between layers, resulting in 

higher density components. 

More details about the setup of the SLM process, the influencing parameters, 

advantages and disadvantages of the process and the potential applications of 

this technique can be found elsewhere 
[14-16]

. 
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1.3. Laser material interaction 

As the material is exposed to the laser beam the powder granules undergo 

multiple adventures. Depending on the material characteristics such as re-

flective index, absorptivity and the powder size the beam can penetrate 

through the material, reflect and scatter away or be absorbed by the material. 

This is schematically shown in Figure 3a 
[17]

. The heat formation is inhomo-

geneous due to the randomness of the laser interaction. Moreover a complex 

heat transfers phenomena depending on the material characteristics, physical 

and optical properties could occur 
[18]

 as shown in Figure 3b which are main-

ly  

 Powder bed radiation 

 Convection between powder bed and environment 

 Heat conduction inside powder bed and between the powder bed 

and building substrate 

Hence, due to the complex nature of the heat transfer and laser beam interac-

tion with the material, suitable laser processing parameters must be estab-

lished to achieve sound parts with desirable properties.  

 

Figure 3. a) Schematic of laser-material interaction during exposure to the 
laser beam. b) Various heat transfer phenomena occur during laser beam 
exposure of the metal powder 

[17-18]
. 
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1.4 Melting and solidification 

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 also be regarded as small casting. The 

shape of the melt pools can be controlled by the surface tension fluid flow. 

The most important starting point of a solidification microstructure is the 

melt pools, thus the shape and size has to be controlled and adjusted 
[19]

. The 

size and shape of melt pools can be adjusted by controlling the laser pro-

cessing parameters. 

1.4.1 Melt pool types and shapes 

Melt pool types can be controlled with the laser processing parameters. 

Three different melt pools types could be identified in laser processing of 

materials which could be balled melt pools, discontinuous and fragmented 

melt pools and continuous melt pools (see Figure 4) 
[19]

. 

The shape and type of the melt pools strongly depend on the surface tension 

force. Surface tension can be influenced by laser processing parameters. For 

example at generally high scan speeds, a molten pool, approximately circular 

in cross section, is produced. To reduce the surface free energy, the melt 

pool fragments, forming a series of equi-sized, equi-spaced melt balls. 

When processing speeds are decreased a more continuous melt pool is 

formed, but which still exhibits random fragmentation along its length. At 

even slower processing speeds, the increased laser interaction melts even 

more material resulting in a melt pool with an approximately circular cross 

section and a much reduced surface to volume ratio. The outcome is a con-

tinuous melt pool.  
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Figure 4. Three types of melt pools with growth type I (balled melt pools) 
Type II (discontinuous and fragmented melt pools) and Type III (continuous 
melt pool columns) 

[19] 
(C. Hauser, PhD thesis, University of Leeds, 2003). 

After formation of melt pools, simultaneously and in a fraction of seconds, 

the melt pools are solidified and the microstructure is formed. Solidification 

can be controlled by terms such as solidification rate (R), cooling rate, un-

dercooling (ΔT), temperature gradients (G) and concentration (C). The solid-

ification behavior in return influences the size and shape of grains, the extent 

of segregation, distribution of inclusions, extent of defects such as porosity 

and hot cracks, and ultimately the properties of the solidified metal.  
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During welding and similar methods the resulting microstructure can be 

either equiaxed and/or columnar and/or cellular and/or dendritic. These so-

lidification microstructures are formed based on solidification theory 
[20]

. 

According to solidification theory the ratio G/R controls the solidification 

microstructure. As the ratio of G/R decreases the microstructure tends to 

become more dendritic and at high ratio of G/R cellular structure is favored. 

This is illustrated in Figure 5. While the term G/R controls the solidification 

microstructure the term G×R controls the fineness of grains, i.e. the higher 

G×R value the finer the grains 
[21-25]

.  

 

Figure 5. Representation of planar to equiaxed growth through changes in 
G/R (temperature gradient/solidification rate) and solute content Co (Lan-
caster, 1999) 

[19]
 (C. Hauser, PhD thesis, University of Leeds, 2003) 

As mentioned before, cooling rate and thermal gradients can determine the 

microstructure (grain size, shape, etc) thus should be quantified in SLM pro-

cess. However due to the movement of the laser beam and much localized 

temperature and thermal gradients it is very challenging to measure their 

values precisely. Nevertheless, many simulation programs have been used to 
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approximately predict the solidification parameters such as cooling rate and 

thermal gradient 
[26]

. 

1.5 Stainless steels, grades and applications  

The importance of stainless steels to our society is vividly demonstrated by 

the plenitude of applications that rely on their use. These applications range 

from the low-end, like cooking utensils, furniture and building construction 

to the very sophisticated, such as parts for space vehicles, boilers in chemical 

industries and cooling channels in nuclear reactor 
[27]

. The ubiquity of stain-

less steels in our daily life makes it impossible to enumerate all their applica-

tions. In order to understand the utilization of these alloys, consideration 

must be given to their historic development and their relationship with other 

ferrous alloy systems.  

Decades ago it was discovered that a minimum of 12% Chromium can im-

part corrosion and oxidation resistance to steel and make it so called “stain-

less”. Therefore stainless steels are those ferrous alloys which contain a min-

imum of 12% Cr. At this Cr level, an adherent, self-healing chromium oxide 

can form on or at the steel surface in relatively benign environments and 

protect the steel. In addition to being corrosion-resistant, stainless steels also 

do not discolor in a normal atmospheric environment. Stainless steels have 

been used in construction from long ago. For example, the crown of the 

Chrysler building is made of austenitic stainless steels (trade name Nirosta), 

and still shine nowadays, although the building was completed in the year 

1930 and is located near the seaside (Figure 6a) and the sculpture of “god 

our father” in Nacka Strand in Stockholm was made from superaustenitic 

stainless steel (Figure 6b). 
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Figure 6. a) The crown of the Chrysler building, the entire crown is clad 
with stainless steel developed in Germany b) The sculpture “god our father” 
in Nacka strand, Stockholm, Sweden. 

This development was a beginning for a family of stainless steel alloys that 

were divided into sub categories (grades), such as Ferritic, Austenitic, Mar-

tensitic, duplex and Precipitation hardened steels. Each grade is different 

from one another based on compositional, microstructural and crystallo-

graphic factors. Therefore depending on the thermal history and the compo-

sition, stainless steels can appear in different crystallographic and micro-

structural forms. i.e., they could be BCC (α-δ) ferritic, FCC (γ) austenitic 

and BCC or BCT (α
΄
) martensitic. 

The Fe-Cr equilibrium diagram shown in Figure 7 is the starting point for 

describing phase stability in stainless steel, since Cr is the primary alloying 

element. As mentioned before α and δ refer to ferrite and γ refer to austenite 

phase. There is also a new phase called the sigma phase which will be de-

scribed later. Note that there is complete solubility of Cr in iron at elevated 

temperatures. At low Cr concentration a loop of austenite exists in the tem-

perature range of 912°C to 1394°C. This is commonly referred to as the 

“gamma loop”. Alloys with greater than 12wt% Cr will be fully ferritic at 

elevated temperatures and those with less than this amount will form some 

austenite at the temperature range within the gamma loop 
[28]

. 

http://en.wikipedia.org/wiki/Stainless_steel
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Figure 7. Fe-Cr equilibrium phase diagram 
[25]

. 

However apart from Cr which forms the bases of stainless steel, many other 

alloying elements are used in stainless steel composition whose presence 

enhances specific properties. For example, Mo increases the resistance to 

localized uniform and pitting corrosion and it may also increase the strength 

of the steel to some extent, Cu is used to form the strengthening precipitates 

in precipitation-hardening stainless steels, Ni increases the toughness, me-

chanical strength and ductility of the steel, Mn improves the hot ductility of 

steels and also increases the solubility of nitrogen inside the steel, Si increas-

es the oxidation resistance at high and in strongly oxidizing solutions at low-

er temperatures. The effect of other alloying elements in stainless steels can 

be found in literature 
[29]

. Some alloying elements can cause stabilization of 

ferrite or austenite. Amongst the alloying elements mentioned above, Ni, N 

and Cu promote and stabilize austenite phase and Cr, C, Mn, Si and Mo sta-

bilize the ferrite phase. 
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1.5.1 Austenitic stainless steel 

In terms of tonnage produced, Austenitic stainless steels are the largest 

group of stainless steels family. Austenitic stainless steels have good forma-

bility and can be easily shaped and machined. This is due to their FCC crys-

tallographic structure. The steels also exhibit high corrosion resistance and 

ductility but are soft and their mechanical strength is low. Austenitic stain-

less steel can be used in construction, automobile, cutlery, implants and parts 

for the cooling channels of nuclear reactor. 

1.5.2 Ferritic stainless steel 

Ferritic stainless steels are grades in which predominant metallurgical phase 

present is ferrite. They contain high strength and hardness whereas the 

toughness and ductility of these alloys are low. Ferritic stainless steels are 

generally Fe-Cr alloys containing about 12 to 30 wt% Cr. In terms of usage 

they lag behind their austenitic counterparts for the following reasons: lack 

of ductility, poor weldability, susceptibility to embrittlement (due to 475°C 

embrittlement), notch sensitivity and poor formability (relative to their aus-

tenitic counterparts). Ferritic stainless steels can be used in automotive ex-

haust systems, chemical plants, and pulp and paper mill. However their ap-

plications mainly depend on percentage of alloying elements and the service 

condition in which the material is exposed to. Although ferritic stainless 

steels have considerably lower corrosion resistance compared to austenitic 

stainless steels however, under certain circumstances (e.g., in Cl-containing 

environments), they may have a higher corrosion resistance than austenitic 

stainless steels when their pitting resistance equivalent number (PRE) ex-

ceeds 35 
[30]

. The PRE number can be calculated using (Eq.2). The high Cr 

ferritic steels have high PRE.  

PRE=wt%Cr+3.3wt%Mo+16wt%N                                                (2)                                                                                                                                    
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1.5.3 Duplex stainless steels (DSS) 

Duplex stainless steels (DSS) have an approximately equal phase balance of 

body-centered cubic (BCC) ferrite and face centered cubic (FCC) austenite 

phases in their microstructure. DSS have gained popularity and have been 

widely used due to their good mechanical and corrosion properties, which 

depend on austenite and ferrite phases in the microstructure, whereas austen-

ite contributes to toughness and resistance against corrosion and ferrite im-

proves the strength 
[31]

. DSS have higher strength than any austenitic and 

ferritic stainless steels.  The phase balance and unique properties makes DSS 

suitable for chemical and petrochemical industry, pulp and paper industry, 

power generation, marine constructions, and offshore structural industries. 

The phase balance in the DSS can be disturbed by thermal affects and cool-

ing rates, which influences the corrosion resistance and mechanical proper-

ties of duplex stainless steels 
[32-36]

.  

1.5.4 Martensitic stainless steel 

Martensitic stainless steels are based on the Fe-Cr-C ternary system which 

typically contain 12~17% Cr and 0.1~1.0% C with some trace amount of 

other alloying elements. They undergo an allotropic transformation and form 

martensite from austenite under most thermo-mechanical processing situa-

tions, except when cooling is very slow, such as during furnace cooling. This 

is termed austenitic-martensitic transformation. The driving force for for-

mation of martensite is undercooling. The extent of martensite formation 

mainly depends on Carbon content and also the amount of which the tem-

perature is lowered from Ms (martensite start temperature). Since this trans-

formation occurs at low temperatures it is diffusion-less process and can 

continue even below room temperature until fully martensite forms below Mf 

(martensite finish temperature). A typical feature of martensite is its mor-

phology which is plate like or lath. As mentioned martensitic formation re-
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quires fast cooling. The cooling rate in which results in martensitic for-

mation depends on percentage of carbon, alloying element, etc. Corrosion 

resistance of the martensitic stainless steels is not as good as that of the other 

grades, due to the relatively low chromium content (12 to 14 wt% Cr) and 

high carbon content. The low-chromium and low-alloying element content 

of the martensitic stainless steels also makes them less costly than the other 

types. The martensitic class is used in a variety of fields. These include tur-

bine blades, surgical instruments, knives, bearings, compressors, razors, etc. 

 

1.6 Fabrication of stainless steel 

In medium to large scales and batches, stainless steel components and bulk 

bodies can be easily fabricated using typical casting, hot forming or powder 

metallurgy (PM) techniques. Production of stainless steel parts using powder 

metallurgy (PM), typically involves low to medium temperature solid state 

sintering, hence the sintered compacts always have residual porosity. How-

ever, parts can be consolidated at higher sintering temperatures through liq-

uid phase sintering. This has shown to be promising in fabrication of fully 

dense steel parts 
[37]

. The presence of liquid phase enhances densification by 

increasing diffusion kinetics. Induced capillary force can fill-in the pores and 

contribute to rapid densification. However, liquid phase sintering requires 

high temperatures of above 1300-1400°C (depending on composition) which 

cannot be reached by conventional sintering without a simultaneous grain 

growth. Coarsening of the grains can deteriorate mechanical properties. Sin-

tering at high temperatures and avoiding grain growth could be achieved 

through the use of a high-energy focused laser beam used in selective laser 

melting (SLM). This technique is relatively new and its effect on the metal-

lurgical properties of different stainless steels has not been fully studied.  

Some aspects of SLM are explained in the following sections.  
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1.6.1 Solidification microstructure 

Solidification process during laser melting can have a great influence on the 

microstructure and phase evolution. There are four solidification and/or sol-

id-state transformation possibilities so called “solidification types” or “solid-

ification microstructure” which are austenitic (A), austenitic-ferritic (AF), 

ferritic–austenitic (FA) and ferritic (F). Figure 8 shows the relation of the 

solidification type with Creq/Nieq ratio.  The Creq/Nieq ratio can be calculated 

using (Eq.3 and Eq.4). With increase in the Creq/Nieq ratio the sequence of 

solidification modes will be A→AF→FA→F. 

 

                                       (3)                                          

                                                          (4) 

 

Figure 8. Relationship of the solidification type with Creq/Nieq and micro-
structure 

[28] 
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Under rapid solidification conditions such as SLM, however, a shift in solid-

ification behavior may occur and the related diagrams may not accurately 

predict solidification types. This behavior has been studied by a number of 

researchers 
[38-43]

. Thus it was found out that not only the composition but the 

kinetics can also determine the solidification type. The effect of composition 

and solidification rate on solidification type is shown in Figure 9.   

 

Figure 9. Effect of composition and solidification rate on the solidification 
type of austenitic stainless steels 

[28]
 

1.6.2 Heat treatment of stainless steel 

Heat treatment of stainless steels are performed often for restoration of mi-

crostructures to improve mechanical properties of steels, relaxation of resid-

ual stresses to reduce risk of fatigue and stress corrosion cracking and im-

provement of dimensional stability 
[44-45]

. Heat treatment for the purpose of 

hardening and tempering, strengthen the material by means of a martensitic 

transformation, in which austenite transforms into hard and strong but very 

brittle martensite. The main driving force for hardening is the presence of 
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carbon in the steel that facilitates formation of martensite. Martensitic trans-

formation during annealing can result in a desirable combination of hardness 

and strength in various steel grades 
[46-50]

. Nevertheless, heat treatments can 

also cause precipitation and formation of detrimental secondary phases such 

as carbides, nitrides and the brittle sigma phase. These phases may reduce 

mechanical strength, toughness and corrosion resistance of steels. The low 

carbon austenitic stainless steels (304L, 316L, etc) contain less than 0.01% 

carbon. Therefore, it is impossible to harden these steels by heat treatment. 

 

1.7 Oxide dispersion strengthened steels (ODS) 

One of the ways to improve service applications of steels especially at high 

temperatures is the introduction of oxide particles inside steel matrix 
[51-53]

. 

The oxide particles are very stable at high temperatures close to melting 

point of the steel and can effectively increase the high temperature strength 

of the steel. Fine dispersion of oxide particles can also increase irradiation 

resistance of stainless steel grades such as 304 and ferritic steels, 
[54-55]

 oxida-

tion and corrosion resistance of stainless steels. The oxide inclusions can act 

as catalyst for annihilation of structural defects such as vacancies and self-

interstitial atoms caused by radiation. Oxide dispersion strengthened steels 

(ODS) are used in steam plants, super boilers and in structural components 

for the first wall and blanket of a nuclear reactor and for structural materials 

in fusion and fission industries 
[53]

. Although there are a few ways of intro-

ducing the oxide particles into the steel matrix, mechanical alloying and hot 

consolidation such as HIP is by far the predominant method to prepare 

(ODS) alloys 
[56-62]

. Compared to the other preparation methods; Mechanical 

alloying has some distinctive advantages 
[56]

. Nevertheless, there is also a 

high risk of powder agglomeration. The agglomeration can reduce the prob-

ability of fine dispersion and effectiveness of the oxide particles. Moreover 

contaminants can easily be introduced during mechanical alloying which has 
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negative consequences. For instance, Xu 
[63]

 reported that impurity elements 

introduced during mechanical alloying reduces ductility to great extent. 

 

1.8 Aims of the project 

The thermal history behind a part produced by laser melting technique is the 

most important, if not the only factor that determine the physical, chemical 

and mechanical properties of fabricated parts. This aspect has not been well 

addressed in the literatures. 

The main objectives of this research work was to understand the mechanisms 

or the way that laser melting process at fixed parameters effect the micro-

structure development, phase assembly and the mechanical properties of the 

alloy parts. Three grades of stainless steel with relatively high industrial 

demands were chosen for these investigations. Detailed examination of the 

microstructure of the parts produced from the chosen steel grades was the 

second aim of this project. Mechanical properties measurement and studying 

the interaction between structure and phase assembly and mechanical per-

formance of the fabricated parts was the third aim which fulfil the main ob-

jectives of the project.  
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2. Experimental 

2.1 Materials and processing 

2.1.1 Powder precursors 

Nitrogen-gas atomized spherical austenitic 316L, duplex SAF 2507 and mar-

tensitic 420 stainless steel powder granules (supplied by Sandvik Osprey 

Ltd, Neath, UK) with particle size of 22-53 μm, 32-45 μm and 20-53 μm 

respectively was used as starting material. The chemical composition of the 

as-received powders provided by the manufacturer is shown in Table 1. 

Table 1. Chemical composition of the raw materials (in wt%). 

Type Cr Ni Mo Si Mn P C O N 

316L 17 10.6 2.3 0.4 0.98 0.02 0.01 0.05 0.15 

SAF2507 24-25 6.8-7.2 3.7-4.2 0.2-0.6 0.7-1.1 0.025 0.02 ---- 0.2-0.3 

420 13.2 ---- ---- 0.8 0.8 0.01 0.3 ---- ---- 

 

2.1.2 Laser melting 

Laser melting was performed by an EOSINT M 270 laser sintering facility 

(EOS, Krailling, Germany). The laser system had a maximum power of 200 

W. The laser was a continuous wave Nd:YAG fiber laser which was operat-

ing at a wavelength of 1060 nm and with a typical focal spot size of 70μm. A 

layer of powder is placed and distributed on the building substrate and the 

high power laser beam fuses the powder granules and makes the first layer. 

After completing the first layer the building plate is lowered by 0.02 mm 
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(layer thickness) and fresh powder is loaded on its top. The process is auto-

matically repeated in a layer by layer manner until the part is built from bot-

tom to up. Schematic of the laser machine and its parts is shown in Figure 

10. 

 

Figure 10. a) The EOSM270 laser sintering machine, b) inside the laser 
chamber which consist of powder chamber and recycling chamber, recoater 
and building plate. 

A bidirectional scanning patterns was used to fabricate all samples. The an-

gle between each layer was 45 degree. The schematic of the laser scanning 

pattern is shown in Figure 11. 
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Figure 11. Schematic of the laser scanning pattern used to fabricate the steel 
bodies with 45 degree angle between each layers. 

Laser parameters that were used for production of the steel bodies from dif-

ferent grades is shown in Table 2. These parameters have been optimized to 

obtain the highest density and to avoid surface defects (such as balling). 

 Table 2. Laser processing parameters and apparatus 

Laser Processing Parameters 

Laser type Fiber Nd-YAG 

Power 190 W 

Scan Speed 800 mm/S 

Line Spacing 0.1 mm 

Layer Thickness 0.02-0.03 mm 

Focal Spot Size 70 μm 

Wave length 1063 nm 

Atmosphere Ar, N2 

Building platform heating Up to 100C 
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Using the above parameters cubic samples of 10×10×5 mm dimension were 

manufactured and their density was measured using Archimedes method. 

2.1.3 Heat treatment (stress releasing) 

The laser melted steel bodies (austenitic 316L samples) were heat treated in 

a tubular furnace in Ar atmosphere at 800
o
C, 900

o
C, 1100

o
C and 1400

o
C for 

6 minutes and 1hr with a heating rate of 10°C/min and thereafter was al-

lowed to cool down in the furnace. The short dwell time was used to retain 

as much microstructural features as possible while partial releasing the re-

sidual stresses inside the SLM bodies. 

2.2 Characterization methods 

2.2.1 Microstructure characterization (OM, SEM, STEM, TEM) 

Microstructure observations were carried out by optical microscope (OM, 

Olympus SZX12, UK) and a scanning electron microscope (SEM, JSM-

7000F, JEOL, Tokyo, Japan). For better observation of details before OM 

and SEM observations the austenitic 316L stainless steel, post heat treated 

316L samples and 420 stainless steel samples were chemically etched in 

2%HF and 8%HNO3 solution. For duplex stainless steel the samples were 

electroetched in 10% oxalic acid at an operating voltage of 5V for a few 

seconds. Detailed microstructure analysis was carried out using transmission 

electron microscopes (TEM, FEG-2100F and LaB6 2100, JEOL, Tokyo, 

Japan). For TEM EDS mapping and line scan the FEG-2100F microscope 

(JEOL, Tokyo, Japan) was used. When performing linear scanning, a line 

length of 250 nm contained of 100 spots of 1.5 nm in diameter was chosen. 

Using (TEM 3010, JEOL, Tokyo, Japan) Electron diffraction patterns (EDP) 

were obtained. To prepare the TEM samples, they were grinded down first to 

approximately 150 µm thickness and thereafter further thinned down to 

achieve electron transparency. To achieve electron transparency a Jet-
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polishing TenuPol-5 device (Struers, Ballerup, Denmark) was used. The 

potential for jet-polishing was chosen 25V, the electrolyte was 15vol% per-

chloric acid in methanol and the temperature was kept at -60°C. The cross 

section polishing (CP) was accomplished by using an argon ion beam pol-

isher (SM-09010, JEOL, Tokyo, Japan) under the accelerating voltage of 5 

KeV for 15 hours. 

2.2.2 Electron back scattered diffraction (EBSD) 

EBSD phase mapping and grain orientations were obtained by TESCAN 

MIRA 3LMH scanning electron microscope (TESCAN, Brno, Czech Repub-

lic) equipped with a HKL Nordlys orientation imaging microscope system 

(HKL Technology, Hobro, Denmark).  The EBSD data were processed by 

HKL Channel 5 software packages with a step size of 1 μm (Oxford Instru-

ments, Oxford, UK). 

2.2.3 X-Ray diffraction phase analysis 

X-ray diffraction (XRD) patterns were obtained by a PANalytical X’ pert 

PRO MPD diffractometer (PANalytical, Almelo, Netherlands) using CuKα 

radiation over a 2θ range between 40° and 100° at room temperature. The 

JCPDS-cards 31-0619 and 06-0696 was used for identification of Austenite 

and Ferrite/Martensite respectively. The Rietveld method was used to esti-

mate the amount of each crystalline phase.  

2.2.4 Nitrogen content measurement 

The amount of nitrogen inside the bulk samples of different steel grades 

were measured using EXTR Leco TCH600 according to ASTM E1019. The 

analyzer is designed for wide range measurement of nitrogen content of in-

organic materials, ferrous and non-ferrous alloys and refractory materials 

using inert gas fusion technique. This technique is commonly termed melt 



 35 

extraction (ME) since the total nitrogen composition is extracted via melting 

the sample. 

2.2.5 Ferrite content measurement 

The ferrite content of the steel grades was measured using a Fischer 

FERITSCOPE FMP30 device. The Feritscope provides an in-situ (on site) 

method for measurement of amount of ferrite in austenitic and duplex stain-

less steels according to the magnetic induction method and DIN EN ISO 

17655 standard. Upon probe placement on the surface of the specimen a low 

frequency alternating magnetic field is generated around a cylindrically 

shaped iron probe (5mm diameter). A coil wound around this probe is used 

to measure changes in the surrounding magnetic field due to the presence of 

the sample (Figure 12). There is a linear relationship between the output 

voltage (amplified eddy current) and the magnetic permeability of the sam-

ple. As with the magnetic saturation measurements, the magnetic permeabil-

ity measurement can then be related to the ferrite content through the rule of 

mixtures. Feritscope can be used to measure the ferrite content in very nar-

row and hard to reach areas of big samples such as weld seam or welded 

joints of a boiler parts   

 

Figure 12. Schematic of the magnetic induction measurement (picture taken 
from Feritescope FMP30 catalogue) 
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2.3 Mechanical properties measurement 

2.3.1 Tensile properties 

For all steel grades tensile specimens were prepared by laser melting the 

different steel grades into bars with the size of 40 x 4 x 1 mm and then ma-

chining them into dog-bone shape samples using electro spark erosion 

(EDM).  

For austenitic 316L and post heat treated 316L steel samples tensile tests 

were performed on the specimens with the average gauge width within the 

range of 0.58 – 0.69 mm, thickness of 0.9 mm and length of 4.2 mm. The 

tensile strength and yield stress were measured using standard testing 

machine TIRAtest 2300 with the pneumatic grips, and the cross head speed 

0.5 mm/min.  

For laser melted duplex samples tensile tests were performed on the speci-

mens with the average gauge width within the range of 0.58 – 0.74 mm, 

thickness of 0.88 mm and length of 4.0 mm. At least four samples were used 

to obtain representative values of yield strength and tensile strength. 

For laser melted 420 martensitic stainless steel produced in Ar the tensile 

strength and yield stress were measured using standard testing machine 

LR5KPlus (Lloyd Istruments) with the cross head speed 0.5 mm/min. The 

cross section was 0.9 x 1.8 mm
2
 = 1.62 mm

2
. For the laser melted 420 

martensitic stainless steel produced in N2 the tensile test was carried out in a 

standard testing machine INSTRON 5985 with the cross-head speed 0.5 

mm/min, and flat mechanical grips. The cross section had to be reduced 

from 0.9 x 1.8 mm
2
 = 1.62 mm

2
 to only 0.9 x 0.52 mm

2
 = 0.47 mm

2
 to 

reduce maximum tensile forces. 
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2.3.2 Micro-hardness and instrumented nano hardness 

Micro-hardness measurements were carried out using a Zwick/Roell ZHV 

indenter under a load of 1 kgf with a dual time of 10 seconds. The micro-

hardness reported were the average of ten indents from different parts of the 

sample. Nano hardness was measured using Berkovich indenter on TTX-

NHT nanoindenter (CSM Instruments) in single loading-unloading mode up 

with 0.1N at the loading-unloading rate of 100 mN/min. 
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3. Results and discussion 

Our experiments were focused on laser melting of austenitic 316L grade of 

stainless steel. This grade of stainless steel is the most popular grade and of 

higher demand in the industry. Duplex stainless steel that is initially austen-

ite-ferrite, as well as the martensitic grade 420 stainless steel were also in-

vestigated (in less details) for comparison. Since mechanical properties are 

dictated by the microstructure, phase assembly and physical properties (den-

sity), these properties were investigated first, followed by the mechanical 

properties.   

3.1 Phase stability and phase transformation 

3.1.1 Crystallographic texture and Phase stability 

XRD pattern of the austenitic 316L powder precursor (bottom) and the SLM 

steel (top) is shown in Figure 13. Although the two XRD patterns are simi-

lar, the intensities of the peaks are different which is due to presence of crys-

tallographic texture and preferred growth orientation in the SLM part. Lore 

et al 
[64] 

also reported crystallographic texture and preferred growth orienta-

tion when laser melting Tantalum. It is seen in Figure 13 that for precursor 

powder the highest peak intensity is (111) plane while for the 316L SLM 

part the preferred growth was along the (100) plane. The reason for this 

could be that the high undercooling and directional solidification leads to 

explosive growth of nuclei into crystals which mostly take the same orienta-

tion and result in the crystallographic texture. Degree of orientation along 

any crystallographic plane can be calculated using the Logtering factor 
[65]

 

using XRD diffractograms. For the SLM 316L steel part, the degree of ori-
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entation of grains or crystallites along the as mentioned (100) plane was 

quantified 0.84 using the Logtering factor (LF) in Eq.5. This value indicates 

strong texture of the SLM part. 

LF= (P-P0) / (1-P0)                                                                                   (5) 

Where the calculated LF is the fraction of XRD peak areas obtained for a 

specific crystallographic plane. The term (P) is the fraction of the summation 

of all the peak intensities corresponding to the preferred orientation axis of 

the studied material.  P0 is the fraction of the summation of the peak intensi-

ties corresponding to the material with a random particle distribution (see 

corresponding JCPDS-card). The diffraction angle, 2θ, used for calculating 

the P(hkl) values is in the range of 40–100 degrees. The LF varies between 

zero to unity; LF = 0 corresponds to random orientation, and LF = 1 to per-

fect orientation, and can be used as an indication of texture intensity. 

The directional solidification and thus crystallographic texture depends on 

the scanning strategy and build directions and can vary with different scan-

ning patterns and build directions 
[64]

.  

XRD patterns also confirmed singular austenitic phase, without any traces of 

secondary ferrite phase or iron oxide in the SLM part. This is due to the high 

cooling rate which inhibits any time for diffusion to take place and therefore 

avoids any transformation or secondary phase formation.  
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Figure 13. XRD pattern of as received 316L powder (red) and laser melted 
316L sample (blue). 

In fabrication of austenite-ferrite duplex stainless steel (DSS) parts the phase 

composition was also the same as the starting duplex powder (see Figure 

14). This was studied using Rietveld refinement method which indicated 

almost 98wt% Ferrite and 2wt% Austenite in both duplex powder and 

laser fabricated DSS. The reason for this is the powder was produced 

through gas atomization process. Due to the super-fast cooling during the 

gas atomization, austenite is suppressed. During the SLM process also due to 

the super-fast cooling rate, ferrite was maintained. As it was expected to 

observe both austenite and ferrite phases in duplex steel, Feritescope meas-

urement was also carried out for confirmation of the Rietveld prediction. The 

result of ferritescope measurement showed about 75-78Vol% ferrite which 

was relatively lower than Rietveld prediction.  

In other processing techniques for DSS such as welding which is very simi-

lar to laser melting the phase balance can be disturbed by thermal factors 
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such as cooling rates. Thus, melting and solidification associated with weld-

ing processes can destroy the favorable duplex microstructure 
[66]

. Moreover 

intermetallic phases such as the sigma phase (σ) could also form 
[67-68]

. It is 

practically impossible to prevent the formation of sigma phase during solidi-

fication, because the DSS compositional range favors its precipitation 
[69]

. 

The volumetric fraction of sigma phase can be minimized however by in-

creasing the cooling rate during the solidification process. The extremely 

high cooling rates in laser melting can maintain the chemical composition of 

the DSS and totally avoid formation of sigma phase.  

 

Figure 14. XRD pattern of as received duplex powder and laser melted sam-
ple. 

Stainless steel 420 grade (martensitic grade) was also laser melted in Ar 

(SLM-Ar) and N2 atmosphere (SLM-N2). Figure 15 shows the XRD pattern 

for the as received powder and laser melted samples in the above mentioned 

atmospheres. The XRD pattern confirms coexistence of austenite and mar-
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tensite in the powder and both SLM samples without indication for for-

mation of carbides. During SLM the nature of melting and remelting will 

lead to complete dissolution of carbides together with rapid solidification 

which prevent precipitation of carbides.  

 

Figure 15. XRD pattern of a) as received 420 powder b) SLM-Ar c) SLM-N2 

The amount of austenite and martensite phases was calculated using Rietveld 

refinement. The Rietveld refinement showed approximately 72±2wt% mar-

tensite and 28±2wt% austenite in as received powder and almost the same in 

SLM-Ar samples (24±1wt% austenite and 76±2wt% martensite) but lower 

amount of austenite in the SLM-N2 sample (21±4wt% austenite and 

79±2wt% martensite). It should be noted that ferrite and martensite phases 

have strong peak overlap and could not be separately quantified. However 

the feritescope measurement showed slightly lower amount of ferrite (mar-

tensite) in both samples, than the above Rietveld values.  
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3.1.2 Phase instability and phase transformation 

Phase stability in laser fabricated 316L steels can be disturbed upon post 

heat treatment. Figure 16 shows XRD pattern of the as laser melted 316L 

sample and post heat treated samples at 800
o
C, 900

o
C, 1100

o
C and 1400

o
C. 

As seen single phase austenite is detected in the samples heat treated at 

800
o
C and 900

o
C but after heat treatment at 1100

o
C and 1400

o
C, a duplex 

austenite-ferrite phase composition is identified 
[70]

. Formation of second 

ferrite phase in post heat treated 316L steel is very different than what ob-

served in welding. In welding only minute amount of ferrite is formed at 

grain boundaries but in the former case individual ferrite grains are formed. 

It should be noted that for samples being heat treated for 1hr the XRD pat-

tern was similar as samples heat treated for 6min.  

 

Figure 16. XRD patterns of the as-laser melted 316L steel sample and heat 
treated samples at 800

o
C, 900

o
C, 1100

o
C and 1400

o
C for 6 min. (Adapted 

from Paper II with permission) 
[70]

.  
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3.1.3 Effect of rapid solidification on the phase constituent 

Phase evolution during SLM is non equilibrium due to very high cooling 

rates. The effect of cooling rate on solidification mode and hence formation 

of austenite or ferrite or duplex phase and competition between austenite and 

ferrite formation can be readily understood by referring to a schematic of the 

vertical section of the Fe-Cr-Ni phase diagram 
[71] 

as shown in Figure 17. 

The red line is theoretically where the 316L composition is allocated.  The 

dashed vertical lines approximately represent three austenitic steel composi-

tions superimposed. The T0 lines representing partition-less solidification of 

either austenite or ferrite have also been sketched. The T0 lines represent the 

loci of temperatures below which the single phase austenite (or ferrite) has a 

lower free energy than the single phase undercooled liquid. For 316L com-

positions, the undercooling achieved during rapid solidification may be suf-

ficient to bring the liquid below the T0 lines of both austenite and ferrite. If 

this occurs, the actual mode of solidification will depend on the relative ki-

netics of nucleation for austenite and ferrite 
[71]

. Therefore, if a critical un-

dercooling is achieved such that the liquid is brought below the T0 lines for 

austenite and ferrite, the austenite solidification will be dominant because of 

the faster kinetics than ferrite. 

 

Figure 17. Schematic vertical section of Fe-Cr-Ni phase diagram, with 
schematic T0 lines for partition less austenite and ferrite superimposed 

[71]
. 
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The phase evolution during post heat treatment process for the austenitic 

316L steel samples can be partially explained by the phase diagram shown in 

Figure 18. The composition of 316L steel can be approximated by the red 

line. The red line passes through four phase regions in the temperature range 

400
o
C to 1400

o
C. These regions from top (high temperature) to bottom (low 

temperature) are the (γ+δ+L) region, (γ+δ) region, pure austenite (γ) and 

metastable two phase region (γ+δ). During post heat treatments at tempera-

tures above 1100
o
C phase transformation to ferrite and formation of duplex 

phase as shown by the XRD pattern in Figure 16 occurs. The ferrite for-

mation may be promoted by the presence of relatively high Mo content 

(2.3wt%) and low Ni content (10.6wt%) which increases the Cr equivalent 

and renders the composition line in Figure 18 to shift toward right hand side 

(duplex phase stability region). The large atomic radius of Mo (1.94 A°) 

compared to iron (1.56 A°) results in a high diffusion barrier. Heat treatment 

at high temperatures helps to overcome the diffusion barrier and the desola-

tion of Mo as strong ferrite stabilizer occurs 
[70]

. 

 

Figure 18. Steel phase diagram. The red dashed line shows the chemical 
composition of the starting powder. The austenite and ferrite are denoted by 
γ and δ, respectively.(Adapted from Paper II with permission) 

[70]
. 
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3.2. Hierarchical structure of 316L 

3.2.1 Macro-level structure: melt pools 

As mentioned before, laser melting is associated with high processing tem-

peratures and very high heating and cooling rates, i.e., the process is per-

formed far from equilibrium. When the laser beam scans over a layer of 

powder granules, those at the focal spot are heated momentarily above their 

melting temperature. A melt pool is then formed along the laser scanning 

track. Densification is then achieved by accumulative rapid solidification of 

adjacent melt pools. This process results in unique structural features. At the 

macroscopic level, the network of the melt pools forms according to the 

scanning pattern. Changing or rotating the scanning pattern could generate 

complex network of the melt pools. Two different macro-textures associated 

with two different scanning patterns are seen in Figure 19. The width of the 

melt pools is around 100μm and can be controlled by the scan speed and 

laser power. 

 

Figure 19. Optical microscopy images of two different macro-textures gen-
erated by two different laser scanning patterns for a) 316L steel b) CrCoMO 
alloy (Adapted from Paper VI). 

As mentioned before the size and shape of the melt pools can be controlled 

by the laser processing parameters. At high power and low scan speeds thus 
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at high LED a wide and deep melt pool will be created and at lower LED 

with much higher scan speed narrower melt pools are formed. Nevertheless, 

the depth of melt pools is also dependent on material characteristics. For 

example for materials with very high thermal conductivity large melt pools 

will be expected even at low LED. 

3.2.2 Micro level: micro-grains 

Due to the huge temperature gradient and subsequent rapid solidification  in 

a small but very constrained volume of melt pool, various crystallization 

processes can take place and therefore inside each melt pool, at microscopic 

level, coarse grains with sizes of 10-100μm is seen (see EBSD image in Fig-

ure 20b). The different colors in the EBSD image indicate different crystal-

lographic orientation of the coarse grains. From the color difference in the 

EBSD image it could be concluded that the coarse grains may in fact contain 

smaller grains. However the coarse grains were single austenitic phase. This 

is identified from the EBSD phase map image in Figure 20c. Therefore, the 

coarse grains can be regarded as a single crystal containing differently orien-

tated grains of a single phase nature. SEM image taken from a non-etched 

Cross section polished (CP) sample shown in Figure 20d reveals the mi-

crograins inside the coarse grains. The size of the micrograins is approxi-

mately 5-10μm. The difference in contrast corresponds to different orienta-

tion of the micrograins. 
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Figure 20. a) OM image showing the criss-crossing melt pools with features 
inside them, b) EBSD image showing different grain orientation of the 
coarse grains ranging from 10-100 micron c) EBSD phase map showing 
single phase nature of the coarse grains d) CP image showing size of micro-
grains from 5-10µm. (Adapted from Paper I with permission). 

To ensure the single phase nature of the micrograins inside the coarse grains, 

electron diffraction patterns (EDP) have been taken. In Figure 21 the grain 

boundaries between two grains can be distinguished. The EDP taken inside 

both grains correspond to a FCC lattice from the [-112] and [011] planes. 

EDP taken on different locations of the same grains were identical explain-

ing the single phase nature. 
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Figure 21. A bright-field TEM image exposed at a grain boundary is shown 
in (a). Electron diffraction patterns taken from the two different grains, as 
shown by arrows, reveal that these neighboring austenite grains take differ-
ent crystallographic orientations, see (b) and (c). (Adapted from Paper I 
with permission). 

3.2.3 Submicron level: intragranular cells  

More rich structural features can be found at an even smaller; submicron and 

nano levels. As seen in SEM image of non-etched (CP) sample (Figure 22a) 

and etched sample shown in Figure 22b, inside the smaller micrograins, in-

tragranular 0.5-1μm-sized sub-grains with a cellular structure exist. These 

sub-grains are confined by the bigger micrograins of size 5-10μm. The sub 

grains formed have a honeycomb cellular/columnar structure. These cellu-

lar/columnar sub-grains have the same crystallographic orientation inside 
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each bigger micrograin whilst they may or may not have a different orienta-

tion compared to the sub-grains inside adjacent micrograins. 

 

Figure 22. a) SEM image in BE mode of the non-etched CP 316L sample, 
showing the intragranular sub-grains with a white contrast (inside the 
dashed square) inside the micro-grains of size 5-10 micron. b) SEM image of 
etched 316L sample showing, the intragranular sub-grains have a cellular 
structure. The sizes of the sub grains are 0.5-1μm. 

The formation of the intragranular cellular sub-grains in SLM is quite differ-

ent compared to other melt-solidification techniques such as casting and 

welding. In casting a dendritic or columnar solidification-microstructure is 

formed depending on the degree of undercooling and the cooling rate. The 

correspondingly formed columnar grains in casted 316L steel are large, typi-
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cally with size between 20-40μm and each columnar grain is accounted as a 

single crystal. These columnar grains are free to grow in many directions 

depending on their favored crystallographic direction. In welding the size of 

the columnar grains are decreased to half the size in comparison with casting 

due to a much higher degree of undercooling bust still larger than cellu-

lar/columnar grains in the SLM 316L.   

In the SLM 316L the micrograin boundaries can play the role of an inhibitor 

for sub-grain growth at intermediate temperatures (below 800°C) and there-

fore based on Hall-Petch effect they can influence the mechanical strength 

and hardness 
[72]

. The size of the sub-grains could be controlled by the un-

dercooling provided (G×R) during laser melting. Higher undercooling could 

result in finer sub-grains. 

Figure 23 shows the SEM image of as laser melted 316L steel sample and 

post heat treated at 700°C sample. The intragranular cellular sub-grains are 

approximately the same size. This indicates the unique intragranular cellular 

morphology and the size of the cells can be maintained even at higher tem-

peratures without considerable grain growth. This can maintain the mechani-

cal strength of 316L at intermediate temperatures. 

 

Figure 23. SEM image of etched a) laser melted and b) post heat treated 
(700°C) 316L steel. The cellular morphology is maintained as the SLM 316L 
sample.  
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3.2.3.1 Mechanism for cellular pattern  

The forming mechanism of cellular sub-grain microstructural features in 

SLM (and other laser surface melting technology) is still a confusing ques-

tion although some researchers have tried to explain it. The existing explana-

tions can be classified as three aspects, one is involving the compositional 

fluctuation and constitutional supercooling theory in which the ratio of tem-

perature gradients and growth rates (G/R) determines the grain growth mor-

phologies 
[73-74]

. The second explanation is about the interface stability theo-

ry; microstructure is related to the changes in velocity of the solidification 

front, the rapid acceleration, and non-equilibrium trapping of solute 
[75]

. The 

third explanation is about the surface tension driven convection or a diffu-

sive transport of impurities or any of the constituents of the material 
[76]

. 

Although all these explanations may seem logical but none of them is perfect 

and can be considered as a unified explanation. Furthermore it should be 

noted the SLM process has some specific characteristics. The scale of SLM 

melt pool (width and depth) is around 100-150μm, so it is a thin film flow in 

which the gravity effect can be ignored. The melt pool has very high temper-

ature gradients 
[77]

 and therefore Marangoni convections are most probable. 

This is when an interface between two immiscible fluids is subjected to a 

temperature (or concentration) gradient, its interfacial tension will vary from 

point to point. These surface tension gradients will induce shear stresses that 

result in fluid motion. This will cause fluid to be drawn along the surface 

from regions of low surface tension (hot areas) to regions of high surface 

tension (cold areas). Since liquids are viscous, they are dragged along caus-

ing bulk fluid motions and local reciprocal stirring of the melt pool; a phe-

nomena commonly known as Marangoni convection. Marangoni convection 

has been shown to trigger circulatory flows in weld pool deposits causing 

changes to the temperature gradient and cooling rate in the melt pool, and 

therefore affecting the solidification microstructure. In order to precisely 

javascript:void(0);
javascript:void(0);
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validate this theory the cooling rate and temperature gradients must be calcu-

lated. Figure 24 shows the simulation analysis, carried out by Xin Zhou at 

Tsinghua University in Beijing, in which the cooling rate has been calculated. 

When laser irradiates the surface the node temperature increases rapidly in 

pretty much a straight line to maximum around 2400K, after the laser moves 

the node temperature drops rapidly and the cooling rate can be estimated 

around 6×10
4
 K/s. The temperature gradients measurements at different 

cross sections are also presented in Figure 25. As shown the temperature 

gradients are asymmetrical. 

    

Figure 24. FEM results of 316L SLM, isometric view (a), and plot of node 
temperature vs. time relationship (b), cooling rate (G·R, K/s) can be calcu-
lated (Courtesy of Xin Zhou, 2016, Tsinghua University, Beijing). 
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Figure 25. FEM results of 316L SLM melt pool, top view (a), longitudinal-
section view (c) and cross-section view (e). Plot of node temperature vs. 
distance can be found in (b), (d) and (f), the involved nodes are marked in 
(a), (c) and (e) separately. Therefore the temperature gradients of different 
direction (Gx, Gy,Gz) can be calculated, Gx represents the temperature gra-
dient in top surface melt pool edge, Gy represent the gradients in melt pool 
tail, and Gz represent the gradients in melt pool bottom. (Courtesy of Xin 
Zhou, 2016, Tsinghua University, Beijing) 

The high and nonlinear and asymmetrical temperature gradients and surface-

tension gradients caused by non-uniform heating of free surface within the 

melt pool will generate thermocapillary convection and intense convective 

vortex movement with high surface flow rates which will then form the 

complicated solidification microstructures. Thus the hexagonal cellular pat-

tern observed in laser melted steel samples is caused by Surface-tension-

driven instability known as Bénard-Marangoni-Instability (BMI) 
[78]

. 
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3.3. Hierarchical structure of duplex steel 

3.3.1 Macro level mosaic structure 

The hierarchical structure could also be seen in laser melted duplex stainless 

steel parts, but there was no sign of cellular/columnar sub-grains. In this case 

the scanning strategy created a macro-textured mosaic structure at the macro 

scale as shown in Figure 26a. The size of each tessera is around 100μm 

which is the same as the line spacing used. The different color contrast con-

tributes to different etching effect. Inside some of the tesserae another pat-

terned structure exists as shown in Figure 26b. Between the tessera bounda-

ries recrystallized grains with much smaller size is seen.  

 

 

Figure 26. OM images of laser melted duplex steel at a) low magnification 
b) high magnification. (Adapted from Paper V with permission)  

EBSD image in Figure 27a-b shows that some tesserae contain a series of 

micrograins distinguished by the orientation difference. The recrystallized 

smaller grains in between the tessera boundaries have random orientation. 

These grains are most probably formed in between the melt pool layers 

where they will be not overlapped by other melt pools and thus cool down 

much faster resulting in smaller recrystallized grains. The size of these 

grains is a few microns only. 
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Figure 27. a) EBSD grain orientation map taken at low magnification show-
ing the macro-texture designed by scanning pattern, b) EBSD grain orienta-
tion map at high magnification showing the small micron size grains in be-
tween the tessera boundaries. (Adapted from Paper V with permission) 

3.3.2 Micro and submicron level: Low and high angle grains  

Inside each tessera high angle and low angle grains exist. This is shown in 

the EBSD band contrast map in Figure 28. The high angle and low angle 

grains are shown by the black and white lines respectively. As seen from 

Figure 27 the grains inside the tessera are confined by the tesserae bounda-

ries. The high angle grains are seen in the SEM image of CP sample in Fig-

ure 29. As seen the size of these high angle grains span from 5-20µm. The 

different color contrast in CP image is due to different orientation of the 

grains. As seen two neighboring grains may or may not take the same orien-

tation. 
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Figure 28. EBSD band contrast map taken from the SLM duplex. The black 
and white lines show high angle grain and low angle grains respectively. 

 

Figure 29.a-b) SEM image taken from CP sample showing the grains with 
slightly different orientation inside the tesserae. The sizes of the grains span 
from 5-20 micron. 

Moreover At the submicron levels, small-angled grains are observed with 

size approximately 1-5μm. Bright field TEM images shown in Figure 30 

clearly show the small-angled grain and its boundaries. 
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Figure 30. a-b) Bright field TEM images showing small-angled grains. The 
sizes of these grains span from 1-5 micron. (Adapted from Paper V with 
permission)  

3.3.3 Nano level dislocation loops 

Down at the nano levels, inside the small angled-grains a network of disloca-

tion loops exists (see Figure 31). The size of these entangled dislocation 

loops are around 100-200nm. The driving force for formation of disloca-
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tion loops, hypothetically, could be reduction in total elastic energy of the 

dislocations because of clustering in the cell walls 
[79-80]

. The structure of 

dislocation loops can be influenced by internal factors such as stacking fault 

energy (SFE), the elastic constant and external factors such as shear stress, 

post heat treatment and other factors affecting dislocation mobility out of 

their slip plane 
[81-83]

. However, the dislocations (loops) may form by mutual 

trapping and accumulation of glide dislocations and entanglement of these 

dislocations caused by the thermal regime during SLM. 

 

Figure 31. a-b) TEM images showing dislocation loops. The size of these 
dislocation are around 100-200nm. (Adapted from Paper V with permission) 
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3.4 Hierarchy and heterogeneity of 420 stainless steel  

The structural hierarchies were also observed In the SLM 420 stainless steel. 

At the macroscopic level shown in Figure 32a the cross networked melt 

pools with a width of 100 micron is observed. At the micro level inside the 

melt pools, as seen in Figure 32b, colonies of the parental austenitic cells 

(these cells/grains are the prior austenite cells/grains that now has been par-

tially transformed to martensite) and martensite needles was observed for the 

sample produced in Ar atmosphere. In general two morphologies of marten-

site (lath and plate) can be formed during austenite to martensite transfor-

mation that depends on the carbon content of the alloy, whereas for carbon 

content below 0.6wt%C only martensite lath is formed and for higher carbon 

content a mixed or only martensite plate is formed. Cross section of marten-

site lath in micrographs appears as fine needles.   

 

Figure 32. OM image of SLM 420 stainless steel taken at a) low magnifica-
tion showing the cross networked melt pools b) high magnification, showing 
parental austenitic cells and martensite needles. 

SEM image of the polish section of the SLM-Ar sample is shown in Figure 

33. The cellular structure is parental austenite cells and the randomly distrib-

uted needles are martensite phase (see Figure 33b-c). The length of these 

needles is approximately a few microns and the width is in nano meter scale. 

These needles are in fact the cross section of the martensite lath grown on 

the retained austenite (see Figure 33c.  
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The cells/grains that so far was called “parental cell” are in fact prior austen-

ite cell that during cooling and phase transformation should have been trans-

formed to martensite lath. So needle like cross section of martensite is ex-

pected to be seen in every cell. However, martensite needles are only seen in 

some of the cells (Figure 33c). Due to the very fine microstructure of mar-

tensite lathes and their sensitivity to etching, the lath cross section of marten-

site is not properly seen in some of the cells.   

 

Figure 33. SEM image showing a) the parental austenite cells b-c) random 
distribution of the martensitic needles 

Figure 34 shows the microstructure of SLM-N2 sample at various magnifica-

tions. As seen the general microstructure is the same as the argon treated 

sample. However, the needle-like cross section of martensite lath is not ob-

served in any parental austenite cells. The reason is again the very fine struc-

ture of martensite lath and its sensitivity to etching that explained before.  
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In SLM of 420 stainless steel, two types of austenite could be realized; the 

retained austenite and the so called “reverted austenite” the formation of 

which can be explained as follow.  

In SLM, multistep process involves heating and cooling cycles. During heat-

ing, the temperature raise well above the Ac temperature (~750
o
C) 

[84]
 and 

upon cooling, temperature drops below the Ms temperature (680
o
C) 

[84]
 

where the austenite to martensite transformation starts. 

 

 

Figure 34. a-b-c) SEM image of SLM 420 sample produced in N2; at differ-
ent magnifications. 

After the second scan due to overlapping of the laser scanning tracks, the 

temperature of the previous layers raise above Ms and so some martensite is 

transformed back to austenite that is called “reversed austenite”. The re-

versed austenite could be observed at the cell boundaries. This is shown in 

Figure 33b-c. 
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EBSD phase mapping was also performed on the SLM-Ar and SLM-N2 

samples. This is shown in Figure 35 which confirms random distribution of 

austenite (retained plus reverted) in both samples. It is clear that the austenite 

content of the sample (blue color) produced in nitrogen atmosphere is con-

siderably lower than the amount of austenite in the sample produced in Ar 

atmosphere, although the Rietveld prediction didn’t show much difference.  

 

Figure 35. EBSD phase mapping for SLM 420 sample blue shows the aus-

tenite (retained plus reverted) and the red shows martensite. 

 

However, the reason for lower austenite content of the sample produced in 

nitrogen (SLM-N2) could be explained according to thermodynamic specifi-

cation of nitrogen gas namely its higher heat capacity (29 J/Mol.K compared 

to that of argon which is 12.5 J/Mol.K) and higher heat conductivity (44 

mW/mK for Nitrogen compared to 30.6 mW/mK for Ar)
 [84]

. The following 

simple thermodynamic calculation shows higher heat capacity of the cham-

ber gas will result in lower final equilibrium temperature of the gas and sam-

ple. 

Assuming the initial temperature of the chamber being T0 if q Joules heat is 

introduced to the sample (and so to the chamber) during the laser melting 

process, when the equilibrium is reached, the equilibrium temperature (Teq) 

could be calculated from the following equations, assuming the heat capacity 

being independent of temperature. 
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It is clear from Eq. 8 that any increase in gas heat capacity can reduce ΔT 

and so the final temperature at which martensitic transformation occurs will 

be reduced. This implies more austenite to martensite phase transformation 

will occur. This is believed to be the reason for lower retained austenite in 

the sample produced in nitrogen atmosphere as shown in EBSD phase map-

ping (Figure 35). However, the quantity of the gas (number of moles) in the 

laser chamber is much smaller than solids (sample, base plate, etc.) and so 

the direct effect of heat capacity of the gas is very small. On the other hand 

the heat conductivity of stainless steel is very small; therefore, the direct heat 

transfer from the sample to the base plate is very small, so in this regard the 

higher heat capacity and heat conductivity of the nitrogen gas and also the 

flow speed play a significant role in heat removal from the sample to the 

environment (e.g. Base plate) and lowering the sample temperature. 
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3.5 Complex microstructures and local heterogeneity 

3.5.1 Orientation difference and different cell size 

The huge temperature gradients, high and local cooling rate and directional 

solidification in laser melting results in different grain orientations in the 

microstructure of the laser fabricated 316L steel samples allowing the grains 

to interlock. Different grain orientation can be seen at two length scales; the 

micro scale where the coarse grains and/or micrograins inside them have 

different orientation (Figure 36a) and also at the submicron level in which 

the intragranular cellular sub-grains have orientation difference (Figure 36b). 

The orientation difference at submicron scale can be seen from the HRTEM 

image in Figure 36b where three sub-grains can be identified from the triple 

boundary. As seen the direction of the lattice fringes inside each sub-grain is 

different from the other neighboring sub-grains. Different orientation of the 

sub-grains in this length scale has not been reported in conventionally fabri-

cated 316L steel. It is believed that this multi scale orientation difference of 

micrograins and sub-grains could affect the mechanical strength by interrupt-

ing crack route, consuming the crack energy and stopping the crack finally.   

This orientation difference and/or interlocking can make the material defect 

tolerant. Bin et al investigated the defect tolerance of laser melted CrCoMo 

alloy 
[85]

 and reported despite that large isolated voids and micro crack at the 

boundaries of the melt pools existed in the microstructure of the SLM 

CrCoMo alloy, the mechanical strength was considerably higher than casted 

CrCoMo alloy. Moreover the non-uniform and asymmetric temperature gra-

dients and local cooling rates and the effect of overlapped scanning can lead 

to different cell size increasing the heterogeneity in laser melted steel sample 

(see Figure 36c). This bimodal grain size can influence the strength and 

toughness of the material simultaneously. The bigger grain/sub-grains size 

can ensure the toughness and plasticity and the smaller grains/sub-grains can 
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result in higher strength. Existence of a bimodal grain size can therefore 

result in high strength of the material without sacrificing toughness. 

 

Figure 36. SEM image taken from 316L steel sample showing a) orientation 
difference of the micrograins at the micro level, b) orientation difference of 
the sub-grains at the submicron level, c) bimodal sub-grains size (Adapted 
from Paper IV) 

3.5.2 Sub-grain morphologies 

A second type of heterogeneity can be identified in laser melted 316L steel 

which is existence of different microstructure patterns. These microstructure 

patterns are hexagonal cells/sub-grains, columnar grains and a band struc-

ture. All these patterns coexist in the microstructure of the laser melted 316L 

steel. These two types of microstructure heterogeneity are shown schemati-

cally in Figure 37a where the 1-5μm sized grains (micrograins) contain hex-
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agonal cells, columnar and band structure. Moreover the image shows that in 

each micrograin shown by grey boundaries the sub-grains have same orien-

tation whilst a different orientation compared to adjacent micrograins. Figure 

37b show SEM image including the two types of heterogeneities.  

 

Figure 37. Schematic of a crystal cluster containing a few micrograins 
shown by the grey boundaries. Inside the micro grains both type of hetero-
geneity is seen with sub-grains of different cell size and morphologies. b) 
SEM image showing the complexity and heterogeneity in the SLM 316L mi-
crostructure. (Adapted from Paper IV) 
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3.6 Micro-segregation and dislocation cell networks  

As mentioned before the intragranular sub-grains inside the micrograins 

have a columnar/cellular structure. As seen in Figure 38a the sub-grain 

boundaries have a white contrast. The STEM image based on Z-contrast in 

Figure 38b shows that the sub-grain boundaries are enriched. Moreover, the 

STEM image also reveals the inhomogeneous diffusive distribution of heav-

ier elements inside each individual larger micrograins. Moreover, in Figure 

38b the bigger micrograins and smaller sub-grains are distinguished by the 

sharp and thicker boundaries respectively.  

 

Figure 38. a) SEM b) STEM images of the 316L sample showing the cellular 
sub-grains. STEM image with Z-contrast in (b) clearly shows enrichment at 
the sub-grain boundaries. (Adapted from Paper I with permission). 

TEM/EDS and TEM mapping taken from the 316L sample shows the sub 

grain boundaries are enriched with Mo. This is shown in Figure 39. As seen, 

elemental mapping of Mo shows slight traces of Molybdenum at sub-grain 

boundaries. Micro-segregation of Mo has also been reported in laser melted 

Cr-Co-Mo alloy 
[85]

. 

The microsegregations and distinct element distributions can be explained by 

particle accumulation structures (PAS) mechanism; this is the behavior of 

small particles of dilute concentration in time-dependent (oscillatory) ring 

vortex flow where under the oscillatory thermocapillary flow the formerly 
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evenly distributed particles form clouds circulating in the vortex. The austen-

itic solidification of 316L steel will reject the ferrite-promoting elements Cr, 

Si and Mo in the liquid/solid interface. Cr and Mo increase the local surface 

tension and Si increases the melt liquidity, the enhanced capillary vortex will 

bring the rejected Cr, Si and Mo from the S/L interface to the instability 

layer. Also, Cr and Si can react with residual oxygen and form the oxide 

inclusions which then precipitate with Mo at the cellular boundaries under 

Marangoni convections and particle accumulation structures (PAS) mecha-

nism 
[77-78]

. 

 

Figure 39. STEM image with Z-contrast taken from the laser fabricated aus-
tenitic 316L steel showing enrichment of Mo at sub-grain boundaries fol-
lowed by elemental mapping showing distribution of Fe, Cr, Ni and Mo in-
side the large grains. (Adapted from paper II with permission). 
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The segregation of Mo in cell boundaries does not seem to be a result of 

thermodynamic equilibrium. Subsequently, the resulting microstructure and 

phases in the laser melted 316L steel may not be thermally stable. Thus, 

microstructure stability was studied by performing post heat treatment of 

laser melted samples at various temperatures. SEM images of samples heat 

treated at 800
o
C, 900

o
C and 1100

o
C are shown in Figure 40a-b-c respective-

ly. The complex cellular microstructure and fine sub-grains in the mi-

crograins can still be identified in the heat treated (800°C) sample plus a 

slight contrast in Figure 40a which implies that the fine cells have a tendency 

to assemble into larger sub-grains (3-5 µm in size) but they are still confined 

in the larger micrograins. As seen in Figure 40b the cellular-structure disap-

peared after heat treating at 900
o
C and only traces of them can be barely seen 

in some areas. The cellular structure associated to the microsegregation of 

Mo was totally gone for samples post heat treated at 1100
o
C (see Figure 40c) 

and the size of the grains is approximately 50-100μm which has grown al-

most 10 times compared to as-SLM. 
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 Figure 40. a-b) SEM image of 316L sample post heat treated at 800
o
C and 

900
o
C c) OM image of sample post heat treated at 1100

o
C. Note the cellular 

structures of the sub-grains start to disappear and totally is gone in (c). 
(Adapted from Paper II with permission). 
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Bright field TEM images taken from laser melted 316L sample on low mag-

nification but with high resolution, shown in Figure 41, disclose large con-

centration and pile-up of dislocations at the sub-grain boundaries and within 

some sub-grains. The high concentration of dislocations at the sub-grain 

boundaries can be understood as a consequence of the enrichment of mis-

placed Mo in an Austenite lattice. It distinguishes the formation mechanism 

of dislocation tangling in SLM 316L samples from that in conventionally 

worked or forged steels 
[86] 

and SLM duplex samples. In conventionally 

worked and forged steels the dislocation loops are formed due to external 

forces and in SLM duplex they are formed due to entanglement of disloca-

tions.  

 

Figure 41. Bright-field TEM images in (a) and (b).  Concentration of dislo-
cations and pileup at the sub-grain boundaries and within the sub-grains is 
clearly seen.  
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3.7 Interfacial chemical reaction 

3.7.1 Oxide nano inclusions 

Black circular nanoinclusions that are seen in Figures 20, 22, 38, 39 are not 

pores but in fact glassy Cr-silicate nanoinclusions. The glassy nanoinclu-

sions are approximately 50nm in size. The formation of the glassy phase can 

be confirmed by HRTEM and diffraction patterns shown in Figure 42. TEM 

elemental mapping (Figure 42b) shows the circular nanoinclusions contain 

mostly Si and O. The amount of these nanoinclusions obtained by image 

analysis was measured approximately 6 Vol% 
[87]

. 

 

Figure 42. a) HRTEM micrograph taken around a nanoinclusion. Insets i) 
and ii) clearly shows complete amorphous structure of the nanoinclusin 
while the neighboring site is crystalline b) TEM elemental mapping taken 
from an area containing the nanoinclusions. The nanoinclusions contain 
mostly Si and O. (Adapted rom Paper III with permisson). 

These glass nanoinclusions are formed due to the higher oxygen affinity of 

Si and Cr compared to that of the other alloying elements inside the 316L 

steel composition. Therefore due to larger negative values of free energy 

change for oxide formation of Si and Cr compared to Ni, Mo and Fe, thus 

larger driving force, Si and Cr will readily react with oxygen. Based on Eq.9 
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the standard free energy for formation of SiO2 was calculated at any temper-

ature up to melting point at 1673K. This was also calculated for Mo-O, Ni-O 

and Fe-O systems and the diagram in Figure 43 was obtained. The oxygen 

partial pressure required for the minimum oxidation of pure silicon at tem-

peratures near to melting point could be obtained according to the following 

calculations (Eq. 10-11-12-13-14-15) where (∆G) is the free energy change, 

(∆H) is the enthalpy change, (∆S) is the entropy change and (a) is activity 

(activity of SiO2 and Si is assumed to be equal to 1), (PO2) is the oxygen 

partial pressure and (T) is temperature (K). 

Si + O2 = SiO2                                                                                    (9) 

∆G
0
 = ∆H

0
 -T∆S

0
                                                                               (10)                                                                        

 

It should be noted that up to melting points, ∆H
0
 and ∆S

0
 are almost inde-

pendent of temperature (∆Cp=0) and their values were obtained from litera-

ture 
[88]

. So:  

∆G
0
 = -907100 + 175T joules                                                            (11) 

 

at equilibrium :  

 

∆G
0
 = -RTLn(K)                                                                                (12) 

                                  

K=a(SiO2)/a(Si)PO2                                                                                  (13) 

 

So: ∆G
0 
= +RTLn(PO2)                                                                       (14) 

 

So: PO2 = exp (∆G
0
/RT)                                                                      (15) 

   

@ T= 1674 K              PO2= 2.4x10
-20 

 

This indicates at partial pressure higher than 2.4×10
-20 

Si can oxidize prefer-

entially. 
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Figure 43. Variation of standard Gipps free energy change with temperature 
for Si, Mo, Fe and Cr oxides. Silicon has the most negative ∆G

0
 values at all 

temperatures indicating higher oxygen affinity 

The formation of silicate glass phase is also kinetically favored by a high 

cooling rate achieved during the process of laser melting. The critical cool-

ing rate required for forming a silica/silicate glass may vary from 10
2
-10

6 

KS
-1

 
[89]

 depending on their composition and volume whereas the cooling 

rate obtained by laser melting can span from 10
5
 KS

-1
 to 10

7
 KS

-1
 depending 

on the physical properties of the materials and the processing parameters. 

As mentioned before, formation of oxide nanoinclusions in the steel matrix 

is termed as oxide dispersion strengthened steel (ODS). Therefore these ox-

ide nanoinclusions dispersed in the steel matrix can strengthen the steel. 

Formation of ODS in this way which is regarded as in situ formation not 

only can influence the mechanical properties but it can also be used as an 

alternative way of cleaning the oxygen contamination presented in the steel 

composition and/or take up during laser melting process. The effect of these 

nanoinclusions on mechanical properties will be explained later. 
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3.7.2 Nitride precipitation and nitrogen enrichment  

As shown in Table 2, the SAF 2507 duplex powder (as received) contained 

0.2-0.3wt% nitrogen. This nitrogen had been absorbed during the powder 

production; since according to the supplier, powder has been produced by 

nitrogen gas atomization technique. However, the SLM samples produced 

from duplex powder are expected to contain the same amount of nitrogen. 

Nitrogen measurements of the SLM samples also confirmed this. Since satu-

ration nitrogen dissolution in ferrite phase is much lower than the nitrogen 

content of the SLM samples, formation of nitride phase in addition to nitro-

gen enriched zones in SLM samples produced from duplex powder was ex-

pected. Formation of nitride precipitates and nitrogen enriched zones were 

investigated by careful TEM/EDS. Careful line scanning by TEM-EDS re-

vealed formation of chromium nitride compound, as shown by the yellow 

marked scan line in Figure 44a where simultaneous EDS of Cr and N ele-

ments indicated co-variation of both elements (Figure 44b-c). 

 

Figure 44. (a-b-c) TEM-EDS linear scanning, confirming a co-variation of 
Cr and N that proved the formation of a chromium nitride phase. (Adapted 
from Paper V with permission). 
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Figure 45a-b shows TEM elemental mapping of Cr and N taken at two dif-

ferent sites showing elongated and string-like morphology of chromium 

nitride precipitates and zones enriched in nitrogen respectively. As seen in 

Figure 45a the length of the string-like nitride phase is a few microns but the 

width is only a few nanometers. Figure 45b not only shows the string-like 

nitride phase but also island-like nitrogen enriched zones shown by the 

dashed white line in Figure 45b (picture at the right).  

 

 

Figure 45. TEM-mapping of Cr and N showing a) string-like nitride precipi-
tates, b) nitride precipitates and island-like nitrogen-enriched zones. The 
dashed line in (b), picture at the right, clearly shows the zone enriched in 
nitrogen. 

Further confirmation of nitrogen enriched zones is shown in Figure 46 where 

EDS results shows zones enriched with nitrogen; containing more than 

3wt% nitrogen. The size of these zones is around 300nm.  
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Figure 46. EDS spot analysis taken from two different sites and EDS results 
from the two sites showing concentration of nitrogen. (Adapted from Paper 
V with permission). 

Based on nitrogen measurement performed on both duplex powder and laser 

melted duplex steel sample, it is seen that no nitrogen pick-up occurs during 

laser melting process but the nitrogen in the starting powder itself will con-

tribute to nitride formation and nitrogen-enriched areas.    
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3.8 Density of fabricated steels 

The density/relative density was measured for SLM 316L, HIP 316L, 316L 

post heat treated at 1100
o
C (PHT-316L), SLM duplex and SLM 420 stainless 

steel samples and compared with theoretical density values in literature. The 

calculated values are shown in Table 3. 

Table 3. Density/Relative density values for SLM 316L, HIP 316L, PHT-

316L and SLM duplex steel parts 

Type Density (g/cm
3
) Relative Density (%) 

Casted 316L 8.00 ------ 

HIP 316L steel 7.96 99.7% 

SLM 316L 7.89 98.6 % 

PHT-316L 7.87 98.6 % 

Casted DSS  7.80 ------ 

SLM DSS 7.75 99.4 % 

Casted 420 7.70 ------- 

SLM 420 7.60 99.8 

 

As observed the density of all laser melted samples plus the post heat treated 

sample are very high and all samples are almost fully dense. The density of 

laser melted material can be controlled by laser processing parameters such 

as the layer thickness, laser power, line spacing and scan speed.  

A smaller layer thickness will increase the bond between layers, resulting in 

higher density components. This is due to the fact that laser beam penetrates 

easier and more effectively at lower thickness. Thus the transmitted energies 

will be higher through lower layer thickness and cause strong bonding of the 

new top layer and pre-solidified layer below.  

At high laser power the absorptivity of the laser for the powder bed would 

increase resulting in more efficient melting of the powder bed and hence 

densification.  
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Reduction in scan speed, will also allow sufficient melting at the interface 

between layers to cause a good fusion bond and increase the density.  

Smaller line spacing will increase scan overlap causing increased density. 

The reason for this is the changes in the absorptivity of the laser, i.e. when 

there is overlap, powder is remelted and this produces rougher surface and 

results in increased absorptivity. Therefore the porosity of the bed changes 

drastically when powder is re melted. The more overlapping of scan tracks 

causes a rougher surface which increases laser absorption and results in bet-

ter penetration and more efficient melting. Nevertheless, the density of laser 

melted materials also depends on powder particle size and morphology. 

Smaller and regular spherical powder particle would enable better penetra-

tion of the laser beam in powder bed and better bonding will be obtained. 

However, very small particle size would impede the smooth deposition of 

powder on the building plate affecting the quality of the irradiated layers. 
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3.9 Defects in laser melted steel samples 

3.9.1 Un-melted particles 

Un-melted particles could remain inside the volumes of not overlapped 

scanned tracks. These un-melted particles can form in between the melt pool 

boundaries and at the edges of the melt pools. Figure 47a show schematic of 

where the un-melted particles typically may form. 

 

Figure 47. a) Schematic of melt pools and not-overlapped section in which 
the un-melted particle may form b) SEM image of SLM 316L showing un-
melted particles 

However in this research due to careful control of optimized laser parameters 

very few areas with un-melted particles could be found. One of these rare 

areas with un-melted particles is shown in Figure 47b. 

At un-optimized processing parameters such as at a lower laser power or 

faster scan speed, some particles may remain un-melted; however this was 

not in our case. Un-melted particles could also exist due to collapse of pow-
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der particles from the powder bed inside the melt pools which are already 

solidifying; these particles will remain attached to the melt pools but not 

melted. We believe the case in Figure 47b is due to the collapse of powder 

particles because the feature seen in Figure 47b was rarely observed and not 

repeated in the microstructure of SLM 316L. 

3.9.2 Porosity and unfilled voids 

Another type of defect is voids which can originate from hard agglomerates 

inside the starting powder and/or insufficient powder packing before melting 

process. Some of these voids and pores are formed in between each powder 

granule which establishes the closed pores and some are connected which 

makes the open porosity. Pores also exist near the un-melted particles as can 

be seen in Figure 47b. Un-optimized laser processing parameters can also 

result in pores.  Low laser power, large layer thickness and line spacing can 

result is such defects. Moreover, viscosity change in the melt pool can influ-

ence the gas elimination and also result in residual porosity.  

3.9.2.1 Inter-run porosity 

The area in between the melt pools can also be source for formation of po-

rosity which is referred to as “the inter-run porosity”.  Formation of a wide 

and shallow melt pools can decrease the size of inter-run porosity and chang-

ing from wide and shallow melt pool to deeper and narrower melt pool ge-

ometry can reduce the bond between neighboring melt tracks causing an 

increase in inter-run porosity 
[19]

. A schematic of the inter-run porosity is 

shown in Figure 48. The inter-run porosity can be controlled by the scanning 

pattern, i.e. to reduce or totally avoid these porosities, a bidirectional scan-

ning pattern is required. However, inter-run porosity was not detected in our 

samples. This is believed to be due to the bidirectional scanning strategy 

used for the laser melting process.   
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Figure 48. a visual definition of inter-run porosity when a) melt pools are 
wide and shallow b) melt pools are narrow and deeper 

[19]
 (C. Hauser, PhD 

thesis, University of Leeds, 2003). 

3.9.3 Micro cracks 

During laser melting due to the large temperature gradients and fast cooling 

rates, residual thermal internal stresses generate which could result in cracks. 

Moreover constituents inside the steel composition may have different ther-

mal coefficients which upon heating can result in a thermal miss-match that 

generates stress. These stresses could cause micro-cracks inside the steel 

microstructure. Also it should be noted that at the top of each layer of laser 

melted material tension forces exist and at bottom layer compression forces 

exist. This may also increase possibility of crack formation. Another type of 

cracks is formed at the melt pool edges or at the boundaries of melt pools. 

During laser melting the melt pool is in liquid state and the boundary or edg-

es are in solid/liquid state, the thermal miss match due to different shrinkage 

of the melt solidification and the shrinkage rate of the surrounding powder 

matrix will cause these cracks. Figure 49 shows micro-cracks formed in laser 

melted 316L sample. These micro-cracks have been formed along melt pool 

edges and sub-grain boundaries.   

However these cracks can-not propagate much  



 84 

 

Figure 49. SEM image of micro cracks in SLM 316L formed along sub-grain 
boundaries, melt pools edges and inside grains.  
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3.10 Mechanical properties of the fabricated steels 

3.10.1 Mechanical properties of SLM and post heat treated 316L  

The tensile test curve at room temperature for the SLM 316L and post heat 

treated at 1100°C samples is shown in Figure 50. All the tensile tests were 

performed in the direction parallel to the building direction. Despite the ir-

regularities in the curve from as-SLM sample due to contact grip defor-

mation, the yield strength (YS) and the ultimate tensile strength (UTS) of as-

SLM 316L steel are higher (456±17 MPa and 703±8 MPa, respectively) than 

those from the post heat treated sample (419± 17 MPa and 674± 30 MPa, 

respectively). According to the tensile curves both samples undergo a certain 

plastic deformation before failure; however, the post heat treated sample 

shows higher elongation and plastic deformation than the as-SLM 316L. 

This is due to stress relief in the post heat treated sample where the disloca-

tions are much lower and/or are annihilated and the affected pining effect is 

significantly reduced. The values of the mechanical properties for as-SLM 

316L and post heat treated sample are summarized in Table 4 and compared 

with fully dense HIP 316L steel. 

 

Figure 50. Stress-strain curves from tensile tests of as-received SLM 316L 
steel and the same material after heat treatment at 1100

o
C for 1hr. (Adapted 

from Paper II with permission) 
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Table 4. Mechanical properties of SLM 316L and post heat treated at 

1100°C sample. The mechanical properties of a HIP 316L is brought for 

comparison 

Type 

Tensile 

strength 

(MPa) 

Yield strength 

(MPa) 

Elongation 

(%) 

Microhardness 

(HV) 

SLM 316L 703 456 45 325 

PHT-316L 674 419 51 190 

HIP 316L 570 220 54 170 

 

The microhardness of the as-SLM 316L and heat treated sample is also 

summarized in Table 4 and compared with HIP 316L. The SLM 316L sam-

ple has a microhardness around 325Hv. Such high microhardness is even 

higher than ferritic grades (150-200) which are inherently harder than aus-

tenitic grade stainless steels 
[29]

. The high microhardness can be results of 

many things. Numerous grain boundaries of the small micron-sized intra-

granular sub-grains observed in SLM 316L (see Figure 22) can impede and 

block dislocation motion. This can impose a hardening effect. Hardness of 

metals and alloys can be directly related to yield strength (YS) as both are 

mechanical properties that are related to resistance of material to defor-

mation. The relation between YS and hardness is well established in litera-

ture and several imperical relationship has been introduced (e.g. for steel, 

YS= 2.8HV-90.7) 
[90]

. Since YS is increased with decreasing grain size ac-

cording to Hall-Petch equation (Eq. 13), then the small size micrograins and 

sub-grains can increase hardness 
[72]

. 

 

where σy is the yield stress, σo is a materials constant for the starting stress 

for dislocation movement (or the resistance of the lattice to dislocation mo-

(16) 
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tion), ky is the strengthening coefficient (a constant specific to each material), 

and d is the average grain diameter. 

Formation of silica oxide nanoinclusions (as explained in section 3.7 and 

shown in Figure 42) also can influence and increase microhardness. The 

increase in microhardness can be seen from two aspects, one is that the 

nanoinclusions are themselves a barrier blocking dislocations and impeding 

dislocation motions (see Figure 41b showing dislocation pile up around the 

nanoinclusion) and the other effect of the nanoinclusions is that they are hard 

glassy silica oxide inclusions which are well dispersed in the matrix (see 

Figure 42). These inclusions inherently are much harder (~900HV) than soft 

Fe matrix. Therefore the inclusions can indirectly affect the overall micro-

hardness   

A comparison with the HIP 316L shows an almost two times higher micro-

hardness of the SLM 316L. This is due to much smaller grain size and oxide 

nanoinclusions. However apart from this, the dislocation concentration in the 

SLM 316L must be much higher than HIP 316L making newly formed dis-

locations under the indenter tip to be more restrained and not to be able to 

freely move. 

As could be expected, Table 4 shows that microhardness for the heat treated 

sample has dramatically decreased to 190HV. The net effect of heat treat-

ment is stress relive, recovery and grain growth during which crystalline 

defects are removed, internal energy is decreased, dislocations are rear-

ranged and also decreased, and finally re-crystallization results in new stress 

free uniaxial and larger grains. In section 3.6 and in Figure 40 it was men-

tioned that intragranular sub-grains were totally removed in the post heat 

treated sample at 1100°C and the grains were around 50-100μm. Moreover 

the dislocation concentration is also reduced substantially in the post heat 

treated sample. Larger grains and reduction in dislocation concentration is 

believed to be the reason behind lower microhardness compared to as-SLM 
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316L. To verify the influence of the intragranular sub-grains and dislocation 

concentration on the microhardness of the as-SLM and heat treated sample 

the microhardness of a heat treated sample at 800°C which exhibited the 

same intragranular sub-grains with the same size as the as-SLM sample was 

measured which was 250HV. TEM analysis for the 800°C heat treated sam-

ple in Figure 51 showed the dislocation concentration has decreased consid-

erably as compared to the SLM 316L. Therefore it can be concluded that the 

main contributing factor is dislocation concentration and associated pinning 

effects.  

 

Figure 51. TEM image taken from 316L sample post heat treated at 800
o
C 

showing decreased dislocation concentration. (Adapted from Paper I with 
permission).  

Another study was made by close inspection of the indentation marks on the 

SLM 316L and 800°C post heat treated sample. For this inspection two main 

areas (the indentation edges close to the tip and close to the corners of the 

indentation marks, respectively) were carefully checked. It was found that a 
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major difference is observed at the indentation edges close to the tip of the 

indentation mark where the stress concentration is the highest. In both cases 

elongation of the cellular sub-grains was observed, with larger elongation 

noticed in the post heat treated sample. In the post heat treated sample the 

cellular sub-grain boundaries keep disrupted despite larger elongation, 

whereas in the as laser melted sample many of the cellular sub-grain bounda-

ries are broken, as illustrated by the SEM images shown in Figure 52. This 

implies that due to the pinning effect of the higher dislocation concentrations 

in the as laser melted sample, the sub-grain boundaries are less plastically 

deformed and can be broken easily, while for the post heat treated sample 

due to the reduction of the dislocation concentration the sub-grain bounda-

ries become more plastic. 

 

Figure 52. SEM image taken from indentation mark for a) SLM-316L and b) 
316L post heat treated at 800

o
C. (Adapted from Paper I with permission)  

As can be seen in Table 4, decrease in YS and UTS due to heat treatment at 

1100
o
C are not too much and these mechanical properties are still higher 

than HIP 316L sample. This is despite the fact that heat treated sample has 

larger grains and is in more relaxed state (lower residual stress). The higher 

mechanical properties of post heat treated sample as compared to HIP 316L 

are due to the presence of ferrite phase in the 1100
o
C post heat treated sam-

ple. EBSD phase map of the post heat treated sample is shown in Figure 53. 

The green color represents austenite and red illustrates ferrite. As seen per-
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centage of ferrite is considerable but the major phase is austenite. However, 

ferrite steel by itself has also a higher strength compared to austenite steel. 

Therefore in heat treatment two phenomena competitively work together. 

Grain growth occurs which decreases the strength and ferrite formation oc-

curs that increases the strength. 

 

Figure 53. EBSD phase map taken from the post heat treated sample at 
1100

o
C. The green color shows the austenite and red shows ferrite phase. 

(Adapted from Paper II with permission). 

3.10.1.1 Effect of the cellular structure on mechanical properties 

Most mechanical properties, for an identical alloy, are dictated by the micro-

structure and so the manufacturing history. In this regards the grain shape 

and size are critical and the grain boundary (with high internal energy) plays 

an important role.  

Cellular sub-grain boundaries and the associated dislocation concentration 

(see Figure 41a) act as reinforcement elements inside the micrograins. The 

cellular sub-grain boundaries can slow down crack propagation, change the 
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crack path and absorb the crack energy therefore making the material strong-

er. Nevertheless, coexistence of small and larger sub-grains (bimodal grain 

size) can at the same time increase the mechanical strength without losing 

ductility and toughness. 

Having explained this, the higher mechanical properties of the as-SLM 316L 

compared to the post heat treated sample is clear. In the post heat treated 

sample the intragranular cellular sub-grains have completely disappeared 

(see Figure 40) and the grains have grown proportionally to the heating time 

and temperature (see Figure 40), the residual stress inside the matrix has 

been partially or fully released and the dislocation concentration has reduced 

significantly (see Figure 51). Thus the difference in strength is related to 

combined effects of grain size, dislocation concentration and associated dis-

location mobility. However the post heat treated sample still shows relatively 

high mechanical strength as compared to HIP 316L. This is due to formation 

of a strong secondary ferrite phase as was seen in Figure 53. Ferrite is 

stronger and harder than austenite and act as reinforcement for the Fe matrix. 

Although the amount of ferrite is not considerably high but it is believed to 

influence the mechanical properties anyway.  

Moreover As seen in Table 4 the YS of the as-SLM 316L and post heat 

treated sample are almost two times higher than the HIP 316L sample. As 

discussed in section 3.2, a hierarchical microstructure including the melt 

pools, micrograins and the intragranular cellular networks is formed in SLM 

316L sample, while the structure of HIP 316L is simply consisting of mi-

cron-scale grains. Figure 54a shows the size of the grains in the HIP 316L 

steel which is around 20-30μm (more than 50 times bigger than as-SLM 

316L). The sub-grain size along with the numerous sub-grain boundaries, as 

compared to coarse grain boundaries and micrograin boundaries, in the SLM 

316L would block dislocation motion, further increasing the mechanical 

strength. Although the intragranular cellular structure could not be regarded 
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as conventional grains by definition, dislocations would still accumulate at 

the boundaries of the cells 
[91]

. Therefore, the obtained high YS could be 

attributed to the smaller cell size (0.5-1μm) inside the larger micrograins and 

numerous sub-grain boundaries that impedes and/or blocks dislocation mo-

tion. 

 

Figure 54. a) OM image of HIP 316L steel showing grain size of around 20-
30μm with no sub-grains, b) SEM image of SLM 316L showing sub-grains of 
size around 0.5-1μm. 

Despite the high mechanical strength of the SLM 316L, it is also very ductile 

with an elongation of approximately 45%. Therefore, SLM 316L is strength-
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ened without losing ductility. As reported in Table 4 the post heat treated 

sample showed higher elongation before failure (51%) as compared to the 

as-SLM with 45%. The fracture surface analysis of both samples is shown in 

Figure 55. As seen the dimples in the post heat treated sample are more uni-

form and with less voids but the as-SLM contains non-uniform dimples. In 

both cases the size of the dimples are a few hundreds of nanometer up to few 

micron which is much smaller than dimple size in conventionally fabricated 

austenitic steels 
[92-93]

.      

 

Figure 55. Fracture surface SEM images of a) SLM 316L b) post heat treat-
ed sample at 1100

o
C. (Adapted from Paper II with permission) 
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3.10.2 Mechanical properties of SLM duplex 

The tensile test curve at room temperature for the SLM duplex is shown in 

Figure 56. The tensile tests were performed for four identical samples and all 

in the direction parallel to the building direction. As seen from the curves, all 

samples behaved in a similar manner without considerable fluctuations 

which implies repeatability and reliability of the tests.  The average value of 

UTS and YS are 1321±48 MPa and 1214±43 MPa, respectively. These val-

ues are three times (3x) higher than reported values for any ferritic (400-600 

MPa for UTS and 250-400 MPa for YS) and two times (2x) higher than any 

values reported for duplex stainless steels (600-800 MPa for UTS and 400-

550 MPa for YS).  

 

Figure 56. Tensile test curve for SLM duplex. Four identical samples were 
tested. The results show repeatability of the experiment (Adapted from Paper 
V with permission) 

The curve shows a very small if not zero strain hardening effect followed by 

plastic deformation until failure. This means no strain hardening has oc-
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curred or balanced strain hardening and softening has worked together. 

However, this phenomenon could be explained by a mechanism called “Dy-

namic recovery” that can be explained as follow. 

In dynamic recovery that is typical for high stacking fault energy (SFE) met-

als such as ferritic stainless steels, the flow stress saturates after an initial 

period of work hardening this saturation value depends on temperature, 

strain rate and composition 
[94]

. During dynamic recovery the original grain 

gets increasingly strained but sub boundaries remain almost equiaxed. This 

means the substructure is dynamic and re-adapts continuously to the increas-

ing strain. However after a certain strain, equilibrium is reached between 

hardening due to dislocation accumulation and softening due to dynamic 

recovery; so the net effect will be no strain hardening and the stress-strain 

curve reaches a plateau as seen in Figure 56. Nevertheless, in low SFE met-

als such as austenitic stainless steels the process of recovery is very slow and 

this in turn may allow sufficient stored energy build-up thus strain hardening 

occurs. Strain hardening was clearly seen for the SLM 316L (see Figure 50). 

Microhardness of the laser melted samples was also measured to be 450±2 

HV, which is almost 50% increase in value compared to other duplex grades 

(200-250HV) and 61% increase in value compared to other ferritic stainless 

steel grades (140-180HV). 

The observed superior mechanical properties of the SLM Duplex might be 

due to a number of factors. (as discussed in the previous sections) such as: 

the unique mosaic-type microstructure in which each tessera has a different 

crystallographic grain orientation compared to the neighboring grains (see 

Figure 27), the very large concentration of dislocations inside the material 

which restrict further dislocation movement and imposes strain hardening 

effect. Further, the nano oxide inclusions and the chromium nitride precipi-

tates can inhibit free dislocation slip/glide and contribute to a hardening ef-

fect. Moreover, solubility of nitrogen in the ferrite structure steel gives a 
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mazimal interstitial nitrogen concentration which leads to solid solution 

strengthening. It was reported in section 3.7.2 that the powder precursor 

contained also 0.2wt% nitrogen. After laser melting the nitrogen content was 

unchanged. Since the laser melted samples contained 0.2wt% nitrogen which 

is exceeding the possible maximum nitrogen concentration of ferrite that is 

0.07wt% nitrogen, therefore, formation of nitride phases and/or nitrogen 

enriched areas was expected in the ferrite matrix. Careful line scanning by 

TEM-EDS and TEM elemental mapping (see Figure 44-45-46) revealed 

formation of chromium nitride compound and nitrogen enriched areas. The 

nitrogen enriched areas are believed to be interstitial nitrogen solid solution. 

In this case the size difference between the solute and solvent atoms will 

generate a strain field which can interfere with the dislocation. Nitrogen can 

also cause grain refinement thus increasing the mechanical strength. 

Dislocations can interact with each other in many types. They can annihilate 

each other, when two dislocations with collinear Burgers vectors on inter-

secting slip planes interact (collinear annihilation), they can strengthen each 

other when two dislocation either on the same or different slip planes with 

the same burger vectors interact or they can interact in such a way that the 

dislocations will divide and multiply 
[95]

.  

Dislocations can increase mechanical strength either by blocking free motion 

of other dislocations formed, or can be blocked by internal defects such as 

grain boundaries, precipitates and inclusions. i.e. disruptions in a lattice 

strained by internal defects such as grain boundaries, precipitates and/or 

inclusions will impede dislocation motion by which plastic deformation oc-

curs, and this result translates into an enhanced macroscopic strength. When 

a gliding dislocation encounters a grain boundary (GB), it is blocked, and a 

stress concentration is created at the dislocation-GB intersection
 [96]

. The 

localized stress concentration increases with an increasing number of incom-

ing pile-up dislocations at a higher applied stress. When the stress concentra-
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tion becomes large, new dislocations are nucleated on the other side of the 

GB in the neighboring grain. Dislocation sliding is inhibited along GBs be-

cause of their disordered structures (see Figure 57a). Hence, the GBs have 

limited capacity to accommodate dislocations, resulting in a strength in-

crease. 

 

Figure 57. Schematic illustration of examples of structural modifications for 
strengthening metals and alloys. Commonly used strengthening methods 
include a) GB strengthening: in which dislocation (red ⊥ symbol) motion is 
blocked by GB (whose incoherent structure is schematically shown on the 
right) so that a dislocation pile-up is formed. A higher stress is needed to 
deform a polycrystalline metal with a smaller grain size d (more GBs) and b) 
strengthening via solid solution, whereby solute atoms strain the matrix to 
impede the motion of a dislocation (red line) through the lattice; via precipi-
tates or dispersed particles that interact with mobile dislocations, leading to 
overall strengthening of the material; or via elastic interactions between 
intersecting dislocations (blue and red lines), as well as geometry changes 
and subsequent obstructions to slip (as, for example, through the formation 
of sessile dislocation segments) associated with such encounters. 

[96]
  

During interstitial solid solution, the solute atoms strain the matrix and can 

impede the motion of a dislocation (red line in Figure 57b) through the lat-

tice; via precipitates or dispersed particles that interact with mobile disloca-

tions, leading to overall strengthening of the material 
[96]

. 

Although all of the above mentioned mechanism can be applied to our case 

of SLM duplex, but it is believed that the mosaic structure and nitride pre-

cipitates and dislocation loops in addition to dynamic recovery during tensile 

are the main reasons behind the high mechanical properties and relatively 

high elongation.  
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3.10.3 Mechanical properties of SLM 420 stainless steel 

Figure 58 shows the load-displacement results at room temperature for 

SLM-Ar and SLM-N2 samples which is typical for martensitic steel. In 

SLM-Ar the rupture and failure occurred suddenly after rather limited plastic 

deformation following yielding point (Figure 58a). This represents low duc-

tility and toughness of the SLM-Ar.  

 

Figure 58. Load-displacement curve for a) SLM 420 produced in Ar b) SLM 
420 sample produced in nitrogen. 
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Figure 58b shows load displacement curves obtained from four samples of 

materials laser melted in N2. All sample exhibited very similar curves and 

good reproducibility but their behaviors differ from those treated in Ar at-

mosphere (see Fig. 58a); the extent of plastic deformation after exceeding 

yield point prior to sudden failure is considerably larger. The loads corre-

sponding to the yield point and tensile strength are obviously lower than 

those in Figure 58a due to smaller cross sections (to prevent sliping in flat 

mechanical grips, the cross section of the sample produced in nitrogen was 

reduced from 0.9 x 1.8 mm
2
 = 1.62 mm

2
 to only 0.9 x 0.52 mm

2
 = 0.47 mm

2
 

to reduce maximum tensile forces). 

The mechanical properties extracted from Figure 58 (recalculated in terms of 

the corresponding stresses) together with microhardness measurement are 

summarized in Table 5. Relative data for the same grade stainless steel with 

similar composition are also reported in Table 5. Yield stresses in the Ar-

treated materials are within the range approximately 680-790 MPa whereas 

higher values 770-1100 MPa was obtained in the case of N2 treated samples. 

Tensile strength follows the same tendency. Tensile strengths of the Ar 

treated materials are within the range 1120-1200 MPa whereas tensile 

strength for the N2 treated samples are within range 1520-1560 MPa. All 

these values seem to be remarkably high 

Table5. Mechanical properties of laser melted 420 produced in Ar and Ni-

trogen atmospheres. CIP as sintered 420 and CIP tempered 420 is also 

brought for comparison reasons. 
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It was mentioned in previous sections that no nitrogen pick up from the 

chamber atmosphere during SLM occurs. Therefore the only effect of nitro-

gen atmosphere can be its cooling difference with Ar. In fact nitrogen has 

higher thermal conductivity (44 mW/mK) than Ar (30.6 mW/mK) which 

results in faster cooling rate in presence of nitrogen. In addition the heat 

capacity of nitrogen (29 J/Mol K) is more than two times of the heat capacity 

of Ar (12.5 J/Mol K). This also implies nitrogen has higher capacity of heat 

removal from the sample during laser melting process. So the possible effect 

of atmosphere of the laser chamber on the mechanical properties can be orig-

inated from the cooling effect of the atmosphere.  

It can be seen that both as SLM samples has relatively higher UTS and YS 

than the as sintered 420CIP. However, the heat treated (tempered) 420CIP 

sample has improved and higher mechanical properties 
[97]

. This is due to the 

nature of martensite steels in which the martensitic transformation is associ-

ated with some internal stress due to crystallographic rearrangement at low 

temperature. So it is expected that heat treating (tempering) increases the 

mechanical properties.  

Fracture surface analysis was also carried out for both SLM samples and 

shown in Figure 59a-b. Both samples show ductile cup cones dimples which 

indicate ductile failure mode. 

 

Figure 59. Fracture surface analysis for a) SLM-Ar and b) SLM-N2. 
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However, generally martensite is known as a brittle and hard phase with 

limited elongation (as was also seen in Figure 58) and so a cleavage fracture 

surface should be expected. The ductile fracture mode in martesnsitic stain-

less steel has been also observed and reported in literature 
[98]

 and the reason 

for ductile fracture mode was explained as follow. When parental austenite 

transforms to martensite, ferrite phase is formed at the parental austenite 

grain boundaries. Therefore the fracture path will continue along the rela-

tively softer ferrite 
[98]

. 

Nanohardness measurement at various points of the SLM samples, as shown 

in Figure 60, revealed three distinguished groups of hardness values (690 

HV, 550HV, 460HV) that were almost repeatable. This should mean three 

different phases with relatively different hardness exist which are most prob-

ably (from highest to lowest) martensite, ferrite and austenite phases. 

 

Figure 60. Nanoindentation curve showing three groups of hardness values 
indicating three different possible phases. 

 

 

 

 



 102 

4. Summary and conclusions 

Laser melting is a relatively new and promising method for the manufactur-

ing of steel. The most important aspect of this technique is its capability of 

geometry customization based on demands and also its potential to develop 

materials with tailored microstructure and improved mechanical properties. 

The thermal regime during laser melting is the main origin why materials 

can be developed with tailored microstructure and improved mechanical 

properties.  

In this thesis the mechanism of evolution of microstructure during laser 

melting as well as the mechanism of the effect of the developed microstruc-

ture on the mechanical properties were investigated. The fast and local cool-

ing and asymmetrical temperature gradient created structural hierarchies and 

microstructural heterogeneities in the laser melted austenitic 316L, 2507 

duplex and 420 martensitic stainless steels. In the laser melted 316L and 420 

materials a very fine cellular sub-grain was formed due to the Benard Ma-

rangoni instabilities driven by surface tension and the thermal regime during 

laser melting process. Enrichment of Mo at the cell boundaries was ex-

plained by the PAS and Marangoni mechanisms in the 316L material. The 

Mo-enriched cell boundaries controlled the phase stability when the material 

was heat treated. Upon heating at different temperatures the cellular sub-

structure was removed and enriched-Mo at cell boundaries was totally re-

leased into the matrix causing formation of ferrite phase. The dynamic and 

slow movement of Mo and also the residual stress inside the material caused 

large concentration and pile-up of dislocations at the cell boundaries and 

inside the cells. Insitu formation of nano sized silica inclusions during laser 
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melting of the 316L and duplex materials yielded an ODS type steel. The 

formation of these nanoinclusions was studied thermodynamically. Very 

high mechanical strength (YS and UTS) and microhardness with no sacrifi-

cial toughness and ductility was obtained for the 316L and duplex materials. 

The mechanical properties were linked to the microstructure and the rela-

tionship was established. The very fine size cellular sub-grains, three levels 

of boundaries (coarse grains, micrograin and sub-grain boundaries) and well 

dispersed nanoinclusions blocking and impeding incoming dislocations and 

large dislocation pile up was identified as the main reasons for the very high 

mechanical strength and microhardness and relatively high ductility of the 

316L material. For the duplex material in addition to the built-up hierarchies 

and nanoinclusions; nitride precipitates and nitrogen enriched zones plus the 

very large concentration of nanometric dislocation loops was found to be the 

main reason for the superior mechanical strength, microhardness and ductili-

ty.  

Laser melting of the martensitic stainless steel was carried out in Ar and N2 

atmospheres. Both produced samples showed very fine cellular grains. The 

austenite to martensite transformation was affected by the atmosphere (i.e. 

the austenite content was somewhat higher in the sample produced in Ar). 

Nitrogen with higher heat capacity and thermal conductivity (compare to Ar) 

reduces the temperature at which phase transformation to martensite occurs. 

This is believed to be the only logical reason behind any differences between 

the two samples (since no N2 pick up was observed). Yield and tensile 

strength of the sample produce in N2 was comparable to the heat treated CIP 

420 steel and much higher than as sintered CIP. However, YS and UTS of 

the Ar treated samples were lower than those treated in N2, but about the 

same of the as sintered CIP.  
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5. Future outlook 

1) This work has summarized the potential of additive manufacturing route 

(SLM) in developing new materials with unique structural and microstruc-

tural features and enhanced mechanical properties. This technique is formed 

far from equilibrium state and results in formation of non-equilibrium struc-

tures. As mentioned the phase balance of the SLM duplex was kept the same 

as the starting powder, however the phase and microstructure stability and 

the affected mechanical properties at various temperatures should be studied 

further to reassure reliability and endurance of the SLM duplex before using 

it in field application exposed to various temperature ranges. 

2) Due to the asymmetric temperature gradients and fast cooling rates the 

thermal stress level induced in laser manufactured components can be prob-

lematic in service applications and thus the stress state should be predicted, 

simulated and measured, especially for large builds.  

3) Despite using SLM for production of components and parts, SLM can be 

advantageous for surface treatment and regarded as a hardening process.  

4) The droplet by droplet melt-solidification process occurring during laser 

melting can provide a sufficient wetting angle and absorbance of atmospher-

ic gases such as N2 and can increase the solubility of nitrogen in the studied 

material especially steel. Possible nitrogen-pick up can be investigated fur-

ther and its effect on steel phase stability and transformation and microstruc-

ture should be studied.  
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5) Formation of oxide nano-inclusion and the aforementioned ODS, concen-

tration and controlling it should be studied and examined in different powder 

compositions.  

6) Physical properties such as electrical, thermal conductivity and radiation 

resistance and ambient and high temperature oxidation/corrosion resistance 

can also be studied in laser manufactured components. 
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