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Abstract 

Additive manufacturing processes offer extensive advantages for the 
design freedom of structures through layer-by-layer production. This 
enables high weight savings as well as the integration of functions such as 
cooling channels. This technology thus offers great potential to contribute 
to a sustainable future. The pioneer among these manufacturing processes 
is the powder bed fusion of metals with laser beams (PBF-LB/M). This 
process is characterised by high laser scanning speeds and highly localised 
heat input, which have a strong effect on the microstructure and thus also 
on the mechanical properties. For example, the austenitic steel 316L 
exhibits a cellular structure at the sub-grain level. This microstructure 
feature leads to higher yield strengths and comparable ductility to 
conventionally processed 316L. In addition to the traditional applications of 
316L steel in the petrochemical and nuclear industries, this enables new 
applications such as medical stents or bipolar plates for fuel cells with 
proton exchange membranes. However, the layer-by-layer production with 
high scanning speeds and localised heat input induces cooling rates in the 
order of 106 K.s-1. The large temperature gradients and the shrinkage 
restraints of each weld bead and layer lead to the development of complex 
residual stress fields. These reduce the material performance and can even 
lead to premature failure. Thus, the fatigue properties are severely affected 
by rapid crack growth or prematurely developing cracks. Furthermore, 
specimens may warp during PBF-LB/M or immediately when the 
components are separated from the build plate. Therefore, residual stress 
is one of the main disadvantages of PBF-LB/M, making it difficult for this 
technology to be more widely accepted in the industry. Based on the current 
state of the literature, the procedure for determining residual stress 
employing diffraction methods, the influence of the component geometry, 
as well as the inter-layer-time (ILT) on residual stress and, lastly, suitable 
heat treatment strategies for relaxing residual stress in PBF-LB/M/316L, 
were identified as insufficiently researched areas.  

Determining residual stress is a major challenge. X-ray and neutron 
diffraction are particularly suitable for filigree structures, which can 
preferably be produced using PBF-LB/M. Here, the microscopic strain of the 
lattice planes is used to calculate the macroscopic residual stress. These 
methods are non-destructive and allow the spatial resolution of the bi-axial 
and tri-axial residual stress. In the present work, in-situ neutron diffraction 
tensile tests were performed to analyse the micromechanical behaviour of 
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PBF-LB/M/316L. The suitability of the lattice planes for calculating the 
macroscopic residual stress was investigated. The (311) lattice plane was 
found to be the best option for determining the macroscopic residual stress 
in PBF-LB/M/316L. Furthermore, it was shown that the Kröner model can 
be used to calculate the X-ray diffraction constants despite the texture. 
Currently, both aspects are common practices in the determination of 
residual stress. The results presented here support the validity of this 
approach and increase the confidence in the experimentally determined 
residual stress, which has a positive effect on the assessment of quality 
concerning the safety of a component manufactured by PBF-LB/M.  

The geometry of a structure manufactured by PBF-LB/M determines the 
component stiffness and influences the thermal gradients during 
manufacture and ultimately the residual stress. The effect of smaller or 
larger dimensions (larger than 10 mm) on the residual stress is rarely 
considered. To investigate this aspect, representative test specimens with 
different thicknesses and lengths were produced. Hence, the influence of 
the geometry i.e., component stiffness on the residual stress was 
evaluated. The residual stress was determined using X-ray and neutron 
diffraction. The analysis of the residual stress showed that an increase in 
thickness leads to overall higher residual stress. In addition, it was shown 
that increasing the sample dimension leads to smaller residual stress 
gradients. Above a threshold value of a few millimetres, no significant 
change in the residual stress was observed. 

The ILT is inherent in every PBF-LB/M construction job and influences the 
thermal gradients during production and thus the residual stress. A change 
in wall thickness in a geometrically complex structure or a variation in the 
number of specimens in the construction process leads directly to a change 
in the ILT. To simulate this, specimens with different ILT were produced. 
The residual stress was determined by X-ray and neutron diffraction. The 
use of a short ILT resulted in higher surface residual stress, but lower 
volume residual stress. Here, the surface residual stress and the residual 
stress in the volume showed contrary behaviour. This was attributed to the 
complex heat conduction during the process, as shown by the 
thermographic measurements. 

To avoid distortion of the specimens or real components upon separation 
from the build plate or during post-processing steps, stress relief annealing 
is usually performed after the PBF-LB/M process. Based on standards for 
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heat treatment of welded austenitic steels, heat treatments were 
performed at low (450 °C for four hours) and high (800 °C and 900 °C for 
one hour) temperatures. The results show that the heat treatment at 450 
°C relaxed the residual stress by only 5 %. This low relaxation is due to the 
stability of the cell structures. The high-temperature heat treatment 
showed that 900 °C is required to dissolve the cell structure and achieve a 
relaxation of about 85 %. This result is in good agreement with the 
standards for stress relief annealing of welded austenitic steels. 
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Kurzfassung 

Additive Fertigungsverfahren bieten durch die schichtweise Herstellung 
weitreichende Vorteile für die Gestaltungsfreiheit von Strukturen und 
ermöglichen somit hohe Gewichtseinsparungen. Auch die Integration von 
Funktionen, beispielsweise Kühlkanäle, können unmittelbar während der 
Herstellung eingebracht werden. Damit bietet diese Technologie ein hohes 
Potential zu einer nachhaltigen Zukunft beizutragen. Der Vorreiter unter 
diesen Fertigungsprozessen ist das Pulverbettbasierte Schmelzen von 
Metallen mittels Laserstrahlen (PBF-LB/M). Dieser Prozess zeichnet sich 
durch hohe Laserscangeschwindigkeiten und eine stark lokalisierte 
Wärmeeinbringung aus, welche sich auf die Mikrostruktur und damit auch 
auf die mechanischen Eigenschaften auswirken. So weist der austenitische 
Stahl 316L eine zelluläre Struktur auf Subkornniveau auf, welche zu 
höheren Streckgrenzen jedoch nicht verringerter Duktilität im Vergleich zu 
konventionell verarbeitetem 316L führt. Dies ermöglicht, neben den 
traditionellen Einsatzgebieten des Stahls 316L in der petrochemischen und 
nuklearen Industrie, neue Anwendungen wie medizinische Stents oder 
Bipolarplatten für Brennstoffzellen mit Protonenaustauschmembran. Die 
schichtweise Fertigung mit hohen Scangeschwindigkeiten und lokaler 
Wärmeeinbringung bedingt jedoch Abkühlraten in der Größenordnung von 
106 K.s-1. Die hohen Temperaturgradienten im Zusammenspiel mit den 
Schrumpfbehinderungen jeder Schweißraupe und Lage sorgen für die 
Entstehung komplexer Eigenspannungsfelder. Diese verringern die 
Beanspruchbarkeit des Materials und können sogar zu einem vorläufigen 
Versagen führen. So sind die Ermüdungseigenschaften durch ein rapides 
Risswachstum bzw. ein vorzeitig entstehender Riss durch 
Eigenspannungen stark beeinträchtigt. Des Weiteren kommt es vor, dass 
sich die Proben während des PBF-LB/M oder unmittelbar bei der Trennung 
der Bauteile von der Bauplatte verziehen. Daher sind die Eigenspannungen 
eines der Hauptnachteile des PBF-LB/M, die eine breitere Akzeptanz dieses 
Verfahrens in der Industrie erschweren. Ausgehend vom aktuellen 
Literaturstand, wurde die Vorgehensweise bei der Bestimmung der 
Eigenspannungen mittels Beugungsmethoden, der Einfluss der 
Bauteilgeometrie bzw. Bauteilsteifigkeit sowie der Zwischenlagenzeit auf 
die Eigenspannungen und zuletzt geeignete 
Wärmebehandlungsstrategien zur Relaxation der Eigenspannungen in 
PBF-LB/M/316L als unzureichend erforschte Bereiche identifiziert.  
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Die Bestimmung der Eigenspannung ist eine große Herausforderung. 
Insbesondere bei filigranen Strukturen, welche vorzugsweise mittels PBF-
LB/M hergestellt werden können, eignen sich die Röntgen- und 
Neutronenbeugung. Hierbei wird die mikroskopische Dehnung der 
Gitterebenen zur Berechnung der makroskopischen Eigenspannung 
verwendet. Diese Methoden sind zerstörungsfrei und ermöglichen die 
räumliche Auflösung der bi-axialen und tri-axialen Eigenspannungen. In der 
vorliegenden Arbeit wurden in-situ Neutronenbeugungszugversuche 
durchgeführt, um das mikromechanische Verhalten des PBF-LB/M/316L zu 
analysieren. Die Eignung der Gitterebenen zur Berechnung der 
makroskopischen Eigenspannung wurde untersucht. Die (311) Gitterebene 
erwies sich als die beste Option für die Bestimmung der makroskopischen 
Eigenspannung in PBF-LB/M/316L. Darüber hinaus wurde gezeigt, dass das 
Kröner-Modell trotz Textur zur Berechnung der 
Röntgenbeugungskonstanten verwendet werden kann. Derzeit werden 
beide Aspekte in der Bestimmung der Eigenspannungen standardmäßig 
angewandt. Die hier präsentierten Ergebnisse untermauern die Gültigkeit 
dieses Vorgehens und erhöhen das Vertrauen in den experimentell 
bestimmten Eigenspannungen, welches sich positiv auf die Beurteilung der 
Qualität hinsichtlich der Sicherheit eines durch PBF-LB/M gefertigten 
Bauteils auswirkt.  

Die Geometrie einer durch PBF-LB/M hergestellten Struktur bestimmt 
maßgeblich die Bauteilsteifigkeit und beeinflusst die thermischen 
Gradienten während der Herstellung und letztendlich die 
Eigenspannungen. Die Auswirkung kleinerer oder größerer Abmessungen 
(größer 10 mm) auf die Eigenspannungen wird derzeit oft nicht 
berücksichtigt. Um diesen Aspekt zu untersuchen, wurden repräsentative 
Probekörper mit unterschiedlichen Dicken und Längen hergestellt. Damit 
konnte der Einfluss der Geometrie bzw. Bauteilsteifigkeit auf die 
Eigenspannungen gezielt bewertet werden. Die Eigenspannungen wurden 
mittels Röntgen- als auch Neutronenbeugung bestimmt. Die Analyse der 
Eigenspannungen ergab, dass eine Erhöhung der Dicke zu insgesamt 
höheren Eigenspannungen führt. Zusätzlich wurde gezeigt, dass eine 
Vergrößerung der Probenabmessung zu kleineren 
Eigenspannungsgradienten führt. Oberhalb eines Schwellenwerts von 
wenigen Millimetern ändern sich die Eigenspannungen nicht mehr 
signifikant.  
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Die sogenannte Zwischenlagenzeit (ILT) ist jedem PBF-LB/M-Bauauftrag 
inhärent und beeinflusst die thermischen Gradienten während der 
Herstellung und damit maßgeblich die Eigenspannungen. Ein 
Wanddickensprung in einer geometrisch komplexen Struktur bzw. einer 
Variation der Probenanzahl im Bauprozess führt unmittelbar zu einer 
Änderung der ILT. Um dies nachzubilden, wurden Proben mit 
unterschiedlichen ILT hergestellt. Die Eigenspannungen wurden mittels 
Röntgen- und Neutronenbeugung bestimmt. Die Verwendung einer kurzen 
ILT hat zu höheren Oberflächeneigenspannungen geführt, jedoch zu 
geringeren Volumeneigenspannungen. Hierbei zeigten die 
Oberflächeneigenspannungen und die Eigenspannungen im Volumen ein 
konträres Verhalten. Dies wurde auf die komplexe Wärmeleitung während 
des Prozesses zurückgeführt, wie die thermografischen Messungen 
zeigten.  

Um den Verzug der hergestellten Probekörper oder realen Bauteile bei der 
Abtrennung der Bauplatte oder in Nachbearbeitungsschritten zu 
vermeiden, wird in der Regel ein Spannungsarmglühen nach dem PBF-
LB/M Prozess durchgeführt. Basierend auf Standards für die 
Wärmebehandlung von geschweißten austenitischen Stählen, wurden 
Wärmebehandlungen bei niedrigen (450 °C für vier Stunden) und hohen 
(800 °C bzw. 900 °C für eine Stunde) Temperaturen durchgeführt. Die 
Ergebnisse zeigen, dass die Wärmebehandlung bei 450 °C die 
Eigenspannungen um lediglich 5 % relaxierte. Diese geringe Relaxation ist 
auf die Stabilität der Zellstrukturen zurückzuführen. Die Hochtemperatur-
Wärmebehandlung zeigte, dass 900 °C erforderlich sind, um die 
Zellstruktur aufzulösen und eine Relaxation von etwa 85 % zu erreichen. 
Dieses Ergebnis steht in guter Übereinstimmung mit den Standards für das 
Spannungsarmglühen geschweißter austenitischer Stähle.  
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1 

Introduction 

The resolution of the “Green Deal” by the European Comission has marked the start 
to further push the boundaries of todays materials and processes to enable a 
sustainable future. The additive manufacturing (AM) technology has thereby been 
identified as a key enabler to reach multiple United Nations sustainable 
development goals [1]. In fact, when it comes to shifting the boundaries of design 
of freedom, functionalisation in manufacturing and tailored material properties, 
one cannot ignore the AM process powder bed fusion of metals with laser beams 
(PBF-LB/M). These advantages lead to novel applications such as the flow-
optimized and reduced weight and dimension valve casing for hydrogen filling 
stations, see Figure 1.1 a). A key aspect was the introduction of sensors to monitor 
the structural health of the valve during its service life [2]. The alloy used to 
manufacture the valve was austenitic stainless steel 316L. The low-carbon 
stainless steel is a workhorse alloy for a wide range of industrial applications. 
Recently, a remarkable increase in yield strength was obtained when processing 
316L by PBF-LB/M. The improved yield strength (2x increase in most reported 
cases) is balanced by comparable UTS and ductility to the conventionally 
manufactured counterpart [3-6]. This was found to be related to the subgrain 
solidification cellular structure, see Figure 1.1 b). This structure is composed by 
microsegregations, precipitates and dislocations, which prevent dislocation motion 
(pinning) [3, 4, 7, 8]. The versatility of austenitic steel 316L has been improved by 
the PBF-LB/M processing. It is one of the most investigated alloys in the field of 
PBF-LB/M and is the focus of this study.  

Figure 1.1: a) Redesigned 316L hydrogen pressure valve (developed by Nova Werke 
AG and inspire AG) manufactured using PBF-LB/M [9], b) cellular structure in PBF-
LB/M/316L, reprinted from [6], with permission from Elsevier. 
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The PBF-LB/M processed 316L in the as-built state promises to overcome the 
strength-ductility trade-off generally encountered with austenitic steels i.e. high 
yield strength comes with low ductility [3]. One of the main challenges to overcome 
in PBF-LB/M manufactured parts is the residual stress. The PBF-LB/M process is 
used to manufacture parts in a layer-by-layer fashion using a localized heat source 
(in this case a laser), whereby each layer is scanned at high scanning velocities [10]. 
These manufacturing circumstances lead to very high cooling rates (see Figure 1.2 
a) and ultimately lead to the formation of residual stress, which may be as high as
the material yield strength [11]. It is essential to have knowledge of the residual
stress, the distribution and the magnitude, so that critical parts such as the
pressure valve shown in Figure 1.1 a) can be operated in a safe manner.

One of the advantages of PBF-LB/M is to produce complex structures, which pose 
novel challenges to the determination of the residual stress. Diffraction based 
residual stress assessment has unique advantages as it allows for the non-
destructive determination of the bi-axial (at the surface) and tri-axial (in the bulk) 
residual stress with high spatial resolution. However, the rough surface (Figure 1.2 
b) and the complex microstructure (Figure 1.2 c) of PBF-LB/M structures pose novel
challenges.

Fundamental assumptions used to calculate the residual stress based on 
conventionally processed alloys are still used for PBF-LB/M structures. However, 
given the unique microstructure shown in (Figure 1.2 c) it is necessary to verify the 
commonly accepted approaches to ensure that they are valid for the residual stress 
analysis in PBF-LB/M parts. This study tackles this aspect by putting the focus on 

Figure 1.2: a) Cooling rates in PBF-LB/M, adapted from [12], b) surface roughness 1 
mm diameter lattice struts manufactured by PBF-LB/M, reprinted from [13], with 
permission from IUCr Journals, and c) grain morphology of PBF-LB/M/316L 
microstructures, reprinted from [14], with permission from Elsevier. 
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the selection of an appropriate lattice plane to determine the residual stress in 
PBF-LB/M/316L.  

The design of PBF-LB/M structures may involve changing wall thicknesses which 
in turn alter the heat input throughout the manufacturing. This simple example 
shows the inter connectivity of the geometry and the process. Similar to welding, 
assessing the residual stress requires the consideration of the link between the 
temperature field, the strain and the stress fields and the microstructure [15]. 
Therefore, the following aspects were investigated.  

A geometrically complex part may include varying wall thicknesses and the hence 
varying restraint and its influence on the residual stress needs to be understood. 
Therefore, the influence of the geometry on the surface, subsurface and bulk 
residual stress magnitudes and distributions is investigated. The focus hereby lies 
on the characterisation of the triaxial through thickness residual stress and 
changes related to varying the thickness or length of a simple geometry. The choice 
of simple geometries is related to the necessity of deriving generalities concerning 
the residual stress that may be adapted to complex geometries.  

Inherent to PBF-LB/M, a change in the component thickness will also affect the 
inter-layer-time. This is a measure for the time necessary for the recoating of a 
fresh powder layer and the illumination of the layer. This parameter influences the 
heat accumulation and as such the residual stress. Understanding this connection 
will give an insight on varying residual stress throughout complex geometries but 
also on how changing the number of parts on the build plate may affect the 
residual stress.  

Finally, the aspect of the stress relieve heat treatment is analysed. The formation 
of residual stress is inherent to PBF-LB/M. Therefore, a post process stress relieve 
heat treatment is generally applied to avoid the distortion following the relaxation 
of macroscopic residual stress. The exceptional static mechanical properties are 
linked to the microstructural features which could be dissolved during the heat 
treatment. The investigated temperatures are therefore chosen to analyse the 
limit between the loss of the solidification subgrain cellular structure (see Figure 
1.1 b) and the relaxation of the residual stress.  

In this study, multiple diffraction techniques were combined to characterize the 
residual stress distribution in PBF-LB/M/316L components. The surface residual 
stress are determined by X-ray diffraction in knowledge of the surface roughness. 
In combination with electropolishing, the subsurface residual stresses are also 
characterized. To provide a full through thickness residual stress characterisation, 
multiple neutron diffraction experiments were carried out at large-scale-facilities. 
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The investigation of the lattice place choice was performed through a dedicated in-
situ neutron diffraction tensile test. The experimental approach was chosen to 
answer the above highlighted aspects.  

The work presented first starts with a state-of-the-art section highlighting the 
research gaps present to date on the topic of residual stress in PBF-LB/M (chapter 
0). Besides the general introduction on the austenitic steel 316L and the AM 
processes, the formation of the residual stress in PBF-LB/M, the determination of 
the residual stress in PBF-LB/M structures, the influence of process parameters, 
and the stress relieve heat treatment of PBF-LB/M/316L are addressed. Second, 
the manufacturing of the test specimens is detailed as well as the calculation of 
the residual stress and the measurement procedure (chapter 3). Third, combined 
results and discussion chapters include the characterisation of the material, the 
micromechanical behaviour covering the choice of an appropriate lattice plane, the 
distribution and magnitudes of residual stress in simple geometries, the effect of 
process parameters on the residual stress, and the thermal relaxation of the 
residual stress (chapter 4). Finally, the conclusions from the experimental results 
are drawn (chapter 5).   
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State of the Art 

2.1 Austenitic stainless steel AISI 316L 

The following subchapters give an overview of the austenitic stainless steel 316L. 
First, the metallurgy and the industrial applications of the alloy are addressed in 
subchapter 2.1.1. Second, the influence of different additive manufacturing 
methods on the microstructure and the mechanical properties is detailed in 
subchapter 2.1.2.  

2.1.1 Metallurgy and applications 

Stainless steels are a material of choice when it comes to corrosion resistance and 
longevity in harsh environments [16]. A steel is referred to as stainless if a 
minimum of 10.5 % of chromium (Cr) is included in the alloy composition, which 
allows the formation of a passive surface oxide to prevent oxidation and corrosion 
[17]. The austenitic steels of the AISI 300 series are the most common stainless 
steels [17, 18]. Among the 300 series, the alloy 316L is a low-carbon type austenitic 
stainless steel with a nominal carbon (C) level of 0.03 weight % [16, 17]. The second 
largest alloying element is nickel (Ni), which is used to promote the formation and 
the stability of the austenitic phase. The third largest alloying element is 
molybdenum (Mo), which further improves the corrosion properties. Further 
alloying elements include manganese (Mn) and silicon (Si) [16]. The chemical 
composition of 316L is given in Table 2.1. The 316L alloy has improved resistance to 
intergranular attack in corrosive environments, as the low level of carbon reduces 
the formation of M23C6 carbides [17, 19]. This characteristic makes 316L particularly 
valuable in e.g. welding [19]. According to the chemical composition given in Table 
2.1 and the Schaeffler diagram shown in Figure 2.1 a), the predicted microstructure 
of welded 316L lies in the field of austenite and ferrite.  

The four solidification and solid-state transformation modes of austenitic 
stainless steel weld metals according to the Fe-Cr-Ni phase diagram are shown in 
Figure 2.1 b) [17]. Depending on the composition, the stainless steel either solidifies 
as primary austenite (face-centred-cubic FCC) or primary ferrite (body-centred-
cubic BCC). Thereby, lower Cr/Ni ratios lead to primary austenitic solidification 
whereas higher Cr/Ni ratios lead to primary ferrite compositions [17]. Upon reaching 
room temperature, alloys that solidified primarily as fully austenitic remain 
austenitic. When the primary solidification is ferrite, the final microstructure may 
be a mixture of ferrite and austenite [17]. Besides the Cr/Ni ratio also the cooling 
rate plays a role on the phase content. For low Cr/Ni ratios the ferrite content 
decreases with increasing cooling rates (applicable to 316L, as the Ni content is 



6 BAM-Dissertationsreihe 

relatively high compared to other austenitic steels e.g. [20]). With high Cr/Ni ratios 
the ferrite content increases with increasing cooling rates [17]. Examples of a fully 
austenitic microstructure and an austenitic microstructure with remaining ferrite 
of electron beam welded stainless steels are shown in Figure 2.2 a) and b) 
respectively.  

Fe C Cr Ni Mo Mn P S Si 

balance 0.03 16.0-
18.0 

10.0-
14.0 

2.0-
3.0 

2.0 0.045 0.03 1.0 

The number of different phases in stainless steels is vast but common to almost 
all stainless steels is the carbide of type M23C6 (FCC), in which Cr is the predominant 
metallic element [17, 22]. Furthermore, Cr plays a major role in the formation of 
intermetallic phases such as the σ-phase (Fe, Ni)x(Cr, Mo)y. The two phases are of 
interest as they reduce heavily the ductility (the σ-phase is hard and brittle [17]) 
and the corrosion resistance i.e. depleting the matrix of Cr as precipitates 
accumulate on the grain boundaries [18]. This can be the case when welding 
austenitic steels, as the low heat conductivity can lead to the formation of carbides 
in the heat affected zone, which in turn reduces the corrosion resistance of the 
weld. Secondary phases such as the χ, the η, the G and the Laves phases may 
precipitate in stainless steels but typically after long exposure times [17, 22].  

Table 2.1: Chemical composition in weight % of the stainless steel 316L [17] 

Figure 2.1: a) Schaeffler diagram and prediction of welded 316L microstructure 
(Adapted from [21] and [20]), b) Fe-Cr-Ni pseudo binary phase diagram showing the 
solidification types of stainless steels (Adapted from [17]). Calculation of the Cr 
equivalent (Creq) and the Ni equivalent (Nieq) given in a).  
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The 316L alloy has good ductility but relatively low strength, which is often 
overcome by increasing the amount of cold work [3]. This alloy can be employed at 
temperatures up to 540 °C [19], limited by the precipitation of various phases as 
previously mentioned. The mechanical and corrosion properties of 316L gives a lot 
of flexibility to design engineers, which is mirrored in the wide range of 
applications. Whilst this alloy is often used for the petrochemical and nuclear 
industry e.g. shield modules for the fusion system of the 
international thermonuclear experimental reactor, novel applications via additive 
manufacturing processing increased the applications to more filigree structures 
such as medical stents, bipolar plates in proton exchange membrane fuel cells or 
lattice structures [22, 24, 25]. The ability to tailor microstructures to improve 
mechanical properties, while enabling the manufacturing of unprecedented 
structures is a great benefit of the use of additive manufacturing [3, 16].  

2.1.2 Additive manufacturing of stainless steel 316L 

The additive manufacturing (AM) of metals can be divided in the direct energy 
deposition (DED) and powder bed fusion (PBF) technologies according to 
ISO/ASTM 52900 [26]. The DED refers to technologies that use thermal energy to 
melt material upon deposition and achieve fusion. For DED the metal powder is 
directly fed into the melt path using a carrier gas such as argon [10]. Common 
processes are the DED-LB/M (L standing for laser) and the gas metal arc DED-
Arc/M, also commonly defined as wire-arc additive manufacturing (WAAM). The 
PBF refers to technologies that uses thermal energy to selectively fuse material in 
a powder bed, whereby depending on the orientation of the part the addition of 
support structures is necessary [10, 27]. The most prominent process is the PBF of 
metal with laser beam (PBF-LB/M) process. The process sketch of the PBF-LB/M 
and the DED-LB/M processes is shown in Figure 2.3). A common denominator of 
the AM processes is the layer-by layer manufacturing approach. Starting from a 

Figure 2.2: a) Fully austenitic microstructure of an electron beam welded stainless 
steel, b) intercellular ferrite [23], reproduced with permission from Springer Nature. 
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digital model i.e. the input is a computer-aided-design file (CAD) of the part, which 
is subsequently sliced in layers of defined thickness which are typically between 
20 µm and 1 mm depending on the AM process [27]. The part is manufactured 
track-by-track and layer by layer, whereby the scanning or deposition sequence is 
defined by the scanning strategy. The need for expensive tooling is avoided, which 
is a unique feature to the AM manufacturing processes [10]. There are multiple 
differences between PBF and DED. The PBF processes are limited in the part size 
manufactured (limited by the build chamber dimensions) and are often 
characterised by lower build rates. In contrast, the DED processes are characterised 
by their ability to produce much larger parts at higher deposition rates or even to 
be used to repair components such as turbine blades [27]. Nonetheless, the PBF 
process allows the manufacturing of intricate parts and the reduction or even 
elimination of multiple parts in an assembly, which is a major advantage [28, 29].  

The use of rapid moving thermal sources, complex scanning strategies and the 
layer-by-layer manufacturing makes the AM processes prone for defect formation. 
The common defects for metal AM processes are porosity and lack of fusion 
defects, surface roughness, cracking and delamination, loss of alloying elements, 
residual stress and distortion [10]. The formation of porosity and lack of fusion 
defects for all PBF and DED processes has been reported for various alloys in the 
literature [27]. The susceptibility of these processes to produce porosity and lack of 
fusion remains generally in the use of non-optimal process parameters, which 
ultimately can be avoided by defining optimal process parameter windows [16, 30]. 
The printability of the three processes PBF-LB/M, DED-LB/M and DED-Arc/M was 
assessed by simulation in [31]. An analogy to the widely used weldability for the 
welding processes is proposed for AM. This analysis was performed to evaluate 
how the large difference in heat input between the three AM processes influences 
the processed alloy, to ultimately generate a printability database. To give an order 

Figure 2.3: a) Schematic of the PBF-LB/M process and b) the DED-LB/M process 
[29], reproduced with permission from Springer Nature. 
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of magnitude, the heat input of DED-LB/M can be around ten times higher 
compared to PBF-LB/M [32]. The aspects of chemical composition change, lack of 
fusion defects, distortion and residual stress were assessed [31], thus regrouping 
some of the major challenges in metal AM. The residual stress and distortion 
analysis of the three processes is shown in Figure 2.4. The much larger σX, the 
residual stress in the direction of the wall length as shown in Figure 2.4 a), and 
distortion in the DED-Arc/M 316L part is correlated with the larger heat input. Both 
the residual stress and the distortion decrease for the DED-LB/M and PBF-LB/M, 
reaching a minimum in the PBF-LB/M. Furthermore, the higher ratio of the surface 
compared to the melt pool volume has been reported to induce a chemical 
composition change in the manufacturing of the PBF-LB/M, which is less the case 
for the DED-LB/M and DED-Arc/M [31].  

One further observation that can be deduced from Figure 2.4 is the difference in 
wall thickness. It appears clearly that depending on which AM process is employed, 
different wall thicknesses can be achieved. Much larger weld beads are deposited 
using DED-Arc/M and to a lesser degree DED-LB/M [31], which results in a much 
larger deposition rate of the DED processes [29]. The DED processes are limited 
when it comes to manufacturing complex parts. Thereby DED-Arc/M often requires 
post process machining to obtain the final part geometry, whilst PBF-LB/M is 
considered to be able to produce net-shape parts [10, 33]. Complex structures 
requiring small wall thickness such as lattice structures (see Figure 2.5 a and 
further examples in e.g. [13, 34]) cannot be manufactured to date using the DED 
process [10]. Nonetheless, as-built PBF-LB/M parts still have higher surface 
roughness (see Figure 2.5 b and c) compared to machined surfaces e.g. Sa 
(arithmetic mean height of 3D roughness) of 5 µm-6 µm for 316L PBF-LB/M 
compared to 1 µm Sa for machined and polished wrought 316L [35, 36]. Though the 

Figure 2.4: a) Residual stress and distortion in PBF-LB/M, b) in DED-LB/M and c) 
DED-Arc/M. Adapted from [31]. 
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dimensional accuracy of PBF-LB/M is high, the as-built surfaces may require post 
processing as it was found to lower the fatigue properties [35, 36].  

A short summary of the different attributes discussed herein with additional 
information on post processing options, the dimensional accuracy and tensile 
properties is given in Table 2.2. The PBF-LB/M is able to produce net-shaped parts 
with a much higher dimensional accuracy as well as manufacturing complex shapes 
and tailored microstructures, which explains why it has been in the focus of many 
research groups.  

Figure 2.5: a) 316L PBF-LB/M lattice structure, reprinted from [25], with permission 
from Elsevier, b) surface roughness map (height map in µm) and c) SEM image of 
the surface of PBF-LB/M/Ti-6Al-4V  [37], reproduced with permission from 
Springer Nature. 
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Table 2.2: Comparison of various attributes associated with the AM processes PBF-
LB/M, DED-LB/M and DED-Arc/M. 
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The PBF-LB/M is the technology of choice to produce parts with very complex, net 
shaped-geometries with internal features. These aspects are important as they may 
lead to the reduction of the weight. Moreover, improved mechanical properties 
compared to wrought counterparts and other AM processes were reported for PBF-
LB/M. Since PBF-LB/M leads to fully austenitic microstructures which remain stable, 
the additional complexity of phase transformation or the presence of different 
phases can be avoided when analysing the resulting properties. Following metallurgy 
aspects covered in subsection 2.1.1, any remaining Ferrite (area enriched in Cr) could 
lead to a decrease of the corrosion properties as enhanced precipitation could occur. 
Overcoming the strength-ductility trade off via the use of PBF-LB/M is a promising 
field as compared to other manufacturing techniques, no tooling or surface 

mechanical treatment (except for functional surfaces) is required [3]. Therefore, in 
the remaining of this chapter a focus will be placed on PBF-LB/M of 316L.  

Microstructure of PBF-LB/M/316L 

The microstructure of the PBF-LB/M/316L was characterized in detail in [3] and is 
shown in Figure 2.6. A hierarchical microstructure was observed in PBF-LB/M/316L 
spanning several orders of magnitude, covering aspects of the grains having 
lengths up to 200 µm shown in Figure 2.6 a), fusion boundary and high angle grain 
boundaries (HAGB) shown in Figure 2.6 b), the presence of solidification subgrain 
cellular structures with the cell sized smaller than 1 μm and the cell walls 
thicknesses smaller than 160 nm as shown in Figure 2.6 c) and d). On the 
nanometre scale, the presence of precipitates sized between 10 to 150 nm and 
impurities such as nitrogen and hydrogen below 1 nm were observed [3]. The 
aforementioned improvement in the tensile response of the PBF-LB/M/316L is 
related to the collective effect of the hierarchical microstructure [3]. PBF-
LB/M/316L was mostly observed to be fully austenitic due to the high cooling rates 
during the processing (see comment on low Cr/Ni ratios in subchapter 2.1.1)  [16]. 
This is of particular importance as it directly affects the phases occurring in the 
material [46].  
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The texture in PBF-LB/M/316L has been reported to depend heavily on the process 
parameters and more specifically the scanning strategy [16, 33]. A predominant 
<200> texture was observed to change when to a <220> texture in the build
direction when decreasing the laser power by 16 %. A similar effect was found when
varying the scanning strategy. All other parameters were kept constant.
Decreasing further the laser power was reported to lead to a random texture [33].
It is argued that as the <100> grains grow along the main thermal gradient as it is
the fastest growing direction in the solidification of cubic materials [16, 47]. An
increase of just the laser power leads to a stronger thermal gradient in the build
direction, which results in a microstructure having a <200> texture in the build
direction [33]. The values are between 1-3 multiple times random[48] and have a
significant impact on the mechanical properties as shown in a study on the
anisotropic tensile behaviour of PBF-LB/M/316L in [49-51]. The definition of
multiple times random is a quantitative way of describing the texture by
normalizing the intensity with the value 1 defining a random texture i.e. no
intensity density accumulation as a function of direction [52].

Figure 2.6: a) microstructure of PBF-LB/M showing the reverse-bell shaped grains, 
b) HAGB, fusion boundaries and cellular structure, c) cell structure and d) cell walls 
and precipitates [3], reproduced with permission from Springer Nature.
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The PBF-LB/M process offers the possibility to tailor the texture and hence adapt 
the material properties [53]. Thereby the solidification subgrain cellular structure 
(cellular structure) plays a major role [16]. Recently, multiple studies [4-6] were 
published on the origin and properties of the cellular structure, which is summarized 
in the following.  

The solidification subgrain cellular structure 

The formation of the solidification subgrain cellular structure is linked to the 
solidification mechanisms occuring during PBF-LB/M driven by the high cooling 
rate, which reaches up to 105 to 106 K/s [12]. The appearance of the cellular structure 
in the plane perpendicular to the build direction is shown in Figure 2.8 a) and b). 
The formation of these cells was mainly observed in face-centered-cubic Co-, Ni-, 
Fe- and Al-based alloys [54]. Knowledge acquired on the welding metallurgy of 
austenitic stainless steels attribute the formation of cells and dendrites to the 
solidification as primary austenite because of the segregation of elements with low 
diffusivity, in case of 316L the elements Cr and Mo, which consequently pin the 
shape of this solidification structure [17]. Indeed, in PBF-LB/M of 316L, the walls 
are comprised of Cr and Mo segregations and Mn-enriched SiO2 precipiates and are 
decorated with forests of dislocations [3, 55] as shown in Figure 2.8 c) and d). The 
growth direction of the cellular structure with respect to the melt pool is shown in 
Figure 2.8 e). The schematic indicates the preferred nucleation of dendrites at the 
bottom of the melt pool with a growth direction tangential to the curvature of the 
next melt pool [55].  

Figure 2.7: Pole figures of as-built PBF-LB/M/316 showing a <220> texture along 
the build direction (z) – out of plane direction in this representation. Adapted from 
[33]. 
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A major difference to cells seen in welded specimens is the size. In Tungsten Inert 
Gas (TIG) welded 316L the cells are of one magnitude larger than in PBF-LB/M [6, 
56]. A clear difference in cell size is also observed when comparing the 
microstructure of the fully austenitic electron beam welded stainless steel shown 
in Figure 2.2 a). There is an ongoing discussion on the formation mechanisms. A 
few theories on the formation of the cellular structure explain this phenomenon 
with the effects of micro-segregrations that create local misfits which are 
accomodated by dislocations [5]. In another study, the formation is linked to first 

Figure 2.8: a) transmission electron microscopy acquisition of the cellular structure 
in PBF-LB/M/316L in the plane perpendicular to the build direction, b) of the 
elongated cellular structure at a grain boundary/ molten pool boundary , c) close up 
view of the cellular structure highlighting the presence of precipitates in the cell 
walls, d) Energy Dispersive X-ray Spectroscopy (EDX) analysis of the cell walls, and 
e) schematic of growth direction of the grain and cellular structure. a) to c) 
reprinted from [6], and d) to e) reprinted from [55], with permission from Elsevier. 
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the arising of the dislocation structure resulting from the solidification and thermal 
shrinkage and corresponding residual stress development, which is then prone to 
act as sinks for solute diffusion [4]. Most recently, a study revealed that whilst the 
source of the dislocations is the deformation induced by a restrained thermal 
expansion or shrinkage, the shape of the structure is attributed to the influence of 
the micro-segregation [5]. Further studies have also revealed the presence of small 
precipitates in the cell walls [6]. The cell size and wall thickness i.e. the shape of 
the cellular structure are affected by the solidification conditions (thermal 
gradient, cooling rate and the solidification front velocity) [3].  

The comparison of PBF-LB/M and their wrought counterpart alloy is often 
performed despite having differences in the chemical composition. A good example 
showing the differences between the PBF-LB/M, the cast and the forged stainless 
steel 316L was reported in [55]. The PBF-LB/M parts were subsequently molten in 
an arc furnace and then cast and forged (hot forged at 850 °C and recrystallization 
and solution treatment at 1050 °C for 30 mins) to achieve each condition. The 
microstructure resulting from the three processes is shown in Figure 2.9. The 
typical reversed-bell grain structure developing during the PBF-LB/M is shown in 
Figure 2.9 a). The inset further shows the characteristic melt pool boundaries with 
sizes corresponding to the hatch distance [55]. The overlay of the optical 
microscopy image shows that the grains grow through multiple layers as discussed 
previously. The presence of the colour gradients indicates the presence of low angle 
grain boundaries within the grains. The forged 316L microstructure is shown in 
Figure 2.9 b). Much larger grains are visible. Since the PBF-LB/M grains exhibit such 
a complex shape, it is difficult to compare grain sizes. However, the grain boundary 
density in the PBF-LB/M material is 1.5 times higher than the forged material [55]. 
A large number of twins is present in the forged material, contributing to 56 % of 
all large grain boundaries. In Figure 2.9 c) the microstructure of the cast 316L 
consist of large grains with inclusions (ferrite). The large difference in cooling 
behaviour leading to the smaller grains of the PBF-LB/M material compared to the 
cast material is evident from Figure 2.9 c) [27]. 
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The layer wise manufacturing, localised heat input and the generation of very high 
cooling rates through high scanning velocities leads not only to the complex 
microstructure of PBF-LB/M but also generates residual stress. The residual stress 
was reported to be ubiquitous in PBF-LB/M and one of the major challenges to 
overcome [57]. The notion of residual stress refers to the presence of a self-
equilibrating stress in a body exempt of external forces, moments, or thermal 
gradients [58]. Residual stress affects the performance of a part e.g. compressive 
residual stress may delay fatigue crack propagation but tensile residual stress may 
increase the mean stress resulting in poorer fatigue lives [58]. For the wider use of 
AM parts in safety critical applications, knowledge of the residual stress formation 
and distribution is therefore crucial which is the topic of the next chapter.  

Figure 2.9: a) microstructure of 316L PBF-LB/M, b) forged 316L and c) cast 316L. 
Reprinted from [55], with permission from Elsevier. 
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2.2 Residual stress in powder bed fusion of steels with laser beams 

The notion of residual stress as well as different methods, non-destructive and 
destructive, to determine them is introduced in subchapter 2.2.1. The diffraction-
based assessment of the residual stress and related challenges is detailed in 
subchapter 2.2.2. Then the formation and distribution of residual stress in PBF-
LB/M is detailed in subchapter 2.2.3 and 2.2.4. Finally, the influence of PBF-LB/M 
process parameters on the residual stress is presented 2.2.5.  

2.2.1 Generalities of residual stress and determination methods 

The residual stress is defined as stress retained in a body in absence of external 
forces and moments or thermal gradients [58]. The residual stress is classified by 
the length-scale over which it equilibrates. The residual stress types and their 
respective length scale is shown in Figure 2.10 a). The type I residual stress 
equilibrates over the length-scale of the component, the type II residual stress 
equilibrates over the length-scale of multiple grains and finally the type III residual 
stress equilibrates within one grain [59].  

The type I residual stress (𝜎̃I(𝑥⃗)) is referred to as macroscopic residual stress and 

the type II (𝜎̃II(𝑥⃗)) and type III residual stress (𝜎̃III(𝑥⃗)) are referred to as 
microscopic residual stress [58, 60]. The summation of the type I -type III residual 
stress can be expressed by the total residual stress (𝜎̃(𝑥⃗)) in a volume, whereby 
integrating the total residual stress over this volume equals zero as shown in 
equation 1.  

𝜎̃(𝑥⃗) = 𝜎̃I(𝑥⃗)  + 𝜎̃II(𝑥⃗)   + 𝜎̃III(𝑥⃗), ∫ 𝜎̃(𝑥⃗)𝑑𝑉 = 0 
(𝑒𝑞𝑛. 1) 

The underlying source for residual stress is the misfit between different regions or 
between different phases of the material [58]. This misfit can originate throughout 
the processing and post processing steps e.g. machining, heat treatment, welding 
[60]. The determination of the residual stress can be either performed by non-
destructive or destructive methods [58]. Representative techniques are 
summarized in Figure 2.10 b). In each case, the residual stress is not directly 
determined but rather a physical material property is measured that can be linked 
to the residual stress e.g. when using diffraction the lattice spacing of a crystal is 
calculated from the measured diffraction peak position (angle, time-of-flight 
(TOF), energy) which is then used to calculate the stress (more details are given in 
subchapter 2.2.2) [61]. In case of the destructive techniques, material is removed, 
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and the contraction or expansion i.e. the deformation of the material is measured 
to calculate the initial residual stress [58]. The difference between the non-
destructive and destructive techniques lies in the fact that the use of the 
destructive techniques results in the scrapping of the part investigated (especially 
in the case of the slitting and the contour method). Moreover, the destructive 
methods are independent of the microstructure of the material investigated [62]. 
These techniques also differ in the information retrieved from the experiment 
because of the underlying principle to determine the residual stress e.g. the 
contour method determines only the residual stress component normal to the 
cutting plane [63]. Another method often used in investigations on the residual 
stress in PBF-LB/M is based on the measurement of the deflection of a cantilever 
shaped specimen [64]. In fact, the determination of the surface residual stress via 
this method makes use of the tensile residual stress which causes the upward 
deflection of the specimen. This effect can also be captured by digital image 
correlation (DIC) techniques or a coordinate measurement machine (CMM) e.g. [65-
67].  

An advantage of PBF-LB/M is the ability to manufacture complex shapes, such as 
the valve shown in Figure 1.1 a) or the lattice structure shown in Figure 2.5 a). 
Assessing the residual stress in these components is challenging and reduces the 
number of methods which can be used. For instance, using the hole drilling method 
requires to apply a rosette strain gage with a typical diameter of 5.13 mm (from 
[69] according to ASTM E837-13a [70]). This limits the use of this method for
filigree AM components. Also the increased surface roughness of PBF-LB/M is an

Figure 2.10: a) The different types of RS according to their respective length-scale 
in a single-phase material (reproduced with permission of De Gruyter) [59], b) 
Spatial resolution and penetration depth of non-destructive and destructive 
determination methods of residual stress, reprinted from [68], with permission 
from Elsevier.  
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issue for the application of a strain gage, which can be remedied by e.g. sanding as 
reported in [71]. However, performing such surface treatment alters the residual 
stress.  

The diffraction methods are particularly suited to also determine the residual 
stress in complex structures e.g. PBF-LB/M lattice structures with 1 mm (diameter) 
struts [13] or curved PBF-LB/M 2.5 mm thick walls [72]. In contrast to the 
destructive methods hole drilling, slitting and contour there is no need for 
additional tooling or surface preparation. This is a great benefit as PBF-LB/M is 
often used for small part series [10]. The inherently non-destructive determination 
of the residual stress via diffraction reduces the number of specimens for 
investigations, which can be of great benefit as the powder feedstock for PBF-LB/M 
is costly [38].  

As shown in Figure 2.10 b), either X-ray diffraction (XRD) or neutron diffraction (ND) 
can be used when determining the surface or bulk residual stress respectively. 
Synchrotron XRD (SXRD) also permits to determine the residual stress near the 
surface and at higher depths compared to the laboratory XRD sources [73]. 
Combining laboratory XRD (including layer removal by electropolishing), SXRD and 
ND either individually or complementing each other makes it possible to 
characterise the distribution of the residual stress from the surface to the bulk in 
a non-destructive manner (semi-destructive when using layer removal). In case of 
ND it is possible to calculate the triaxial bulk residual stress and the near surface 
residual stress (requires extensive data processing [74, 75]). Also, the evolution of 
residual stress in realistic environments and loading techniques can be monitored 
by ND or SXRD, whereby the spatial resolution can be tailored to the aim of the 
experiment [61]. Furthermore, phase specific and type II residual stress can be 
determined by ND or SXRD [61]. These aspects are not covered by destructive 
methods. However, a major drawback is the limited access to carry out ND or SXRD 
experiments. 

When opting for diffraction based residual stress assessment, laboratory XRD 
combined with layer removal is the most practical option to investigate the surface 
and the subsurface residual stress. When it comes to determining the residual stress 
in the bulk, ND has the major advantage of higher penetration in metals e.g. up to 
100 mm in aluminium [62]) and almost cubic gauge volume shapes over SXRD i.e. a 
better spatial resolution in the three dimensional space can be achieved. Both SXRD 
and ND measurement time is difficult to obtain (limited access, high competition 
and lengthy proposal and acceptance process). As ND can provide better spatial 
resolution, it is of great benefit to perform triaxial residual stress mappings. In 
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combination with laboratory XRD, the two methods enable to determine the 
through-thickness residual stress profile with a high resolution.  

2.2.2 Diffraction-based residual stress assessment 

The theory behind the diffraction based assessment of residual stress makes use 
of Bragg’s law describing the relationship of the wavelength 𝜆 of either a X-ray or 
Neutron beam to the lattice spacing 𝑑 via the diffraction angle 𝜃 as shown in Figure 
2.11 a) and calculated from [76]: 

𝑛𝜆 = 2𝑑ℎ𝑘𝑙 sin(𝜃) (𝑒𝑞𝑛. 2) 

Whereby n is the order of interference and ℎ𝑘𝑙 are the Miller index labels 
corresponding to the respective crystallographic plane. The acquisition of a 
diffraction pattern in the direction of the scattering vector 𝑞⃖   (see Figure 2.11 a) is a 
measure of all crystallites within the gauge volume that fulfil Bragg’s condition of 
a given reflection. In Figure 2.11 b) it is schematically shown how crystals fulfil 
Bragg’s law in the monochromatic case (𝑞⃗1) and in the polychromatic case (𝑞⃗1 to 
𝑞⃗3) e.g. the orange arrows indicate crystals having their (220) lattice plane in 
reflection and the red and the pink arrows indicate crystals having their (311) and 
(200) lattice planes in reflection respectively. Each of the crystallites fulfilling
Bragg’s condition contribute to a diffraction peak. The resulting peak position
(identified by 2𝜃 or the time-of-flight in µs) is the average lattice spacing of these
crystallites.

Figure 2.11: a) Schematic for the derivation of Bragg's law (adapted from [77]) and 
b) crystallographic planes in reflection. In b) 𝑞⃗1scattering vectors indicate the 
monochromatic case whereas 𝑞⃗1 to     𝑞⃗3 scattering vectors are considered for the 
polychromatic or TOF case. Background image in b) taken from [78].
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Generally, when using a monochromatic set-up, the diffraction peak of a single 
lattice plane will be acquired (in some cases the detector coverage is sufficiently 
large to acquire more than one peak). However, using polychromatic source i.e 
white beams, a larger number of diffraction peaks can be acquired with the same 
scattering vector [79]. From each reflection, information on the position, the 
intensity and the peak profile can be derived [77]. In case of diffraction based 
residual stress assessment (mostly type I residual stress), the targeted 
information is the peak position. However, each diffraction peak will also give 
information on the microstructure and microscopic residual stress through the full 
width at half maximum (FWHM) [77]. The subgrain dislocation structure may have 
local misorientation (mosaicity) which upon dissolution during annealing decreases 
the FWHM as reported in [80]. Also, larger FWHM resulting from higher dislocation 
densities may indicate plastic deformation as reported in [81]. The FWHM is a 
convolution of the instrument characteristics, the microstructure, and the 
microscopic residual stress. It is important to both analyse the microstructure and 
the FWHM to have the possibility to extract deconvoluted information.  

The calculation of the residual stress depends on the diffraction method and set-
up used. The calculation of the residual stress using laboratory XRD and ND 
(angular and energy dispersive) is further detailed in subsection 3.7, as the two 
methods are primarily used in this study. The reader is referred to [61, 73] for more 
details regarding SXRD. There are a number of challenges when using diffraction 
to determine the residual stress as discussed in [58, 82, 83]. One common aspect 
of diffraction based residual stress assessment is the necessity of using 
appropriate diffraction elastic constants (DEC). When using XRD, SXRD or ND, the 
lattice strains are determined with the aim to calculate the type I residual stress 
[61, 84]. This link is provided through the DEC. The DEC 𝑠1 and 𝑠2 are calculated 
from [52]:  

𝑠1 =
−𝜈ℎ𝑘𝑙

𝐸ℎ𝑘𝑙
 & 

1

2
𝑠2 =

1 + 𝜈ℎ𝑘𝑙

𝐸ℎ𝑘𝑙

(𝑒𝑞𝑛. 3) 

Whereby 𝜈ℎ𝑘𝑙 and 𝐸ℎ𝑘𝑙 are the Poisson ratio and Young’s modulus of a specific 
(ℎ𝑘𝑙) lattice plane respectively. These can be either determined experimentally via 
e.g. uniaxial tensile tests (see subchapter 4.2) or calculated from single-crystal data
and modelling the elastic coupling of crystallites e.g. [85]. Since the diffraction
pattern is closely associated to a set of grains, acquiring a second strain direction
(for the calculation of the Poisson ratio) also means that another, independent set
of grains is analysed. In practice the direct calculation of the Poisson ratio is
difficult, especially for anisotropic materials. It was shown in [86] that the
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calculation of the Poisson ratio from the diffraction data led to erroneous or highly 
scattered values, especially for textured material.  

The DEC are a property of the lattice plane selected and used to calculate the type I 
residual stress from lattice strains. Therefore (most importantly when using 
monochromatic XRD or ND [87]), a suitable lattice plane needs to be selected for the 
residual stress analysis. It is advised to consider the following main aspects [83]: the 
accumulation of type II strains, the texture of the material and the crystal symmetry. 
From the crystal symmetry the multiplicity can be derived, which is a measure of the 
number of equivalent reflection peaks having the same lattice spacing [61]. This is a 
practical aspect in terms of reducing the measurement time but also to use better 
grain statistics and reduce intergranular effects.  

Selection of the lattice plane 

Following the definition of type II residual stress (see Figure 2.10 a) it can be 
deduced that when determining the type I residual stress, the resulting value is a 
superimposition of the two types of residual stress [88]. However, when selecting 
a lattice plane which does not accumulate type II strains, the resulting value is a 
better representation of the type I residual stress. Following suggestions and 
findings reported in [79, 89], the (311) lattice plane best describes the type I residual 
stress in FCC alloys. With ND as measurement technique for determining the 
residual stress, multiple in-situ experiments combined with simulation and texture 
analysis were carried out on austenitic stainless steels e.g. [79, 86, 90-92]. The aim 
was to understand the micromechanical behaviour but also to verify, which lattice 
plane best describes the macroscopic residual stress. Moreover, the diffraction 
Young’s moduli were determined from the acquired data. An example of an in-situ 
tensile test using polychromatic ND from [79] is given in Figure 2.12 a). The lattice 
strain evolution of various lattice planes is shown when applying a tensile load to 
a polycrystalline, fully austenitic FCC stainless steel with a small rolling texture 
(<1.5  times  random) [79].  

The evolution of the lattice strain can be separated in the fully elastic regime and 
the plastic regime. The transition between these two regimes is the elastic-plastic 
regime. In the fully elastic regime, the slope of the lattice strain is dominated by 
the elastic anisotropy of the material. The result is a visible spread between each 
lattice planes as shown in Figure 2.12 a). A first important aspect to note is the 
vicinity of the (311) lattice plane evolution with the Rietveld refined lattice 
parameter and overall macroscopic material behaviour (here denoted as the 
macroscopic Young’s modulus). The advantage when using polychromatic i.e. 
energy-dispersive ND is the possibility to determine the lattice parameter of the 
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alloy using multiple diffraction peaks based on least-squares approaches (Rietveld 
and Pawley refinement [79, 93, 94]). The lattice parameter is not affected by the 
accumulation of microstrain in single phase materials. It provides in theory the best 
approximation of the macroscopic elastic behaviour (note the similar slope of the 
macroscopic Young’s modulus and the Rietveld data in Figure 2.12 a) and the type 
I residual stress. The onset of plastic deformation is indicated by the load shedding 
and the load accumulation of different lattice planes. In the case of austenitic steel, 
the lattice plane to yield first is the (220) lattice plane, which results in the strain 
accumulation of the (200) lattice plane (indicated by the arrow in Figure 2.12 a). 
When a lattice plane yields, no elastic lattice strain accumulation occurs and 
increasing the applied load leads to an upward deviation of the slope. In both cases, 
a deviation from linearity occurs and when releasing the applied load this deviation 
is retained as a residual lattice strain.  

Performing the loading and unloading at various stages starting with the elastic-
plastic regime and plastic regime leads to the plot shown in Figure 2.12 b). 
Following the predictions of microstrain accumulation of FCC material in [89], the 
(200) and the (311) lattice planes tend to accumulate tensile residual microstrain
whereas the (220) and the (111) lattice planes tend to accumulate compressive
residual microstrain. This behaviour is observed in Figure 2.12 b). The (311) lattice
plane accumulates low values of microstrain as well as the (111) lattice plane.
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The second aspect to consider is the prevailing texture. Following suggestions 
reported in [87] the lattice plane to best describe the type I residual stress should 
be chosen according to the texture e.g. if a strong <100> texture is present in the 
material, the (100) lattice plane should be used to calculate the residual stress. 
However, as observed in Figure 2.12 b) the (100) lattice plane accumulates the 
largest microstrains. Several studies were performed to investigate the suitability 
of various lattice planes for the determination of the residual stress on 
conventionally processed austenitic steels e.g. [79, 86, 87, 90]. For PBF-LB/M 
processed material, the investigations are scarce. The lattice strains in PBF-
LB/M/316L under tension were investigated using SXRD in [48, 95]. The trends 
described by the lattice strains were similar to the ones shown in Figure 2.12 a), 
which may indicate that the PBF-LB/M austenitic steel has a similar 
micromechanical behaviour compared to wrought processed austenitic steels. With 
regards to the selection of a lattice plane, a detailed analysis on which lattice plane 
to use to describe the type I residual stress in PBF-LB/M material was not performed 
i.e. the accumulation of microstrains was not investigated and no comparison was
made between the elastic bulk behaviour (refinement using Pawley or Rietveld) and
the lattice planes.

Figure 2.12: a) Evolution of the (111), the (311) and the (200) lattice plane strains 
under an applied tensile load compared to the lattice parameter (Rietveld 
refinement) and the macroscopic Young’s modulus (Adapted from [79]). The 
dashed green line in a) denote the fully elastic regime limit and the onset of 
plasticity as the (200) lattice plane starts accumulating strain at a faster rate 
(deviation from linearity). b) Accumulation of residual strain of different lattice 
planes under an applied tensile load (Adapted from [90]).  
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Determination of the DEC 

Once the lattice plane is selected, the appropriate DEC need to be known to 
calculate the residual stress. As mentioned previously, the DEC can be either 
tabulated from single-crystal-elastic constants (SCEC) using theoretical schemes 
or acquired through dedicated experiments [96, 97], which furthermore give 
indications on the choice of the lattice plane to correctly describe the macroscopic 
residual stress. The most important grain interaction theoretical schemes are the 
Voigt, the Reuss and the Kröner models [61]. In the Voigt model each grain in the 
polycrystal is assumed to be exposed to a uniform strain. This, however, violates 
the equilibrium of forces at the grain boundaries. In the Reuss model each grain is 
assumed to be exposed to an average stress. This assumption does not comply 
with the continuity of displacement at grain boundaries [52]. In the Kröner model 
the grains are assumed to be ellipsoids in a homogenous matrix, where each grain 
can experience different stresses and strains [61]. For FCC materials such as 
austenitic steel 316L, the Kröner model is generally used to derive the DEC [97]. The 
in-situ SXRD tensile tests of PBF-LB/M/316L showed that the diffraction Young’s 
moduli along a single direction were in good agreement with the Kröner model [48]. 
These values were, however, not representative of the strongest texture in the 
material (up to 4 times multiple random in the build direction). In fact, the Kröner 
model works well with isotropic materials (texture free), whereas for textured 
materials the Reuss model may be applicable [52]. This was observed for a textured 
PBF-LB/M/IN718 [98]. Due to scarce PBF-LB/M specific DECs, the common 
approach used in residual stress investigations on AM is to use DECs determined 
for wrought and cast alloys to calculate the residual stress [83, 96].  

Since the DECs are linked to the microstructure, the values used for wrought or cast 
alloys might not be appropriate to calculate the residual stress in PBF-LB/M alloys. 
Therefore, dedicated experiments such as the in-situ tensile ND test results shown 
in Figure 2.12 are required to investigate which lattice plane (including the DEC) can 
be used to describe the type I residual stress. In fact, several studies use the 
tabulated values using the Kröner model e.g., [99, 100]. As described in subchapter 
2.1.2, the PBF-LB/M processed 316L is not texture free and raises the question of 
whether the Kröner model can still be applied to calculate the DEC needed for the 
subsequent calculation of the macroscopic residual stress. 
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Stress-free reference 

Once the lattice plane is selected, an appropriate stress-free-reference 𝑑0 is 
necessary for the calculation of the residual strains. While the value of 𝑑0 is less 
important for the calculation of the surface residual stress via the sin2Ψ method 
(see derivation of the method in subsection 3.7.1), it is of utter importance for the 
determination of the absolute residual stress via ND. The ISO 21432 standard 
suggests different approaches including: the measurement at a position inside the 
specimen containing negligible residual stress, measurement on a powder of the 
same chemical composition, the use of extracted geometries such as combs or 
cubes from the specimen to be investigated, imposition of force and moment 
equilibrium or using the boundary condition of zero stress perpendicular to a free 
surface [101]. Advantages and disadvantages to each approach are discussed in 
detail in [83]. A systematic study investigating the use of cubes, filings, powder 
and boundary conditions to determine the residual stress in PBF-LB/M/IN718 
showed that the boundary conditions and cubes provided a more appropriate 
stress-free reference [81]. As mentioned in subsection 2.1.2, the PBF-LB/M process 
can lead to a chemical change over the build height of the component. This effect 
was observed in the DED-LB/M of IN625 [102]. Cubes or combs are the better choice 
to capture changes in the stress-free reference when chemical composition or 
phase distribution changes are expected [101]. This is also shown by studies in 
literature opting for this approach e.g. [14, 48, 103, 104]. Following the standard, 
the force or moment equilibrium approach should be mainly used for validation 
purposes [101]. Therefore, using cubes or combs as stress-free reference appears to 
be a good choice for the determination of residual stress in PBF-LB/M specimens.  

2.2.3 Formation of residual stress in PBF-LB/M 

The formation mechanism of residual stress during PBF-LB/M was first analysed 
in detail on stainless steel 316L and reported in [11]. The residual stress was 
determined experimentally using the crack compliance method and XRD, which 
were compared to simulations. The experimental results showed that the residual 
stress at the surface was tensile, and that compressive residual stress was present 
in the bulk of the specimen as shown in Figure 2.13 a). The depth investigated was 
10 mm. Since the crack compliance method is not suitable for accurately 
determining the residual stress at the surface, additional XRD measurements were 
performed. Initial results revealed low residual stress in the order of the 
measurement uncertainty. The author’s attributed this to the high surface 
roughness of PBF-LB/M structures [11]. The rough surface was processed by electric 
discharge machining (EDM) and polished. The additional measurements confirmed 
the presence of tensile residual stress at the surface reaching values around 
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150 MPa. On similar test specimens but using a different scanning strategy, the 
XRD measurements revealed that the highest tensile residual stress (~300 MPa) 
was found in the specimen with a height of 10 mm. The lowest residual stress 
(~40 MPa) was determined in the specimen with a height of 2.5 mm as shown in 
Figure 2.13 b).  

The results shown in Figure 2.13 indicate that tensile surface residual stress is 
balanced by compressive residual stress in the bulk. The surface roughness results in 
lower residual stress values and parameters such as the scanning strategy and the 
geometry influence largely the residual stress. This is further discussed in the 
subchapters 2.2.3 and 2.2.5.  

The authors in [11] coupled the experiments with simulations. The approach taken 
to describe the formation of the residual stress was the separation in two distinct 
mechanisms. The thermal gradient mechanism (TGM) and the cool-down phase or 
restraint shrinkage of the molten layers. A sketch of the two sources of residual 
stress formation in PBF-LB/M is shown in Figure 2.14. The TGM refers to a 
mechanism commonly used in laser bending of sheets. When rapidly heating a 
surface, a large thermal gradient is induced between the surface and the colder 
underlying material. Hence, the material at the surface is expanding faster than 
the colder surrounding material (see Figure 2.14 a). This expansion is limited by the 
material reaching the temperature dependent yield strength. Upon cooling, the 
thermal elastic strain is inhibited by the surrounding material, which results in 
tensile residual stress at the surface and compressive residual stress in the 
surrounding material. It is important to note that this mechanism does not require 

Figure 2.13: a) Residual stress distribution in a PBF-LB/M/316L sample as a 
function of different scanning strategies. b) Residual stress on the top surface of 
PBF-LB/M/316L specimens of 2.5 mm, 5 mm, and 10 mm height. Specimen 
dimensions in b) are in mm. Adapted from [11]. 
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the material to be molten. In PBF-LB/M, the melt pool depth is mostly larger than 
the layer thickness and the heat introduced acts on the underlying layers which are 
not in a molten state. The cool-down phase is referring to the restraint shrinkage 
of a molten layer by the surrounding material, introducing tensile residual stress in 
the surface and compressive residual stress in the surrounding material as shown 
in Figure 2.14 b). The model described in [11] simplifies the formation of residual 
stress to the process of scanning a track and to the process of melting a layer. Both 
of these assumptions do not fully apply, since the scanning of a layer is a sequential 
process including the deposition of multiple tracks according to complex scanning 
strategies [57].  

The simulation results based on the model using the TGM and cool-down phase in 
[11] showed that the residual stress in the build plate are compressive to balance
the tensile residual stress developing in the deposited material. It was further
simulated that the residual stress in the last layer reach the material’s yield
strength. Increasing the amount of layers was reported to increase the residual
stress in the build direction but to reduce the residual stress perpendicular to the
build direction [11]. The findings reported in [11] were further supported by
additional investigations on the in-situ synchrotron diffraction manufacturing of
Ti-6Al-4V walls [105].

The results reported in [11] constituted the foundation of residual stress 
investigations in AM by first describing the formation and the distribution of the 
residual stress in PBF-LB/M parts as well as highlighting the influence of the 
scanning strategy and geometry. A major limitation to the results reported in [11] is 
the size of the investigated specimens. Moreover, the model predicted the presence 
of residual stress as high as the material’s yield strength in the final layer, which did 
not correspond for any of the specimens investigated as yield strength values 

Figure 2.14: a) TGM mechanism and b) cool-down phase describing the formation 
of residual stress in PBF-LB/M. Adapted from [11]. 
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between 500 and 700 MPa were found in PBF-LB/M/316L specimens [40, 51]. The 
formation of the residual stress is very complex and the analysis of the influence of 
process parameters on the residual stress requires determination techniques to both 
analyse the surface and the bulk, as the results show a marked difference between 
the two regions.  

Welding and AM share many aspects and as such it is useful to build upon the many 
decades of knowledge on welding to describe the residual stress in AM. When 
welding, the residual stress appears as a result of a non-homogenous temperature 
field, external restrains, non-homogenous material properties and possible volume 
changes during phase transformations [15, 106]. The TGM and cool-down phase 
model include factors generally considered to describe the formation of residual 
stress in welded structures. An example is given in Figure 2.15. It becomes 
apparent, that the formation of residual stress when welding is complex. As 
detailed in subsection 2.1.1 and 2.1.2, no phase transformation occurs in stainless 
steel 316L when solidifying as primary austenite (fully austenitic case, see Figure 
2.1 b). Thus, the interactions between the strain and stress field and the 
microstructure can be discarded at first. The temperature field is directly related to 
the process parameters, and both affects the microstructure and the thermal 
stress generated. The external restraints, which are given by geometrical factors of 
the welding structure and the clamping or fixture also affect the residual stress. 

Using a fixture may increase the resulting residual stress whilst reducing the 
deformation of the welded structure [15]. The formation of residual stress during 
welding can be explained by the three-bar or five-bar model [107]. In the five-bar 

Figure 2.15: Interaction between the temperature, the strain and the stress fields 
with the microstructure. Adapted from [15]. 
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model (see Figure 2.16), the formation of residual stress is simplified by rigidly 
connected bars (at the top and the bottom) where the outer bars (C) remain at room 
temperature whilst the inner bars are at higher temperature (B) and the most inner 
bar reaching the fusion temperature (A). When heating the inner bar (A) to fusion, 
the adjacent bars (B) will expand and put the cold bars (C) under tension whilst 
being compressed by the rigid frame.  

Upon cooling, the inner bars (A and B) will shrink. They are however hindered by the 
colder bars (C) and their own plastic deformation if during the heating the thermal 
stress surpassed the temperature dependent yield strength. Therefore, the inner 
bars (A and B) will be in tension leading to the stress profile shown in Figure 2.17 
a). Following the description of the model in [107], the maximum stress value is 
then close to or higher than the materials yield strength (uniaxial) and for 
austenitic steel the stress values will decrease with increasing distances from the 
weld bead [106, 107]. The residual stress in tungsten inert gas welded 316L plates 
is shown in Figure 2.17 b). The longitudinal stress reaches positive values in the 
weld bead and compressive values at a greater distance from the weld bead.   

Figure 2.16: a) Five bar model showing the interaction during the heating of bar A 
to fusion temperature, b) cooling phase of the structure. The arrows indicate 
compression and tension in the respective bars. The arrow sizes qualitatively 
indicate the magnitude of the stress. Adapted from [107]. 
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The concepts for the formation of welding residual stress can be applied to a certain 
degree to the formation of residual stress during PBF-LB/M. The fact that the 
solidification during PBF-LB/M is of the order of 106 K/s even corresponds to 
assumptions taken that lead to the exemplary stress profile in Figure 2.17 a) [106]. 
Despite the similarities, many differences between the two processes prevail e.g. in 
AM a part is manufactured by depositing subsequently layers whereas in welding 
parts are joined, the size of a single weld bead (TIG weld bead in 316L) can be of the 
order of multiple mm whereas the weld bead of the PBF-LB/M is the size of the laser 
spot and in the order of tens of micrometre. These differences lead to different 
residual stress profiles in PBF-LB/M compared to welding, which is the subject of the 
next subchapter.  

2.2.4 The distribution of residual stress in PBF-LB/M 

There is currently no definition on how to separate the residual stress according to 
the area investigated. In this thesis, a practical approach is given. The surface 
residual stress refers to the values that are acquired when determining the residual 
stress at the surface with an XRD (penetration depth is around 5 µm to 10 µm). 
This may correspond to the first incremental drilling steps when using the hole 
drilling technique. The subsurface residual stress refers to the stress up to a depth 
of around 200 µm. This distance corresponds to the depth that was reached using 
the layer removal technique without having a strongly convex surface at the 
position of the layer removal. Beyond this depth, the residual stress is referred to 
as bulk residual stress.  

Figure 2.17: a) Thermal stress (longitudinal stress) in the direction of the weld bead 
(adapted from [107]), b) residual stress in tungsten inert gas (TIG) welded 316L 
plates determined 2 mm below the surface by ND (adapted from [108]). 
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Surface residual stress 

The formation of residual stress in PBF-LB/M leads to tensile residual stress at the 
surface balanced by compressive residual stress beneath. The distribution of the 
residual stress over a PBF-LB/M body is the subject of this section. Tensile residual 
stress has been found at the surface of different PBF-LB/M processed alloys e.g. 
AISI 316L [109-111], AlSi10Mg [71, 112], Ti-6Al-4V [110, 113], IN718 [114, 115].  

The residual stress at the top surface of 30 mm x 30 mm x 0.05 mm-1 mm (length 
x length x height) PBF-LB/M/316L was investigated by means of XRD in [110]. The 
residual stress parallel to the scanning direction was found to be higher compared 
to the residual stress perpendicular to the scanning direction, whereby the 
magnitudes reached values close to 500 MPa [110]. The residual stress in the 
specimens with heights of 0.05 mm and 1 mm was similar in magnitude. This is in 
contradiction with the effect of increasing residual stress values in the build height 
(2.5 mm, 5 mm and 10 mm in [11]). The surface residual stress sectioned net-
shaped PBF-LB/M/316L tensile specimens (6.5 mm x 4 mm x 58.5 mm) was found 
to be around 350 MPa [14]. However, similar to the analysis in [11] the surface electro 
polished to reduce the surface roughness. This procedure is however not commonly 
used, and the removal of material and related relaxation needs to be accounted for.  

The distribution of surface residual stress in PBF-LB/M/IN718 specimens sized 
100 mm x 20 mm x 20 mm (length x length x height) determined by XRD revealed 
that the residual stress in the scanning direction was similar to the residual stress 
perpendicular to the scanning direction [81]. Moreover, it was also observed that 
the residual stress was similar at the surface centre and the edge (along with the 
length). This result suggests that the residual stress distributes homogenously, 
when using a uni-directional scanning strategy (see 2.2.5) as in [81]. Tensile surface 
residual stress were not only observed on the top surface of PBF-LB/M specimens 
but also on the lateral faces, with a tendency of lower stress magnitudes [111, 113, 
116-118]. Several studies addressing the surface residual stress used the bridge-
curvature or the cantilever-method [65, 66, 81, 119, 120]. As described in subchapter
2.2.1, these methods have the advantage to map the residual stress over the full
size of the investigated specimen. The corners of various PBF-LB/M shaped parts
(rectangular, triangular and disc shapes) were observed to deflect because of the
tensile surface residual stress [81, 99, 119].

The distribution of the residual stress on the top of discs sized 20 mm to 28.5 mm 
in diameter and height of 6 mm (hpart) was investigated using DIC and XRD [66]. 
The discs were built with slanted side faces with different angles ɑ, as shown in 
Figure 2.18 a). The results showed that the residual stress was mostly tensile but 
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that the distribution was heterogenous (see Figure 2.18 b). Furthermore, it was 
reported that discs with smaller angles ɑ had more variation in the radial residual 
stress and exhibited higher magnitude residual stress, thus highlighting the 
influence of the geometry and resulting changes in the thermal equilibrium of the 
part during the manufacturing and cooling [66]. Similarly, the hoop residual stress 
was found to vary over the surface of the part, though the values were much lower. 
It was concluded, that the residual stress distribution and magnitudes are highly 
dependent on the geometry and the scanning strategy [66]. The dependency of the 
residual stress on the geometry and scanning strategy was simulated in [121]. The 
PBF-LB/M of Ti-6Al-4V triangle and rectangular shaped specimens (maximum 
cross section was 5 mm x 5 mm) with varying aspect ratios were found to exhibit 
higher residual stress in regions of accumulated heat, corresponding to short scan 
vectors (<2.5 mm, corners of a triangle) [121].  

The PBF-LB/M process leads to tensile residual stress at the surface, which was 
observed for many different alloys. However, the investigations reported in literature 
are often performed on small scale specimens. The dimensions are mostly below 
30 mm, which is only a fraction of the build height achievable with PBF-LB/M 
machines. The models detailed in subsection 2.2.3 correctly predict the presence of 
tensile residual stress in the top surface of PBF-LB/M processed alloys. Furthermore, 
the distribution and magnitudes of the residual stress appear highly dependent on 
the geometry and the scanning strategy.  

Figure 2.18: a) PBF-LB/M/316L discs of 6 mm height b) radial residual stress 
distribution calculated from DIC measurements and from XRD. Reprinted from 
[66], with permission from Elsevier.  
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Subsurface residual stress 

As described by the residual stress formation models in subchapter 2.2.3, the 
surface tensile residual stress is balanced by compressive residual stress in the 
underlying layers. A few studies have investigated the subsurface residual stress. 
Residual stress depth profiles were performed on 316L PBF-LB/M specimens sized 
100 mm x 9 mm x 3 mm (length x width x height) in [122]. Tensile residual stress in 
the two in-plane directions corresponding to the scanning plane (length x width) 
were observed at the surface, which remained at a constant magnitude up to a 
depth of about 120 µm. A similar observation was reported based on residual stress 
depth profiles performed on the top surface of 5 mm x 3 mm x 2 mm 
(length x width height) PBF-LB/M/316L specimens in [123]. In [111] the subsurface 
residual stress in the build direction of PBF-LB/M/316L specimens was determined 
using XRD and layer removal on the side surface of a specimen. The tensile residual 
stress at the surface was observed to increase at a depth of 100 µm before 
decreasing to lower tensile values at a depth of 500 µm.  

The experiment reported in [124] was performed on PBF-LB/M net-shape compact 
tension 316L specimens with a thickness of 3 mm shown in Figure 2.19 a). The 
residual stress was determined at the surface and subsurface via XRD and the 
electropolishing of material on the lateral surfaces of specimens in the as-built 
condition and heat treated at 650 °C for 2 hours (the relaxation obtained from the 
heat treatment is subject of section 2.3). The σX shown in Figure 2.19 b) was of low 
magnitude (tensile residual stress) at the surface and became compressive (-
150 MPa) at a depth of 200 µm. The σY (residual stress in the building direction) 
shown in Figure 2.19 c) was much higher and remained tensile up to a depth of -
200 µm, indicating the transition to compressive residual stress at greater depths. 
At the surface, the tensile residual stress was approximately 250 MPa and 
increased to about 430 MPa at a depth of 100 µm before decreasing again. These 
values are higher than the residual stress in the building direction at greater depth 
shown in Figure 2.21 d) but were not as high as the yield strength of this material 
[40, 51]. The authors in [11] reported that the high roughness of PBF-LB/M parts 
influenced the determined residual stress values. The surface of PBF-LB/M 
specimens exhibits a complex topology with partially melted powder particles and 
material bulges resulting from the layer-wise manufacturing (see Figure 2.5). The 
influence of the roughness on the residual stress determined by XRD has been 
investigated in [125]. It was observed that the residual stress increased with the 
depth of the measurement position. The authors further suggested to either post-
process the surface, as performed in [11], or use non-destructive determination 
techniques which can determine the residual stress at an increased depth e.g. XRD 
in combination with layer removal, SXRD and ND.  
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The subsurface residual stress at a depth of 150 µm of the top layer of a 
10 mm x 10 mm x 10 mm specimen was observed to reach 590 MPa determined by 
layer removal and XRD, which was correlated to the higher temperature at the melt 
pool bottom [126]. Similar values were observed in identically sized specimens but 
at a greater depth from the top surface at ~500 µm, whereby the depth residual 
stress profile starting from the top surface described a peak residual stress in 
contrast to a plateau when removing material from the lateral surface [127]. 

The fact that the σY decreased towards the surface (z = 0 µm) in Figure 2.19 b) is 
interesting, as this residual stress direction is not restrained by boundary 
conditions in this condition. This phenomenon was not described in the simulation 
models reported in [11] neither observed in other simulation results on PBF-
LB/M/316L reported in [14]. However, the presence of a subsurface peak was 
further confirmed in the analysis of 12 mm x 14 mm x 10 mm (length x thickness x 
height) PBF-LB/M/316L specimens as reported in [117]. In this experiment, the in-
plane residual stress (not further specified) were found to reach values between 
280 MPa and 330 MPa, whereby the subsurface peak was observed to shift to a 
greater depth depending on the scanning velocity (the influence of process 
parameters on the residual stress is subject of 2.2.5) [117]. It is noted that the 
residual stress values were calculated from averaged uni-axial strains, which 

influenced the absolute magnitudes reported in [117]. However, subsurface tensile 
residual stress peaks were also observed in PBF-LB/M of Ni-base superalloys, 
whereby the peak values were distributed over several hundreds of µm depth 
describing a plateau as reported in [114, 128].  

To summarize, the results on the subsurface residual stress indicate the presence of 
greater residual stress magnitudes compared to the surface residual stress. The 
position and the magnitude of the peak residual stress appear to be affected by the 

Figure 2.19: a) Geometry and measurement position, b) distribution and magnitude 
of the σX and c) of the σY. Reprinted from [124], with permission from Elsevier.  
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process parameters (e.g. scanning velocity) and the alloy analysed. Since the surface 
and subsurface residual stress is tensile, per definition compressive residual stress 
must be present in the bulk of the specimen. Therefore, it is important to use 
complementary methods to investigate the bulk residual stress.  

Bulk residual stress 

Many studies have performed the analysis of bulk residual stress in AM specimens 
using different methods. The distribution of the residual stress in PBF-LB/M/316L 
structures was reported in [119]. In this study, different geometries were 
manufactured with varying scanning strategies. The prism shaped specimens had 
a height of 60 mm (see Figure 2.20 a) whereas the L-shaped specimens had a 
height of 30 mm (see Figure 2.21 a). The residual stress was determined with ND 
and represents the bulk residual stress. The results of the residual stress 
investigation on the prisms are shown in Figure 2.20. The σXX in the centre of the 
specimen (blue line) was compressive with values around -170 MPa near the cut 
surface (area close to the build plate before the removal) which increase with the 
build height up to approximately -320 MPa before becoming tensile close to the 
surface. The same trend was observed for the two measurement lines close to the 
surface (green and red line), which were asymmetric with respect to the 
geometrical centre of the specimen. This asymmetry was attributed to the one-
sided surface preparation and the distortion following the build plate removal [119]. 
Nonetheless, the σXX reached high values between -320 and 300 MPa. In contrast, 
the σYY and σZZ were much lower with values oscillating between -100 MPa and 
100 MPa and 0 MPa and 150 MPa for the two residual stress directions respectively. 
The sudden increase in σYY close to the surface further supports the presence of 
tensile residual stress near the last layer as modelled in [11].  
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The residual stress distribution in PBF-LB/M/316L was further investigated in L-
shaped specimens (see Figure 2.21) and reported in [119]. This geometry was chosen 
to analyse how the different dimensions influence the residual stress. The L-
shaped specimens were shorter compared to the prisms in Figure 2.20. 
Interestingly, the σXX exhibited lower values i.e. -50 MPa to 150 MPa compared to 
the residual stress range in the prisms (see Figure 2.21 a). A minor difference was 
observed in the σYY but a drastic change of the σZZ was found (Figure 2.21 b and c). 
The values were between -400 MPa and 400 MPa, which is much higher compared 
to the σZZ values in the prisms. The tensile values of 400 MPa were much closer to 
the material’s yield strength (see subchapter 2.1.2). Furthermore, it appears that 
the bulk σZZ was larger in the section of the L-shape with a thickness of 9 mm 
compared to the section with a thickness of 6 mm. This is, however, less the case 
for the σXX and the σYY. For both residual stress components the length of the 
dimension is similar for both sections. Thus, it appears that the geometry of the 
structure has a different influence on the residual stress magnitudes. However, in 
the L-shape specimen the thin and the thick sections are connected, and it is not 
possible to separate the effect of a varying thickness.  

Figure 2.20: a) PBF-LB/M/316L prism and b) σXX, c) σYY and d) σZZ distribution along 
the build height [119]. Reproduced with permission from Springer Nature. 



39 

In comparison to the prisms, the residual distributes are broadly symmetric with 
respect to the geometrical axes of the L-shaped specimen. A similar observation 
was made in the investigation of the residual stress in PBF-LB/M Ni-alloy 
structures reported in [129]. Moreover, the influence of increasing structure heights 
was investigated. The following trends were observed with increasing build 
heights: the in-plane residual stress (σXX and σYY) is tensile and of highest 
magnitude along the largest dimension (40 mm) and becomes compressive when 
adding additional layers, the magnitude of the residual stress in the build direction 
(σZZ) increases with the build height [129].  

To summarize, the modelling and experimental validation of small sized specimens 
(up to 10 mm) reported in [11] are supported by findings related to the 
characterisation of the residual stress in much larger specimens reported in [119]. 
Moreover, the findings show that the bulk residual stress along the build height is of 
highest magnitude. The residual stress reaches values close to the material’s yield 
strength towards the lateral surfaces. This was however not the case for the prism, 
which exhibited different trends: the residual stress in the build direction (σZZ) was 
compressive, the highest residual stress was along the length of the prism (σXX) and 
the distribution of the residual stress in the prism was asymmetric. These 
observations can be attributed to the one-sided polishing of the prism surface as 
well as the distortion following the build plate removal. The distortion is thereby 
linked to the geometry and related stiffness Moreover, the effect of an increase in 
build height on the residual stress could not be shown in the prisms. 
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Figure 2.21: a) dimensions of the L-shaped 316 L PBF-LB/M specimens and 
distributions at 15 mm of height of the b) σXX, c) σYY and d) σZZ [119]. Reproduced 
with permission from Springer Nature. 



41 

The distribution and magnitudes of the residual stress in 316L PBF-LB/M net-
shaped tensile specimens was reported in [14]. The tensile specimens were sized 
6.5 mm x 4 mm x 58.5 mm (length x thickness x height) and manufactured 
horizontally and vertically. The horizontal specimens distorted upon the removal 
from the build plate, which altered the residual stress distribution and magnitude. 
However, similar results to the findings shown in Figure 2.21 were reported for the 
vertically manufactured specimen. The σZZ was of greatest magnitude at about 
- 500 MPa at the centre of the specimen. Towards the surface (the measurement
position was at 1 mm from the surface), tensile σZZ of roughly 100 MPa was
observed. Along the build height, the results were in contradiction with the findings
shown in Figure 2.20 (residual stress in the prisms reported in [119]) as the σZZ was
of greater magnitude compared to the other two direction as well as being
compressive. Furthermore, the residual stress was also captured through the
thickness of the specimen revealing a similar U-shaped distribution of the residual
stress as shown in Figure 2.21.

Also cylindrical geometries manufactured by PBF-LB/M were analysed, such as the 
316L discs reported in [99]. The dimensions of the discs used for the residual stress 
analysis varied between diameters of 45 mm to 80 mm with heights ranging from 
5 mm to 15 mm. The discs were manufactured with and without support structures 
and the analysis was performed before and after the removal from the build plate. 
In the specimens with a height of 5 mm and a diameter of 80 mm, the σZZ was 
lower compared to the σXX and the σYY with values between 0-100 MPa. The σXX 
and the σYY were similarly distributed and the values were between – 150 MPa, near 
the lateral surfaces, and close to 400 MPa at the centre. In comparison to the 
results shown in Figure 2.20 and Figure 2.21, depending on the geometry analysed 
the magnitudes of the residual stress change but seem to evolve in a similar range. 
Reducing the diameter from 80 mm to 70 mm did not have a significant impact on 
the residual stress. However, reducing the diameter to 45 mm was reported to 
increase the in-plane residual stress gradients by a factor of three. Increasing the 
height led to a very different distribution of the in-plane residual stress. The 
maximum residual stress was similar but interestingly the σXX and the σYY were 
less prone to decrease near the lateral surfaces [99]. This is questionable, as the 
two residual stress directions should decrease to fulfil the free-surface boundary 
i.e. the stress should be zero perpendicular to a free surface. Nonetheless, the
study reported in [99] highlighted the influence of the geometry on the residual
stress distribution. This was also observed for the PBF-LB/M processed Ni-based
superalloys and Al-based alloys [112, 129].

The distribution of the residual stress found in 316L PBF-LB/M was also observed for 
Ni-based super alloys [128-131]. The following general trends can be drawn: the 
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residual stress in the build direction is of the highest magnitude, with lower values 
in the in-plane components. These findings are however dependent on the geometry 
and the manufacturing orientation (distortion upon removal of the build plate). Early 
models describing the residual stress in the PBF-LB/M process predicted well the 
presence of tensile surface and compressive bulk residual stress. The magnitudes are 
not as high as the materials yield strength in the last layer. However, it appears that 
the subsurface residual stress achieves this level. The knowledge on the residual 
stress in PBF-LB/M available in the literature (see review articles [10, 57, 83, 132-134]) 
is so far extensive for process parameter optimization. It is, however, limited in terms 
of geometry variations and geometry scaling as most of the literature reports 
residual stress values in small cubes. The question remains open whether the residual 
stress magnitudes in these cubes can be transferred to larger structures. A study on 
the fatigue behaviour and defect densities in PBF-LB/M/17-4PH (martensitic/ 
austenitic stainless steel) was performed to understand the geometry influence 
[135]. Dog bone shaped Ø 7 mm x 90 mm specimens (representing the witness 
specimen) and rectangular rod specimens (12 mm x 12 mm x 90 mm and 25 mm x 25 
mm x 90 mm) were compared. Significant differences in defect distributions were 
observed and explained with different thermal histories [135]. A common PBF-LB/M 
qualification test artifact i.e. specimen designed to qualify the process – part 
performance was proposed in [136]. This specimen design has the dimensions 
40 mm x 40 mm x 39 mm. Hence, it appears necessary to perform residual stress 
assessment on larger specimens than solely cubes with sizes between 10 mm and 
20 mm. Moreover, most of the literature focusses the influence of process 
parameters and as shown in Figure 2.22, a multitude of parameters need to be 
considered. Unfortunately, the process-parameter space in AM is vast. There is a 
need to perform experiments which focus on varying a low number or ideally single 
parameters at once. The following subchapter discusses the main process 
parameters and their influence on the residual stress.  
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2.2.5 Influence of PBF-LB/M parameters on the residual stress 

The enumeration of different factors affecting the residual stress in PBF-LB/M 
shown in Figure 2.22 are divided in six major subjects. These can be further 
regrouped in three topics i.e. beam variables, scan strategy, process conditions and 
geometry according to [57]. Discussing all of these factors individually is not in the 
scope of this work and the reader is referred to the review articles [10, 57, 83, 132-
134]. In subsection 2.2.4 the influence of the geometry was highlighted. As 
suggested in Figure 2.22 more factors attributed to the topic of the part and the 
build platform need to be considered. Some of these factors were already 
highlighted in the debut of residual stress analysis in AM [11]. The preheating of Ti-
, Al-, Ni and Fe-alloys was observed to lead to residual stress relaxation of up to 
90 % of a Ti-alloy and an Al-alloy when employing preheating temperatures of 
570 °C and 200 °C respectively [133, 137, 138]. The preheating of the build platform 
at a temperature of 200 °C was found to decrease the residual stress in PBF-
LB/M/316L specimens slightly [139]. The preheating of the build platform is often 
limited to 200 °C in commercial systems and higher temperature require specific 
adjustments to the PBF-LB/M machine [137]. Moreover, given the manufacturing 
times in the order of several hours e.g. 10 – 64 hours [140], using a preheating 
temperature at higher temperatures in the case of PBF-LB/M/316L can lead to the 
precipitation of detrimental phases (see subsection 2.1.1).  

Figure 2.22: Ishikawa diagram showing the interdependency of part, process, and 
post-process parameters. Reprinted from [133], with permission from Elsevier.  
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Another factor to be considered is the position of the specimens on the build plate. 
As observed in the PBF-LB/M of a Ti-alloy and a AISI 300 steel, the specimens 
exhibited varying surface and subsurface residual stress depending on their 
position on the build platform which was attributed to different heat dissipation 
mechanisms [141, 142]. It is therefore advised to compare the residual stress in 
specimens with similar build positions or positions close to another. When only 
limited numbers of specimens are available, the use of non-destructive 
characterisation methods becomes a necessity. 

As denoted in subsection 2.2.4, the scanning strategy has a large influence on the 
residual stress. The main scanning strategies are the spiral, the raster, the zigzag, 
the island and the fractal scanning strategies [143]. Examples of these strategies 
are shown in Figure 2.23. The choice of the scanning strategy with a given geometry 
directly influences the length of the scanning vectors, which in turn influences the 
residual stress e.g. shorter hatch lengths were found to increase the surface 
residual stress perpendicular to the scanning direction compared to longer hatch 
lengths [81]. The scanning strategy defines the sequence in which the layer is 
molten and as such the distribution of the heat input and subsequently the residual 
stress distribution. The simulation study on the residual stress distribution in a 
single WAAM layer manufactured with various scanning strategies showed that 
the more homogenous heat distribution leads to lower residual stress [143]. This is 
also the idea when using island canning strategies (see Figure 2.23) [11, 64, 119].  

It was observed that dividing the surface scanning in small sectors “islands” results 
in overall lower residual surface stress compared to Stripe scanning strategies (see 
Figure 2.23 a and b). The length of these islands, which define the scan vector 
length, also influence the residual stress. However, contradictory results were 
reported, either attributing an increase of the residual stress with larger scan 
vectors or the opposite [117, 119, 139, 145-147]. Various scanning strategies similar 
to the patterns described in Figure 2.23 a), b) and d) and their influence on the 
residual stress were investigated in [146]. The scanning vectors were generally 
found to be of highest magnitude along the direction of the scanning, whereby the 
Zigg-Zagg scanning strategy (see Figure 2.23 b) led to the lowest residual stress. 

Figure 2.23: a) Stripe, b) Zigg-Zagg, c) Spiral, d) Island and e) Hilbert fractal 
scanning strategies. Adapted from [64, 143, 144]. 
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The length and orientation of the scan patterns on the bridge shaped PBF-
LB/M/316L specimens was investigated in [64]. It was reported that decreasing 
the scan vector from 20 mm to 2 mm led to a decrease in the curling angle of 13 %, 
whilst reducing the scan vector length through the use of islands was observed to 
increase the surface tensile residual stress [119]. Interestingly, the compressive 
residual stress in the bulk was found to remain insensitive to the scanning 
strategy, whilst the tensile surface residual stress was found to be strongly 
affected [119]. The scanning of subsequent layers can also include a rotation 
between each layer, which further affects the residual stress as shown in [148]. The 
influence of the rotation of the scanning was observed to form microstructures 
that lead to a reduction in residual stress [149]. A few studies report on the 
correlation between the residual stress and the scanning strategies with different 
vector lengths. However, some of the results were affected by microstructural, 
surface roughness changes, higher porosity and cracks [113, 115, 119, 148]. A further 
aspect attributed to the scan strategy is the remelting or rescanning of a layer 
according to [57]. Remelting the layer with increasing scanning velocities was 
observed to reduce the residual stress [11]. Using the same laser beam parameters 
and scanning velocity did not, however, reduce the residual stress. Interestingly, 
this phenomenon was observed to be material dependent as the curling angle of 
PBF-LB/M/Ti-6Al-4V cantilever beams was observed to become smaller when 
remelting whereas no change was observed in PBF-LB/M/316L cantilever beams 
[64].  

The influence of the scanning strategy on the residual stress remains unclear and 
contradicting findings are reported in the literature. Varying the scanning strategy is 
found to change the microstructure, affect the defects, the surface roughness and 
thus makes the comparison between specimens more difficult. Nonetheless, the 
scanning strategy has undoubtedly a large influence on the residual stress. The vast 
number of studies investigating its influence on the residual stress, however, shadow 
relations between other process parameters. To further the understanding of the 
PBF-LB/M process on the formation of residual stress, it is advised to select a single 
scanning strategy to understand the influence of other process parameters.  

The volumetric energy density (VED) is calculated according to formula (1) using the 
laser power P (in W), the scanning velocity v (in mm/s), the layer thickness t (in 
mm) and the hatching distance h (in mm). This variable is one of the main metric
used in process-structure-property investigations, as it regroups characteristic
process parameters and is calculated from [57, 111, 150]:
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𝑉𝐸𝐷 =
𝑃

𝑣ℎ𝑡

𝑒𝑞𝑛. (4) 

The influence of varying VED on the residual stress was analysed in [111] on PBF-
LB/M/316L cubes. Although the VED has a direct influence on the heat input, the 
residual stress for varying VEDs was relatively constant. Perhaps the VED steps 
were too small (maximum variation was about three times). The investigation in 
[123] showed that an increase of the laser power tends to lead to an increase of the
residual stress, when keeping the remaining parameters constant. The influence
of the VED on the surface residual stress of PBF-LB/M/316L cubes was also
investigated in [118], but reported no direct correlation between this metric and the
resulting residual stress magnitudes. It was however observed, that below a certain
VED, the resulting residual stress values were scattered. In fact, using identical
VED but changing single process parameters (Laser power and scanning velocity)
was observed to lead to very different distortions of PBF-LB/M cantilever beams
[151]. By analysing single process parameters from the VED, it was found that
increasing the laser power can lead to higher residual stress [118, 123, 126, 152, 153].
This is however greatly depending on the alloy investigated (see 2.2.3), as the
contrary was observed for PBF-LB/M/Ti-6Al-4V [154]. Changes in the VED do not
necessarily lead to homogenous results as an increase in hatch spacing was found
to increase the surface residual stress in the top layer of a specimen whilst reducing
the residual stress on the lateral surfaces [118]. At constant laser power and
scanning velocity, an increase in hatch spacing was observed to decrease the
residual stress [154]. In some cases, the changes in VED led to variations in residual
stress within the error bar, which thus makes direct correlations difficult [147].
Nonetheless, further increasing the laser power can also lead to a significant
number of pores, which may reduce the residual stress in the part [119, 126].
Furthermore, it was also shown that increasing the laser power reduces the melt
pool aspect ratio, with deeper melt pools resulting from higher laser power [126].
In PBF-LB/M/Ti-6Al-4V, an increase of the scanning velocity increased the residual
stress [125] which was also observed for PBF-LB/M/316L [117]. However, this trend
appears to be also depending on the location of the measurement position (top or
lateral face) [117].

The VED includes process parameters which directly influence the thermal history of 
a part. In fact, changing the VED results in variations of the residual stress 
magnitudes and distribution but also have a significant impact on the 
microstructure and defects [57, 113]. From research in welding, it is known that the 
heat input has a large influence on the residual stress [12], which is mirrored as 
shown by the above enumerated results reported in the literature. However, the VED 
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as metric doesn’t seem to well describe the influence of changing parameters on the 
residual stress as shown by the contradicting results reported in the literature. A 
multitude of different metrics are proposed in [155] to better correlate the residual 
stress and the process parameters. These are, however, not yet established. 
Furthermore, these metrics are always affected by the residual stress determination 
method employed as well as the part geometry. Simulation models reasonably 
predict the residual stress formed in PBF-LB/M and account for variations in the 
process parameters. The simulation models employed either focus on the laser and 
powder bed interaction or the interaction of a thermal field in a larger component 
[57, 133]. In both cases, also valid for analytical models, some aspects cannot be 
simulated accurately, which leads to discrepancies between the simulated and 
experimental values [11, 14, 64, 154, 156].  

The formation of residual stress is largely driven by the heat input. So far, the 
influence of the scanning vector, scanning strategy and the process parameters 
laser power, scanning velocity, layer thickness and hatching spacing were 
discussed. When manufacturing specimens using PBF-LB/M, the time between 
the start of melting a layer and the recoating, also called inter-layer-time (ILT), 
depends on the number of specimens manufactured [157]. Moreover, changes in 
the geometry can also affect the ILT and therefore makes this parameter of great 
interest when manufacturing complex shaped specimens with varying cross 
sections. When reducing the ILT a reduction in hardness and increased depths of 
the melt pools were observed in PBF-LB/M/316L [157]. Changes in the 
microstructure, defects and resulting properties due to varying ILT were also 
observed in PBF-LB/M and DED-LB/M of a Ti-alloy, and DED-LB/M 316L [158-160]. 

The influence of different ILTs on the temperature in the part and the resulting 
microstructures are shown in Figure 2.24. When using short ILTs (18 s), the 
temperature in PBF-LB/M/316L specimens reached values between ~500-580 °C 
in the final layers as shown in Figure 2.24 a). Increasing the ILT drastically reduces 
the temperature in the specimen, as the temperature in the specimen was 
maintained below 200 °C when applying an ILT of 116 s [140]. The grain size and the 
texture were also found to change because of the variation in the thermal history 
of the specimen. Shorter ILT (18 s) favored the growth of longer grains and more 
[100] oriented grains in the build direction (see Figure 2.24 b) compared to the
specimens manufactured with an ILT of 65 s. The different thermal history of DED-
LB/M specimens due to varying ILT was found to also affect the residual stress,
whereby longer ILT led to higher residual stress in a Ti-alloy specimen compared to
no effect in a Ni-alloy [161].
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The ILT affects the heat accumulation within the specimen, similar to the preheating 
of the build platform. As discussed above, the preheating temperature range is often 
limited by the machine. The ILT here promises a larger degree of freedom to tailor 
the heat accumulation within the specimen and as a result the microstructure. 
However, as the thermal history is directly influenced by this parameter, also changes 
in the residual stress are expected. Knowledge on the influence of the ILT on the 
residual stress formed during PBF-LB/M is lacking. It is however a key parameter, as 
it is inherently linked to the geometry of the part manufactured as well as the 
number of parts on the build plate. Therefore, it is crucial to understand this link to 
further increase the wider application of the PBF-LB/M process in industry.  

Figure 2.24: a) Temperature evolution of PBF-LB/M/316L specimens built using 
ILTs of 18 s, 65 s and 116 s, b) ESBD picture of the microstructure for an ILT of 18 s 
and c) for an ILT of 65 s. Adapted from [140]. 
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2.3 Stress-relieve heat treatment of PBF-LB/M/316L 

One of the post-processes mentioned in Figure 2.22 influencing the residual stress 
in PBF-LB/M parts is the heat treatment of the specimens. Generally, a heat 
treatment is performed before the removal of the part from the build plate to avoid 
any distortion [162]. The distortion is, thereby, directly linked to the relaxation of 
macroscopic residual stress (type I). The following subchapters details the state of 
the art regarding the thermal stability of the microstructure and selected 
mechanical properties as well as the relaxation of the residual stress following 
different heat treatments.  

2.3.1 Evolution of the microstructure and mechanical properties 

The evolution of the microstructure and tensile properties with heat treatment has 
been investigated in several studies reported in the literature [6, 7, 14, 51]. The 
microstructure of PBF-LB/M/316L has been observed to show resilience to grain 
growth up to temperatures around 1000 °C [51]. However, changes in the 
microstructure were reported to occur before reaching 1000 °C on a smaller length 
scale [51].The evolution of the cell structure with various heat treating 
temperatures is shown in Figure 2.25. The solidification subgrain cellular structure 
in PBF-LB/M/316L remained stable at temperatures below 600-700 °C [6, 7, 51]. A 
temperature range is given as different starting temperatures were reported in the 
literature, which may be related to the various chemical compositions employed 
[6]. Temperatures above 800 °C were reported to be a tipping point [7], from which 
the cellular substructure rapidly starts dissolving (see Figure 2.25 b) [8, 51, 163-165]. 
Findings in [8, 51] showed that the cellular structure is barely visible when heat 
treating at 900 °C for 1 hour (see Figure 2.25 c). At temperatures above 1000 °C the 
cellular structure was reported to have fully vanished (see Figure 2.25 d) [6, 7].  
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Stable tensile properties and hardness values were observed in conjuncture with 
the evolution of the cellular structure. In Figure 2.26 the yield strength was found 
to remain stable after applying a heat treatment at 600 °C for 1 hour [6]. A similar 
evolution of the hardness of PBF-LB/M/316L with increasing heat treatment 
temperatures was reported in [8]. Nonetheless, the material maintains a higher 
YS0.2 compared to conventionally processed 316L even when heat treated at 
temperatures initiating recrystallization [6, 51].    

Figure 2.25: a) As-built and post heat treatment cellular structure of PBF-
LB/M/316L after b) 800°C for 1 hour, c) 900 °C for 1 hour and d) 1040 °C for 1 hour. 
BD and TD denote the build direction and transverse direction respectively. 
Adapted from [51]. 
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The temperature range in which the cellular structure starts dissolving also 
corresponds to increased precipitation (see 2.1.1), which may be deleterious to the 
material properties e.g., yield strength, elongation, corrosion properties. According 
to [8, 51], the material undergoes the following stages; recovery as the dislocation 
density is reduced, homogenisation of the austenite solid solution and 
recrystallization. The temperature ranges do not coincide fully between the two 
studies. However, both research groups observed a reduction in dislocation density 
in the temperature range in which the cellular structure dissolves. This is 
substantiated by the simulation of the diffusion of Cr and Mo in PBF-LB/M/316L 
in the cell walls as reported in [6]. This study showed that these elements exhibit 
reduced diffusion until approximately 650 °C but that major dissolution is achieved 
when applying 800 °C for 1 hour. At temperatures of 850 °C and greater, only minor 
Cr and Mo content was found in the cell walls after holding times of a few minutes. 

These microstructural changes also affect the broadening of the diffraction peaks 
i.e. FWHM (see 2.2.1). Changes of the FWHM were observed in PBF-LB/M/316L
microstructures with increasing heat treatment temperatures; a decrease in lattice
strain and FWHM was reported when heat treating at 800 °C and above [6]. This
change was related to increased defect mobility, chemical homogenization and
changes in the residual stress. Similar observations were reported in [8]. In both
studies, the change in residual stress or strain was not quantified. As the cellular
structure is known to affect the dislocation mobility [3, 48], it can be hypothesized

Figure 2.26: Dependence of the yield strength at 0.2 % strain (YS0.2), the ultimate 
tensile strength (UTS) and the engineering uniform elongation (UE) of PBF-
LB/M/316L on the heat treatment employed, reprinted from [6], with permission 
from Elsevier. 
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that this microstructural feature also affects the residual stress relaxation. When 
manufacturing a geometrically complex component, retaining of the designed shape 
is of critical importance. Understanding how the residual stresses relax and avoiding 
distortion is crucial to reduce the number of scrapped parts.  
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2.3.2 Residual stress relaxation 

The mechanisms leading to stress relaxation through heat treatments are defined 
as thermally activated processes, whereby the time and the temperature of the 
heat treatment are interchangeable within limits [166]. When the temperature is 
below 0.5 Tm (melting temperature), relaxation is occuring through so called 
recovery processes [166]. During recovery, the dislocation density is reduced and 
depending on the dislocation distribution, either diffusion driven or dislocation 
climb and movement drive the relaxation. Dislocation arrangements in cells (such 
as seen in PBF-LB/M/316L) are stable and favour a relaxation driven by 
volume/bulk diffusion [166, 167]. Above 0.5 Tm the relaxation will occur through the 

very strong reduction of the dislocation density as a result of the growth of new 
grains. This however leads to significant changes in microstructure and associated 
mechanical properties [166]. In case of PBF-LB/M/316L, heat treating 
temperatures above ~1040 °C were observed to recrystallize the microstructure [6, 
51]. Moreover, the residual stress relaxation is inherently correlated to the 
temperature dependent yield strength. Upon reaching this limit, plastic 
deformation occurs which in turn relaxes the residual stress (similar mechanism 
described in subchapter 2.2.3). The yield strength as a function of temperature is 
shown in Figure 2.27 a). It can be observed that a strong reduction of the yield 
strength occurs at temperatures above 600 °C.  
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Since the microstructure and residual stress in PBF-LB/M are not comparable to e.g., 
welded microstructures or cast microstructures (see Figure 2.9), it could be 
hypothesized that the stress relaxation behaviour is affected. This was observed 
when comparing the relaxation of residual stress in ground, shot peened and milled 
steel surfaces and related to the different dislocation densities and structures related 

to the post-processes [167]. The aim of the heat treatment should be: to sufficiently 
reduce the residual stress to prevent distortion upon the removal of the build plate, 
to reduce the residual stress to a known level, and to maintain the benefits from an 
as-built PBF-LB/M microstructure. Only a few systematic studies were performed to 
investigate the influence of the heat treatment on the relaxation of the residual 
stress in PBF-LB/M/316L. These are discussed in the following (see summary in Table 
2.3).  

Figure 2.27: a) Ultimate tensile strength (UTS) and yield strength (YS) of 
conventional 316L [168], 316L(N) – (nitrogen alloyed 316L) [169] and PBF-
LB/M/316L [170] (Adapted from [170]). b) Residual stress relaxation as a function 
of thermal effect of PBF-LB/M/316L compared to relaxation values obtained from 
welded austenitic steel [171]. Adapted from [172]. In b), V and H denote the 
relaxation obtained in vertically and horizontally manufactured 316L specimens 
respectively.  
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The Larson-Miller equation can be used to describe the time-temperature 
dependency of the stress relaxation [173] whereby the thermal effect TE is 
calculated from:  

𝑇𝐸 = 𝑇 × (log(𝑡) + 𝐶) × 10−3 𝑒𝑞𝑛.  (5) 

with the temperature T (in Kelvin), the time t (in hours) and the material constant 
C (~20 [46, 174]). The time and temperature component are here interchangeable, 
which highlights the two components of the stress relaxation. Plotting the residual 
stress relaxation against the TE retrieved from the literature summarized in Table 

2.3 highlights the scatter of the available data as shown in Figure 2.27 b).  

When applying 400 °C for 4 hours, 650 °C for 2 hours and 1100 °C for 5 mins to PBF-
LB/M/316L, a relaxation of around 24 %, 65 % and 90 % was obtained [175]. The 
relaxation was calculated using the compressive residual stress of 250 MPa at the 
surface of 2 mm slices extracted from 90 mm x 30 mm x 30 mm (height, length, 
thickness) specimens. This approach is similar to extracting a smaller volume from 
a larger part to create a stress-free reference (see subchapter 2.2.1). The goal of 
this approach is to relax the macroscopic residual stress. The rate of relaxation 
strongly depends on the velocity of dislocations, which depends on the residual 
stress magnitudes. Therefore, lower residual stress leads to a lower relaxation rate 
[176], which has an influence on the relaxation behaviour [167]. Therefore, the 
relaxation  values reported in [175] need to be used with care. Heat treatments 
performed below 480 °C are reported to reduce peak residual stress in austenitic 
steels according to ASM International [46]. This indication corresponds well with 
the findings reported in [175]. However, this temperature is much lower than the 
temperature range of 550 °C to 650 °C given for post weld heat treatments in [17]. 
Additional measurements should be performed to verify and validate this finding as 
the microstructure was reported to remain stable at these temperatures (see 
subchapter 2.3.1).  

In another investigation, applying 650 °C for 2 hours led to a relaxation of 50 % at 
the surface and ~30 % of the subsurface residual stress [124]. Furthermore, a heat 
treatment at 700 °C for 2 hours was observed to relax the surface residual stress 
by ~65 % [14]. However, for the same specimen a relaxation of ~10 % was reported 
when using the bulk residual stress for the analysis [14]. The relaxation at the 
surface and bulk appears to differ. This reduces the amount of relaxation data 
available and adds to the complexity of which heat treatment to employ for the 
stress relaxation.   
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Applying 800 °C for 5 hours was observed to reduce residual stress magnitudes 
from around 120-220 MPa (this range is probably related to the specimen-to-
specimen scatter but is not further discussed in the reference given) to 50 MPa, 
which is equivalent to a relaxation of ~60-80 % [126]. Further increasing the 
temperature to 900 °C and holding for 2 hours was observed to fully remove the 
surface residual stress [100]. Based on the data available in the publication [100], 
the relaxation was about ~90 %. This corresponds broadly with the indication given 
by ASM Internation of 85 % relaxation of the residual stress in welded austenitic 
stainless steels using a temperature range of 840 °C-900 °C [171]. However, for both 
studies reporting relaxation values at 900 °C and 1100 °C the surface residual stress 
was affected by the specimen preparation (extracted from a larger body [175]) and 
the surface machining of the specimen (machining, polishing [100]). The relaxation 
of the residual stress using 900 °C for 45 minutes was around 40 % in DED-LB/M 
316L [177]. This is an indication, that potentially the surface post-processing and 
specimen manufacturing did affect the relaxation resulting from heat treating in 
this temperature range.  
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Temperature in °C Time in hours Method Relaxation in % Ref. 

400 4 XRD 23 [175] 

650 2 XRD + layer 
removal 

25-46 [124] 

650 2 XRD ~63 [175] 

700 2 XRD 3 - 66 [14] 

700 2 ND 10 - 50 [14] 

800 5 XRD 60-85 [126] 

900 2 XRD ~90 [100] 

1100 1/12 XRD ~92 [175] 

According to ASM International, heat treating austenitic steels is not advisable 
unless the part is used in environments that may promote stress corrosion [46]. Now 
the dilemma becomes clear as the PBF-LB/M process induces residual stress close to 
the yield strength of the material (see subchapter 2.2.4). Changing the process 
parameters may reduce the magnitudes (see subchapter 2.2.5) but still high residual 
stress remains in the part. Performing stress relieve heat treatments is one option to 
reduce the residual stress but it needs to be balanced against the microstructural 
and the related mechanical property changes. A few studies reported relaxation 
values of the surface and subsurface residual stress in PBF-LB/M/316L [14, 100, 124, 
126, 175]. The approach taken often involved determining the residual stress in small 
specimens or extracted volumes from larger parts. In both cases, the residual stress 
magnitudes are low compared to the as-built condition. Since the relaxation 
depends on the stress magnitude, the impact of the specimen preparation must be 
considered. Moreover, most of the relaxation data reported is related to heat 
treatment temperatures below the 900 °C indicated by ASM International for the 
full stress relief for welded austenitic steels [46]. Especially the range between 800 °C 
and 900 °C is of interest, as it correlates with a faster dissolution of the cellular 
structure. Additional measurements, ideally performed in the volume (bulk residual 
stress relaxation data remains scarce) and within the same specimen (avoid 

Table 2.3: Residual stress relaxation in PBF-LB/M/316L reported in the literature. 
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specimen to specimen scatter) should be performed to validate and extend the 
current state of knowledge.  
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2.4 Conclusions from the state of the art 

The following gaps were identified based on the state of the art: 

1. The diffraction-based assessment of the residual stress in the PBF-LB/M
austenitic steel 316L is still based on the approach related to conventionally
processed 316L. The (311) lattice plane is assumed to best describe the
macroscopic residual stress as it is expected to accumulate minor levels of
microstrain. This has however not been shown for PBF-LB/M/316L.

2. The determination of the residual stress requires the diffraction elastic
constants to link the lattice strains to the macroscopic residual stress.
These are currently calculated using single crystal elastic constants from
conventional austenitic steel and tabulated using the Kröner grain
interaction model. Since the diffraction elastic constants are closely linked
to the microstructure further experiments need to be undertaken to show
the degree of agreement between experimental data and model.

3. The results reported in the literature show that the residual stress at the
surface is lower than the simulated values, which were predicted to be as
high as the material’s yield strength. This effect may be attributed to the
surface roughness. The high roughness tends to result in underestimated
residual stress values. However, many studies addressing the influence of
process parameters or post processes use surface residual stress values.
Thereby, the influence of the surface roughness is not yet widely
considered or understood. It is key to include systematically surface
roughness measurements when performing experiments.

4. The residual stress is clearly affected by the geometry. The geometry of
the part defines its stiffness, the restraint to shrinkage and the thermal
gradients. These aspects affect the residual stress formation. Most of the
studies reported in the literature do not address the part geometry. In
several cases too many part dimensions are changed at once, which makes
it difficult to allow clear conclusions regarding the residual stress to be
drawn. A systematic study showing the influence on the residual stress by
changing just one dimension i.e. varying the restraint to shrinkage e.g. the
thickness, the length or the height has not yet been performed.

5. Most of the residual stress studies were performed on small geometries
(cubes with an edge length of 10 mm to 20 mm). The question remains
unanswered whether this design allows the transfer of the findings to
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larger components. In fact, findings in the literature show that the 
geometry influences the thermal history and as such it appears necessary 
to analyse the residual stress in larger structures. A guideline to be used 
can be the 40 mm height of a recently proposed process-part performance 
qualification artifact specimen.  

6. The influence of process parameters and scanning strategies on the
residual stress has been heavily investigated in the literature. Thereby, the
importance of the heat input has been highlighted. A factor yet only
scarcely understood and investigated is the ILT, which defines the time to
illuminate a powder layer and the recoating of a fresh layer. The ILT is
inherently linked to the PBF-LB/M process. When building parts with
varying thicknesses or changing the number of specimens manufactured
in a build job, the ILT changes and consequently the heat input. Therefore,
the residual stress may also be altered. No studies to date investigate the
relation between the ILT and the residual stress in PBF-LB/M/316L.

7. The PBF-LB/M process is characterised by a vast process parameter space,
which influences the residual stress. Optimizing the process parameters
(e.g., scanning strategy, powder bed preheating) may reduce the residual
stress. Nonetheless, adequate post-process stress relief heat treatments
remain necessary as additional option to reduce the residual stress.

8. The influence of stress-relieve heat treatments was analysed in a broad
temperature range (400 °C – 1100 °C). The key temperature range between
800 °C and 900 °C corresponding to the dissolution of the characteristic
cellular structure was, however, sparsely investigated. The solidification
subgrain cellular structure may influence the thermally activated stress
relaxation mechanisms. The link between the cellular structure dissolution
and the residual stress relaxation needs to be understood to permit a read
across to the stress relieve heat treatments employed for welded
austenitic steels.

9. The relaxation results reported to date are based on the relaxation of
surface residual stress. The few studies available performed relaxation
tests on post processed surfaces and extracted volumes from larger
specimens. The two approaches alter the residual stress as well as the
dislocation structures. A relaxation of ~30 % was reported for a heat
treatment at a temperature at which no microstructure nor mechanical
property changes were observed. These values need to be taken with care
as the relaxation of a post processed surface residual stress may not be
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representative of the as-built PBF-LB/M residual stress. Furthermore, a 
discrepancy between the relaxation values obtained from the surface and 
from the subsurface or bulk values was reported. The relaxation of bulk 
residual stress remains scarcely investigated but is necessary to validate 
the surface relaxation values.  

The following objectives and tasks have been derived based on the above 
summarized gaps in the literature. 
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2.5 Objectives and tasks 

The overarching goals of this study are: (I) to verify which lattice plane to use for 
the calculation of the macroscopic residual stress, (II) to provide the full through 
thickness characterisation of PBF-LB/M structures, (III) to analyse the influence of 
the process parameters ILT, and (IV) to analyse the effect of stress-relieve heat 
treatments.  

The study is carried out using the austenitic stainless steel 316L. The formidable 
gain in yield strength and retention of high levels of ductility and the versatility 
through the good corrosion properties explain the large amount of research 
performed on this alloy processed by PBF-LB/M. However, based on the literature 
review fundamental questions regarding residual stress remain unanswered which 
are targeted by the goals (I)-(IV). The large elastic anisotropy, good scattering 
properties, and large residual stress make the alloy 316L suitable to analyse the 
impact of the following aspects on the residual stress: the variations of the residual 
stress due to geometrical changes and the influence of process parameters and 
post processes. The residual stress is assessed by X-ray and neutron diffraction. 
These methods possess the advantages being non-destructive and enabling the 
through thickness characterisation of the residual stress in a structure.  

The necessity to consider metallurgical, structural and process parameter aspects 
when assessing the residual stress leads to the identification of the following tasks 
(see Figure 2.28).  
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First, the surface and the microstructure of the PBF-LB/M/316L specimens are 
assessed (subchapter 4.1). The surface measurements hereby allow the 
comparison of surface residual stress values by avoiding the influence of the 
surface roughness. This analysis also provides the degree of transferability with 
the available literature on PBF-LB/M/316L. The microstructure and the surface 
analysis are important for the interpretation of the in-situ tensile neutron 
diffraction test (subchapter 4.2), to link the microstructure with the residual stress 
(subchapter 4.3), and for the comparison of the surface residual stress to assess 
the relaxation potential of the low temperature heat treatment (subchapter 4.5).  

Second, the micromechanical behaviour of PBF-LB/M/316L is assessed to provide 
a guideline on which lattice plane should be used to calculate the residual stress 
(subchapter 4.2). The outcome of this analysis impacts the subchapters 4.3 - 4.5 
(see the frame in Figure 2.28) as the choice of the lattice plane includes the 
diffraction elastic constants, which directly influence the magnitude of the residual 
stress. In connection with the microstructure and the surface analysis results, 
indications will be given to the wider residual stress community on how to assess 
the residual stress in PBF-LB/M structures.  

Third, the full characterisation of geometrically simple PBF-LB/M structures i.e. 
walls and prisms is performed (subchapter 4.3). These geometries are chosen as 

Figure 2.28: Overview of the result chapters, their interactions (indicated by 
arrows), and the employed experimental methods. The blue frame highlights the 
outcome of chapter 4.2, which gives indications on the determination of the 
residual stress.  
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there is currently no standard geometry (test artifact) that displays the complexity 
of PBF-LB/M designs. Therefore, to avoid the use of non-realistic geometries it is 
opted to use wall and tower shaped specimens. The change of individual 
dimensions and their influence on the surface, subsurface and bulk residual stress 
are analysed non-destructively. Moreover, the results are compared to the larger 
tower specimens (within subchapter 4.3 and with subchapter 4.4). This analysis 
will help to understand the size effect of the residual stress in PBF-LB/M 
structures.  

Fourth, the influence of the ILT on the residual stress is analysed (subchapter 4.4). 
The ILT defines the time necessary to recoat a fresh powder layer and the 
illumination of the layer. The heat input and the thermal gradients are affected by 
this parameter and, therefore, the resulting residual stress. The variation of the ILT 
is compared to the change of the scanning velocity, which is more widely studied. 
The outcome of this subchapter will indicate how the residual stress changes when 
manufacturing complex geometries with varying wall thickness or when changing 
the number of specimens in the build job.  

Fifth, the thermal relaxation of the residual stress is analysed (subchapter 4.5). 
Low and high temperature heat treatments are applied, which retain and dissolve 
the solidification subgrain cellular structure (subchapter 4.1). The influence of 
conventional heat treatments and their stress relaxation potential will be 
assessed. The cellular structure affects the relaxation mechanisms but is also the 
underlying source for the exceptional gain in yield strength of PBF-LB/M/316L. A 
key outcome is to give the wider scientific and industrial community knowledge on 
the stress relieving potential of various heat treatments.  



65 

Specimen Manufacturing and Characterisation Methods 

3.1 PBF-LB/M manufacturing parameters and specimen build positions 

All specimens were manufactured on the SLM Solutions 280HL (SLM Solutions 
Group AG, Lübeck, Germany) PBF-LB/M machine available at BAM. The build 
envelope of this machine is 280 mm × 280 mm × 360 mm and the machine is 
equipped with a single 400 W continuous wave ytterbium fibre laser.  

The AISI 316L specimens were manfuactured using commercial AISI 316L powder. 
The spherical powder was produced by gas atomization and the particle size 
distribution was D10 = 18 µm, D50 = 31 µm, and D90 = 18 µm. The chemical 
composition is given in Table 3.1.  

Figure 3.1: The PBF-LB/M machine SLM Solutions 280HL (SLM Solutions Group 
AG, Lübeck, Germany) used for the manufacturing of the 316L specimens.  
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Cr Ni Mo Mn Si C P S N Fe 

17.7 12.6 2.35 0.92 0.60 0.017 0.012 0.004 0.1 balance 

The specimens were manufactured using a meander stripe scanning strategy. The 
scanning vectors were aligned with the geometrical axes of the specimens. Each 
layer was offset by 90°. A schematic of the scanning strategy is shown in Figure 
3.2.  

The specimens characterised in this study were manufactured using either a layer 
thickness of 30 µm or 50 µm. The corresponding process parameters are listed in 
Table 3.2. The wall specimens used for the investigation on the influence of the 
geometry on the residual stress were manufactured using the process parameters 
for a layer thickness of 50 µm.  

Layer 
Thickness in 
µm 

Laser Power 
in W 

Laser Spot 
in mm 

Scanning Velocity 
in mm/s 

Hatch Distance 
in mm 

30 200 0.08 800 0.12 

50 275 0.08 700 0.12 

Table 3.1: Chemical composition of the AISI 316L powder in weight % measured by 
the manufacturer 

Figure 3.2: Meander stripe scanning strategy. The scanning vectors were aligned 
with X and Y and the rotation between each layer was set to 90°. 

Table 3.2: PBF-LB/M process parameters used to manufacture the AISI 316L 
specimens 
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The 50 µm specimens were also manufactured with variations in the ILT and the 
scanning velocity. This induces a change in the VED. The hatch distance and the 
scanning strategy remained constant. The different parameters are summarized in 
Table 3.3. Tower_65s_AB denotes the as-built condition of a twin specimen of 
Tower_65s.  

Specimen ID Build job 
ID 

Laser 
Power in 

W 

Scanning 
Velocity in 

mm/s 

VED in 
J/mm3 

Inter-Layer-
Time in s 

Tower_18s 10I02f 275 700 65 18 

Tower_65s_AB 012P18f 275 700 65 65 

Tower_65s 012P08f 275 700 65 65 

Tower_116s 011M05f 275 700 65 116 

Tower_116s_HV 011N03f 275 900 49 116 

Table 3.3: Specimens built with variations in inter-layer-time and scanning velocity 
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The build positions of the Tower specimens on the build plate are shown in Figure 
3.3. The scanning of the specimens started at the top left corner and finished and 
the bottom right corner. The same approach was used for the manufacturing of 
the SENB and wall specimens shown in Figure 3.4.  

The build positions of the SENB specimens (see dimensions in subchapter 3.2) and 
the build positions of the wall specimens from which the tensile specimens were 
extracted for the in-situ ND test (see subchapter 3.2) in Figure 3.4 a) and b) 
respectively. 

The build positions of the wall specimens are shown in Figure 3.5. The walls were 
manufactured on a build plate with larger specimens. The larger specimens were 
scanned first. Then, first the 9 mm specimens, second the 5 mm specimens and 

Figure 3.3: a) Build position of the specimens Tower_18s (ID: 010I02f), b) 
Tower_65s_AB and Tower_65s (IDs: 012P18f and 012P08f respectively), c) 
Tower_116s and Tower_116s_HV (IDs: 011M05f and 011N03f respectively). 

Figure 3.4: a) Build positions of the SENB A and SENB B specimens, and b) the walls 
for the in-situ ND tensile specimens. 
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third the 2 mm specimens were scanned. The red arrows indicate both the 
specimens, on which the subsurface residual stress was investigated and also the 
surface where the depth profiles were performed on Figure 3.5.  

Figure 3.5: Build positions of the wall specimens. The green arrows indicate the 
specimens in which the bulk residual stress was investigated, and the red arrows 
indicate the specimens in which the subsurface residual stress was investigated 
(more details are given in subchapter 3.9.2). 
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3.2 PBF-LB/M specimen dimensions 

Once the specimens were built and reached room temperature, the specimens were 
removed from the build plate by saw cutting. Three different geometries analysed 
in this study are exemplarily shown in Figure 3.6. The dimensions of the walls 
(Figure 3.6 a) and b) are detailed in Table 3.4. The Tower shaped specimens had the 
dimensions shown in Figure 3.6 c).  

Figure 3.6: a) and b) wall specimens 5mm_13mm and 9mm_26mm, and c) large as-
built specimen. All dimensions are in mm.  
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Specimen ID X in mm Y in mm Z in mm 

2mm_13mm 13 2 40 

2mm_26mm 26 2 40 

5mm_13mm 13 5 40 

5mm_26mm 26 5 40 

9mm_13mm 13 9 40 

9mm_26mm 26 9 40 

The specimen shown in Figure 3.6 c) was used with no further post-processing (as-
built) for the comparison of the residual stress with the walls (see subchapter 
4.3.2). Furthermore, a set of specimens was heat treated (see subchapter 3.3) for 
the extraction of the Tower specimens and the single edge notch bend (SENB) 
specimens. The geometry of the SENB specimen is shown in Figure 3.7. The SENB 
specimens are used to investigate the crack propagation behaviour. While this test 
was not performed in this study, it was part of the cross-cutting initiative on the 
aging of PBF-LB/M/316L at BAM. In this study, this geometry was chosen to 
analyse the subsequent post-process heat treatments detailed in subchapter 3.3.  

The Tower specimens were extracted by wire-EDM (WEDM) from the specimen 
shown in Figure 3.6 c). The height was reduced to 74 mm for the Tower_65s_AB 
and the Tower_65s specimens through multiple cuts (see Figure 3.16). The 

Table 3.4: Wall dimensions and ID 

Figure 3.7: a) Technical drawing of the SENB specimens with the position of the ND 
measurement plane and b) detail A showing the location of the WEDM notch. All 
dimensions are in mm. 
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Tower_18s, the Tower_116s, and the Tower_116s_HV specimens height was reduced 
to 68 mm, as two additional 3 mm slices were removed by WEDM to retrieve the 
stress-free reference cubes (see subchapter 3.7.2). 

The tensile test specimens used for the in-situ diffraction test were extracted from 
80 mm x 80 mm x 80 mm PBF-LB/M walls using a layer thickness of 30 µm (see 
process parameters in Table 3.2). The dimensions of the tensile test specimen are 
shown in Figure 3.8.  

Figure 3.8: Dimensions of the tensile test specimens for the in-situ tensile test 
neutron diffraction experiment. The dimensions were taken from the sample 
environment of the ENGIN-X instrument [178]. 
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3.3 PBF-LB/M post-processing 

As mentioned before, the specimens were heat treated at 450 °C for 4 hours on 
the build plate (except the specimens for the investigation in as-built condition i.e., 
the walls and one large specimen, see Figure 3.6 c). This step is performed to avoid 
the distortion of the specimens upon the removal from the build plate. According 
to ASM International, this temperature and holding time followed by slow cooling 
can be used to reduce peak residual stress [46]. Additionally, the heat treatment 
temperatures 800 °C and 900 °C were subsequently used on the SENB specimens. 
Gas quenching was used to reduce the risk of extensive carbide precipitation. The 
summary of the heat treatments is shown in Table 3.5. The HT2 and HT3 were 
applied to the SENB specimens already having received HT1.  

ID 
HT 

Time in 
h 

Temperature in 
°C 

Heating rate in 
°C/min 

Cooling rate in 
°C/min  

HT 
atmosphere 

HT1 4 450 4 2 argon 

HT2 1 800 10 gas quenched vacuum 

HT3 1 900 10 gas quenched vacuum 

3.4 Optical and scanning electron microscopy 

The microsections for the optical microscopy (OM) and scanning electron 
microscopy (SEM) were cut from the specimens using a gravity saw. The samples 
were then cold embedded using the epoxy resin Epofix (Struers GmbH, Willich, 
Germany). The preparation of the microsections for the optical and SEM 
investigations followed the sequence as detailed in Table 3.6. The polishing steps 
were performed using diamond and oxide polishing suspension (OPS).  

Table 3.5: Investigated heat treatment (HT) strategies and associated heating and 
cooling rates 
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Investigation Grinding/ Grit Polishing Etching 

OM 
320, 500, 800, 
900, 1200 

6 µm, 3 µm, 1 µm, 
OPS 

Beraha II (800 ml H2O, 400 ml 
HCl, 48 g NH4HF2) 

SEM 
180, 320, 600, 
1200 

3 µm, 1 µm, OPS 
Bloech & Wedl II (50 ml H2O, 
50 ml HCl, 0.6 g K2S2O5) 

The SEM was performed on a Leo Gemini 1530 VP (Carl Zeiss Microscopy GmbH, 
Jena, Germany) system equipped with a EBSD detector e−FlashHR+ (Bruker 
Corporation, United States). The acquisition, indexing and post-processing was 
accomplished in the software package ESPRIT 1.94 (Bruker Corporation, Billerica, 
Massachusetts, United States). The acquisition parameters were: 16.5 mm working 
distance, 20 kV acceleration voltage, 70° cross section tilt (EBSD), 2 µm pixel size, 
approximately 10 nA beam current and a pattern size of 160 × 120 pixels. The EBSD 
investigation of the 30 µm layer specimens was carried out using a step size of 
3.89 µm.  

Table 3.6: Microsection preparation steps for OM and SEM 
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3.5 Surface roughness measurements 

The surface roughness was measured in alignment with the standard ISO 11562 
[179]. The contact profilometer Hommel T8000 equipped with a TKL300 probe was 
used and the results were assessed with the Turbo Wave V7.59 software (Jenoptik 
Industrial Metrology GmbH, Villingen-Schwenningen, Germany). The 
measurements were performed along four lines of 10 mm length along X and Y at 
Z = 37 mm (see Figure 3.16 c) and d). The spacing was 133 µm. The surface 
roughness measurements were performed on the specimens Tower_18s, 
Tower_65s, Tower_116s, and Tower_116s_HV.  

The surface roughness of the 2mm_26mm, the 5mm_26mm and the 9mm_26mm 
specimens was measured using a MarSurf CM expert confocal microscope 
(NanoFocus AG, Oberhausen, Germany) at 10 mm along the BD from the position 
of the layer removal (see Figure 3.15).The images were taken at a magnification 
20× with the objective 800XS. The arithmetic mean height (Sa) was calculated 
using the software µsoft (NanoFocus AG, Oberhausen, Germany) according to ISO 
4288 [180]. The area used for the calculation was 2 mm × 2 mm.  

3.6 In-situ thermography measurement 

The in-situ thermography measurements were performed using the ImageIR8300 
camera (InfraTec GmbH, Dresden, Germany). The camera has a spectrum covering 
the mid-infrared spectral region. The objective used had a focal length of 25 mm. 
The set-up was positioned above the PBF-LB/M machine. The view path is guided 
via mirrors. The resolution was 420 µm/pixel and the acquisition frame rate was 
600 Hz. The subwindow size was 160 x 200 pixels. Further details of the set-up 
were reported in [157]. 

The region of interest was set in the middle of the specimen (X=Y= 0 mm) at Z = 
34 mm of the Tower_18s, the Tower_116s, and the Tower_116s_HV specimens 
(dimensions of the specimens shown in Figure 3.16 c). The calculation of the 
temperature using the infrared signal is detailed in [181] and used the parameters 
shown in Table 3.7. An average temperature was calculated based on 40 layers 
(corresponds to the size of the gauge volume used in the ND experiment, see Table 
3.9). The average of all layers was calculated by first filtering the raw data using a 
running average filter of 50 ms for each layer and second normalizing the time 
(peak temperature in each position in the gauge volume at the time t = 0 s). 
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Specimen Black body 
calibration 
range [K] 

Integration 
time [µs] 

Surface 
emissivity 

Build 
chamber 
temperature 
[°C] 

Converted 
calibration 
range [K] 

Tower_18s 573 - 873 46 0.23 37.0 721 - 1221 

Tower_116s, 
Tower_116s_HV 

473 – 673 186 0.23 41.7 575 - 877 

Table 3.7: Calibration parameters used for the temperature calculation using the 
infrared signal.  
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3.7 Diffraction based residual stress assessment 

As described in subchapter 2.2.2, the diffraction based residual stress assessment 
makes use of Bragg’s law to calculate the lattice spacing and subsequently the 
lattice strain and the stress. The connection between the lattice strain and the 
differences in the residual stress determination using laboratory X-ray and neutron 
diffraction is the focus of the following subchapter.  

3.7.1 X-ray diffraction based residual stress assessment

The equations 2. and 3. describe the connection between an arbitrary direction of 
strain 𝜀𝜑,𝛹 and the components of the stress tensor describing the stress in a 

volume. The reader is referred to [182] for a detailed derivation of the above-
mentioned equations. The strain 𝜀𝜑,𝛹 along the measurement direction defined by 

the angles 𝜑 𝑎𝑛𝑑 𝛹 can be calculated from: 

𝜀𝜑,𝛹 = 𝜀11𝑐𝑜𝑠2𝜑𝑠𝑖𝑛2𝛹 + 𝜀12 sin 2𝜑 𝑠𝑖𝑛2𝛹 + 𝜀13 cos 𝜑 sin 2 𝛹 +

𝜀22𝑠𝑖𝑛2𝜑𝑠𝑖𝑛2𝛹 + 𝜀23 sin 𝜑 sin 2𝛹 + 𝜀33𝑐𝑜𝑠2𝛹

(𝑒𝑞𝑛. 6) 

When applying the generalized Hooke’s law, the relationship between stress and 
strain is obtained from: 

𝜀𝜑,𝛹 =
1

2
𝑠2(𝜎11𝑐𝑜𝑠2𝜑𝑠𝑖𝑛2𝛹 + 𝜎22𝑠𝑖𝑛2𝜑𝑠𝑖𝑛2𝛹 + 𝜎33𝑐𝑜𝑠2𝛹) +

1

2
𝑠2(𝜎12 sin 2𝜑 𝑠𝑖𝑛2𝛹 + 𝜎13 cos 𝜑 sin 2𝛹 + 𝜎23 sin 𝜑 sin 2𝛹) +

𝑠1(𝜎11 + 𝜎22 + 𝜎33) 

(𝑒𝑞𝑛. 7) 

whereby the strains 𝜀𝑖,𝑗; 𝑖, 𝑗 = 1, 2, 3 and stresses 𝜎𝑖,𝑗; 𝑖, 𝑗 = 1, 2, 3 describe the 

symmetric 2nd rank strain and stress tensor in a homogenous and isotropic 
material. The relationship between strain and stress assumes isotropic properties 
in a homogenous material (depth of X-ray penetration). Assuming that no shear 
stresses are present 𝑒𝑞𝑛. 2 can be reduced to:  

𝜀𝜑,𝛹 =
1

2
𝑠2((𝜎𝜑 − 𝜎3)𝑠𝑖𝑛2𝛹 + 𝜎3) + 𝑠1(𝜎1 + 𝜎2 + 𝜎3) (𝑒𝑞𝑛. 8) 

The stress component normal to the surface 𝜎3 is assumed to be zero based on the 
low depth of penetration of the laboratory X-rays (see subchapter 2.2.1). The 
formula 𝑒𝑞𝑛. 4 is furthermore simplified for the azimuth 𝜑 = 0° and 𝜑 = 90° to: 
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𝜀0,𝛹 =
1

2
𝑠2𝜎1𝑠𝑖𝑛2𝛹 + 𝑠1(𝜎1 + 𝜎2) (𝑒𝑞𝑛. 9) 

𝜀0,𝛹 =
1

2
𝑠2𝜎1𝑠𝑖𝑛2𝛹 + 𝑠1(𝜎1 + 𝜎2) (𝑒𝑞𝑛. 10) 

using the DEC 𝑠1 and 𝑠2 (see definition in subchapter 2.2.2). When measuring the 
lattice spacing 𝑑 for different 𝑠𝑖𝑛2𝛹 values, one obtains  

𝜎𝜑 =
1

𝑑0

1

1
2

s2

𝜕𝑑𝜑,𝛹

𝜕𝑠𝑖𝑛2𝛹 (𝑒𝑞𝑛. 11) 

The distribution of the lattice spacing against 𝑠𝑖𝑛2𝛹 is linear for quasiisotropic 
materials. The slope of this line is proportional to the residual stress Shear stress, 
𝜎3 gradients along the depth, texture or plastic deformation may affect the 
linearity [52]. 

3.7.2 Neutron diffraction based residual stress assessment 

One of the major differences between neutrons and laboratory X-rays is the large 
difference in penetration depths. Neutrons are suited to determine the residual 
stress in the bulk, as they interact with the atom nuclei instead of the electron 
shells in case of the X-rays. Moreover, the use of neutrons permits to define cubic 
gauge volumes (provided a suitable reflection is chosen) i.e., the same material 
volume will be analysed for each measurement directions.  

The stress tensor (𝜎̿) and the strain tensor (𝜀)̿ are related via the stiffness tensor 

(𝐶̿) and the elastic compliance tensor (𝑆̿). The strain tensor has six unknown 
components, which need to determined using at least six measurement directions 
[61]. The calculation of the strain 𝜀𝑖  along three orthogonal directions (X, Y, and Z) 
from: 

𝜀𝑖 = 
𝑑𝑖 − 𝑑0

𝑑0
 ; 𝑖 = 𝑋, 𝑌, 𝑍 (𝑒𝑞𝑛. 12) 

with the lattice spacings 𝑑𝑖  in the corresponding directions is necessary to 
subsequently calculate the respective stress using equation 13. However, this 
approach does not consider any shear components i.e., the orthogonal directions 
chosen are assumed to correspond to the principal stress directions.  
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Furthermore, the stiffness and the elastic compliance tensors can have up to 36 
independent components, which would make the calculation of the stress from 
measured strains a difficult task [61]. Therefore, in most engineering applications 
isotropic material properties are assumed, which renders the simplified form to 
calculate the residual stress using equations 13 [61]. The residual stress is then 
calculated using Hooke’s law for triaxial stress according to:  

𝜎𝑖 =
𝐸ℎ𝑘𝑙

(1 + 𝜈ℎ𝑘𝑙)(1 −  2𝜈ℎ𝑘𝑙) 

[ (1 − 𝜈ℎ𝑘𝑙)𝜀𝑖

+ 𝜈ℎ𝑘𝑙(𝜀𝑗 + 𝜀𝑘)] ; 𝑖, 𝑗, 𝑘 = 𝑋, 𝑌, 𝑍

(𝑒𝑞𝑛. 13) 

When using Time-of-Flight (TOF) sources, the wavelength of each neutron can be 
related to its TOF 𝑡ℎ𝑘𝑙 . This is the time elapsed after passing the choppers (system 
to define a neutron pulse with a defined range of wavelengths) until the detection 
at the detector. Using Bragg’s Law (𝑒𝑞𝑛. 2) the lattice spacing 𝑑ℎ𝑘𝑙 can be 
calculated from:  

𝑑ℎ𝑘𝑙 =
ℎ𝑡ℎ𝑘𝑙

2 𝑠𝑖𝑛(𝜃𝐷) 𝑚𝐿
(𝑒𝑞𝑛. 14) 

In knowledge of ℎ Planck’s constant, 𝑚 the mass and 𝐿 the path length from the 
choppers to the detectors. When averaging over multiple diffraction peaks e.g. 
Pawley refinement, the lattice parameter is calculated [61]. The calculation of the 
residual stress is analogue to using the lattice spacing but uses the lattice 
parameter a and the lattice parameter corresponding to the stress-free reference 
𝑎0 (see 𝑒𝑞𝑛. 12 and 𝑒𝑞𝑛. 13). However, analysing the residual stress using the 
lattice parameter provides an approximation of the bulk residual stress and avoids 
the influence of remaining type II residual strains [61]. A diffractogram of a TOF 
neutron source is shown in Figure 3.13 b).  

The stress-free reference 𝑑0 is of major importance when calculating residual 
stress using neutron diffraction. In contrast to the 𝑠𝑖𝑛2𝛹 approach using 
laboratory X-ray diffraction, errors in the order of 10-4 nm in the 𝑑0 values increase 
the residual stress magnitudes by 170 MPa in the principal stress directions [52]. 
When assuming 𝜎3 = 0 (e.g. 𝑠𝑖𝑛2𝛹 method using laboratory X-ray diffraction) the
𝑑0 values can vary in the order of 10-3 nm without inducing significant errors in the 
residual stress values. In case of neutron diffraction, various approaches to obtain 
𝑑0 are detailed in [101]. In general, the aim is to extract a small material volume 
from the specimen which has dimensions aligned to the gauge volume used. It is 
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then assumed, that the macroscopic residual stress (type I) has been relaxed and 
that the chemical and phase distribution is comparable to the material 
investigated. This means that neutron diffraction is not fully non-destructive and 
often twin specimens are used to obtain a 𝑑0 value. The reader is referred to [82, 
83] for more details. The strategies to obtain appropriate 𝑑0 values in this study
are summarized in Table 3.16.

In this investigation the residual stress directions will be defined as shown in Figure 
3.9: σX refers to the residual stress direction along the length of the specimen 
(in X), σY refers to the residual stress direction along the thickness of the specimen 
(in Y), and σZ refers to the residual stress direction along the BD of the specimen 
(in Z).  

Throughout the experiments, the measurement orientations were aligned with the 
geometrical axes of the specimens (Figure 3.10). To obtain a diffraction peak in 
each direction and a total of three measurement orientations, the specimens 
needed to be rotated accordingly. The measurement directions and orientation of 
the specimen during the experiment is given in Figure 3.10.  

Figure 3.9: Definition of the residual stress directions with respect to the geometry 
of the PBF-LB/M structures. 
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Figure 3.10: a) orientation of the specimen and scattering vector and corresponding 
direction of 𝜎X, b) of 𝜎Y, c) and of 𝜎Z.  
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3.8 X-ray and neutron diffractometers 

This chapter details the different X-ray and neutron diffractometers used for the 
non-destructive determination of the residual stress in the laser powder bed fused 
stainless steel 316L.  

3.8.1 Xstress G3 mobile X-ray diffractometer 

The surface residual stresses were determined using the Xstress G3 mobile 
diffractometer (StressTech Oy, Vaajakoski, Finland). A photograph of the 
instrument is shown in Figure 3.11. The G3 diffractometer is equipped with position 
sensitive line detectors. The measurement is performed according to the sin2χ 
method. The X-ray tube and apparatus thereby rotates instead of the specimen. 
The measurements and the calculation of the residual stress is performed using 
the software XTronic (StressTech, Oy, Vaajakoski, Finland).  

Depth profiles can be performed by electropolishing material layers and 
subsequently determining the residual stress. The electropolishing systems 
MovilPol-3 (Struers GmbH, Willich, Germany) and Kristall 650 (ATM Qness GmbH, 
Mammelzen, Germany) were used to perform the layer removal. The initial 
thickness of the specimen was set as Z = 0 mm and after each layer removal, the 
depth was measured using a dial indicator (Digimatic dial indicator ID-C series 543-
471 B, Mitutoyo Deutschland GmbH, Berlin, Germany). Thereby a voltage of 20 V or 
30 V (depending on the system) was applied for a duration of 10 seconds. The 

Figure 3.11: Xstress G3 mobile diffractometer (StressTech Oy, Vaajakoski, 
Finland). 
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electropolishing solution is composed of 550 ml saturated saline solution (NaCl 
359g/l at room temperature), 150 ml H2O, 200 ml Ethylene glycol C2H6O2 and 100 ml 
Ethanol C2H6O. Due to the nature of the measurement approach (manual system), 
each electro polishing step did not lead to identical material removal steps. 

The parameters for the acquisition of the diffraction peaks and the calculation of 
the surface and subsurface residual stress are shown in Table 3.8. The position 
sensitive detectors were set at an angle of 152° corresponding to the diffraction 
angle of the (311) lattice plane. The corresponding DECs were calculated using the 
Kröner model with the XEC software [183]. The parameters were kept constant 
throughout the investigation.  
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Measurement 
mode 

sin2Ψ 
Collimator diameter in 

mm 
2 

Current in mA 6.7 
Young’s modulus E (311) 

in GPa 
184 

Voltage in kV 30 Poisson’s ratio ν (311) 0.294 

Radiation MnKɑ Acquisition time in s 5 

Reflection / 2θ in 
° 

Fe – 311 / 152 Background fitting hyperbola 

Ψ – angle range 
in° 

-45 to 45 Peak fitting Pearson VII 

Ψ – tilt in steps 19 
Background reduction in 

% 
20 

3.8.2 Residual stress assessment with angular-dispersive neutron 
diffractometers 

The characterisation of the residual stresses (subchapters 4.3, 4.4 and 4.6) was 
performed on the angular-dispersive neutron diffractometers E3 at the Helmholtz 
Zentrum Berlin (Berlin, Germany) and strain analyser for large scale engineering 
applications (SALSA) at the Institut Laue-Langevin (Grenoble, France) [184, 185]. 
General information on the instrument set-up for this study is given in Table 3.9.  

Instrument Target 
reflection 

Diffraction 
angle 2𝜃 in ° 

Wavelength 
in nm 

Gauge volume 
in mm3 

Counting 
time in min 

E3 311 86 0.1471 8 (cubic) 12-20

SALSA 311 103 0.16 8 (cubic) 4-12

Table 3.8: XRD diffractometer acquisition and residual stress calculation 
parameters. 

Table 3.9: General information of the measurements at the angular-dispersive 
neutron diffractometers E3 and SALSA 
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The collimation depends on the set-up and whilst a combination of slits and one 
collimator is used for E3, only collimators were used for SALSA. The counting times 
depend heavily on the specimen geometry and the neutron source and instrument 
set-up. The two set-up sketches and a picture of SALSA are shown in Figure 3.12.  

The analysis of the diffraction pattern acquired at E3 is performed using the 
software StressTextureCalculator [186]. For the correct fitting of the lattice 
spacing, the sample-detector distance was set to 1120 mm and the pixel size to 
1.17 mm. When fitting the diffraction peak, the background area (angular range) 
needs to be extracted from the full diffraction peak. The angular range used was 
82° to 89°. The extracted background was set as linear and subtracted from the 
diffraction pattern. The peaks were fitted using a gaussian profile. Additionally, 

Figure 3.12: a) Set-up E3, b) Set-up SALSA and c) picture of SALSA with mounted 
specimens. The set-up sketches highlight the position of the area detectors (D), 
the collimators (C, S, P1 and P2) and the scattering vector q. 
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due to a small crack in the monochromator of E3, the resulting shoulder in the 
diffraction peak was fitted as individual peak. This step was necessary to not affect 
the position of the diffraction peak used for the subsequent residual stress 
calculation.  

The analysis of the neutron diffraction data acquired at SALSA is done using the 
software suite LAMP [187]. Each experiment requires a calibration file provided by 
the instrument scientist. The calibration of the instrument ensures that the optics 
are aligned with the centre of diffraction (centre of mass of the gauge volume). 
The individual peaks were then fitted using a gaussian profile and by assuming a 
flat background (subchapter 4.4) and a background file (subchapter 4.5). The 
background was fitted using a reduced angular range of approximately 99° to 
107°.The residual stress was calculated using the diffraction elastic constants given 
in Table 3.8.  

3.8.3 Residual stress assessment with the Time-of-Flight diffractometer 
ENGIN-X 

The characterisation of the residual stress (subchapters 4.3, 4.6.2) was performed 
on the TOF diffractometer ENGIN-X at the ISIS Neutron and Muon Source (Harwell, 
United Kingdom). General data of the experiment and the software used for the 
data are summarized in Table 3.10.  

Wavelength 
range in nm 

TOF window in µs Counting time in 
min 

Data analysis 

0.1-0.3 19000-40000 15-30 Open Genie [188] 

The ENGIN-X set-up is shown in Figure 3.13 a. The position of the detector banks is 
fixed in this experimental set-up. An example of a TOF diffractogram is shown in 
Figure 3.13 b).  

Table 3.10: ENGIN-X experiment general information on the set-up. 
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The analysis of the TOF diffractograms was performed using the open source 
software tool Open Genie [188]. This software calculates the lattice parameter (call 
function: analyze_scan) or the individual peaks (call function: analyze_scan/peaks). 

The software Open Genie makes use of the GSAS calculation routine whereby the 
lattice parameter is obtained from a Pawley refinement [93, 94]. When fitting the 
individual peaks, the shape of the diffraction peak is fitted using the convolution 
of an exponential and Voigt function [93].  

The residual stress was calculated using as Young’s modulus 196 GPa and 0.282 as 
Poisson ratio for the residual stress calculated using the lattice parameter (values 
reported in [189]).  

3.9 Measurement positions for the determination of the residual stress 

The following subchapters detail the measurement set-up and sequence for the 
in-situ tensile test performed at ENGIN-X (subchapter 4.2).  

3.9.1 In-situ tensile testing at the Time-of-Flight diffractometer ENGIN-X 

The in-situ tensile tests were performed on ENGIN-X using the uniaxial hydraulic 
rig (INSTRON 100 kN). The instrument set-up shown in Figure 3.14 a) is similar to 
the one in Figure 3.13 a). However, to analyse the evolution of the lattice parameter 
and individual lattice planes the gauge volume was set to 4 mm x 4 mm x 4 mm.  

Figure 3.13: a) ENGIN-X sketch showing the detector banks B1 and B2, the 
collimators C, the slits S, and the diffraction vector q; b) TOF diffractogram. 
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Wavelength 
range in nm 

TOF window in µs Counting time in 
min 

Data analysis/ Pawley 
refinement 

0.1-0.3 12500-40000 10 Open Genie [188] 

In contrast to using a cube as stress-free-reference, the reference lattice parameter 
and lattice spacing to calculate the residual strain was acquired prior to the test at 
a load of 5 MPa. The strain was measured using an extensometer (INSTRON 

12.5 mm gauge length). The set-up and picture of the experiment is shown in 
Figure 3.14.  

Table 3.11: ENGIN-X in-situ tensile experiment general information on the set-up. 

Figure 3.14: a) Sketch of the ENGIN-X in-situ tensile test set-up (arrows denote the 
loading direction during the experiment). b) Mounted tensile specimen with 
attached extensometer. c) Picture of the ENGIN-X set-up for the in-situ tensile 
test. 
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The test sequence for the in-situ tensile tests is summarized in Table 3.12. In the 
elastic regime a diffraction pattern was acquired at each increment of 30 MPa. The 
experiment was switched from load control to displacement control after reaching 
the transition load (see Table 3.12). These load levels account for the different 
elastic behaviour of the vertically extracted specimen (V-specimen) and 
horizontally extracted specimens (H-specimen). The time to reach each increment 
was 10 seconds and the counting time of each diffraction pattern was 10 minutes. 
The unloading ramp was 120 seconds. The acquisition of the diffraction pattern 
started once the increment (either load or displacement) was reached.  

Specimen Transition 
load MPa 

Unload 
no.1 in 
MPa 

Unload 
no.2 in 
MPa 

Unload 
no.3 in 
MPa 

Unload 
no.4 in 
MPa 

Unload 
no.5 in 
MPa 

V-
specimen 

355 482 523 538 552 608 

H-
specimen 

390 540 564 580 595 670 

The diffraction elastic constants were calculated using the linear fitting tool in the 
OriginLab OriginPro 2019 software (OriginPro 2019, Version 9.6, OriginLab 
Corporation, Northampton, MA, USA). To compare the Young’s modulus values 
with simulation results, the fitting range was set to 0.15 % strain. The error of the 
Young’s modulus values is given by the error of the linear fit.  

Table 3.12: Test sequence showing the transition load level indicating the switch 
from load to displacement control and the load before each unloading step.  
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3.9.2 Surface and subsurface residual stress: measurement positions and depth 
profiles 

The measurement points for the determination of the surface and subsurface 
residual stress on the wall specimens are shown in Figure 3.15 and given in Table 
3.13. 

Specimen Measurement Step size Measurement 
directions 

2mm_26mm, 
5mm_26mm, 
9mm_26mm 

surface 6 mm (X and Z) σZ 

2mm_13mm, 
2mm_26mm, 
5mm_26mm, 
9mm_26mm 

subsurface 10-15 µm (Y) σZ, σX 

Figure 3.15: a) Picture of the 9mm_26mm specimen highlighting the position of the 
depth profile, b) measurement positions of the surface and subsurface residual 
stress in the 2mm_26mm, 5mm_26mm and 9mm_26mm specimens. 

Table 3.13: Measurement positions and directions on the wall specimen. 
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The measurement position for the determination of the surface residual stress 
were positioned on the lateral surfaces S1 to S4 as shown in Figure 3.16 a). The 
measurement points for the determination of the surface residual stress on the 
as-built specimen (see Figure 3.6 c) were positioned at the centre line and evenly 
distributed along Z as shown in Figure 3.16 b). General information on this 
measurement is given in Table 3.14.  

Step size in mm Measurement points Measurement directions 

5 21 𝜎𝑍 

The residual stress in the Tower specimens was determined on the positions shown 
in Figure 3.16 c) and d) corresponding to the surfaces S1 and S2. The summary is 
given in Table 3.15. The surface measurements for the investigation on the 
influence of the ILT (Tower_18s, Tower_116s, Tower_116s_HV) were only carried out 
on the position along X shown in Figure 3.16 c) and d). The influence of the low 
temperature heat treatment on the surface residual stress was determined using 
the measurement positions along Z in Figure 3.16 c) and d) as well as in X in Figure 
3.16 d). 

Figure 3.16: a) Blank specimen and description of the lateral surfaces, b) 
measurement positions along the build height, c) measurement on surface 1 (S1), 
d) measurements on surface 2 (S2) of the Tower specimens.

Table 3.14: Measurement positions and residual stress determination on the 
surface of the as-built Blank specimens. 
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Specimen Step size in mm Measurement directions 

Tower_65s_AB, 
Tower_65s 

8.75 σX or σY, σZ 

Tower_18s, Tower_65s, 
Tower_116s, 
Tower_116s_HV 

2.6-2.8 σX or σY, σZ 

Table 3.15: Residual stress determination on the surface of the Tower specimens. 
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3.9.3 Measurement positions for the bulk residual stress 

The characterisation of the walls was performed on SALSA (results in subchapter 
4.4). To characterize the walls, a smaller gauge volume was opted for compared to 
the other investigations. This decision was made to better describe the residual 
stress profiles. A trade-off between gauge volume size and counting times was 
made. The dimensions in which the strain was assumed to be nearly constant 
correspond to the gauge volume dimensions that were increased e.g. if the strain 
is homogenous in the build direction, the gauge volume in this direction can be 
increased. This approach results in the gauge volumes shown in Figure 3.17. The 
size of the gauge volume in Figure 3.17 b) and c) is identical but the specimen was 
rotated by 90° to maintain the resolution of the 0.6 mm collimator in the direction 
of the largest strain gradient (through the thickness, in the Y direction).  

In the 2mm_13mm specimen only the centre point (X=Y= 0 mm, Z= 20 mm) was 
fully immersed. Hence, the triaxial residual stress was only measured in this 
position. When the gauge volume is partially immersed data correction needs to be 
performed. Depending on the measurement orientation and the position of the 
gauge volume with respect to the surface, the correction of the position (location 
of the centre of mass of the gauge volume) and strain needs to be performed. The 
approach is detailed in the appendix A.I. This procedure was initially performed for 
the 5 mm and the 9 mm thick specimens, to ensure that the measurement 
positions and resulting strains were not affected by having a portion of the gauge 
volume outside of the specimen. The measurement positions for the 5 mm thick 
specimens are shown in Figure 3.18. The size of the diagram corresponds to the 
specimen cross-section.  

Figure 3.17: a) Tailored gauge volume when orienting the specimen in the vertical 
direction, b) in the horizontal direction (Z-Y plane) and c) in the horizontal position 
with a rotation by 90° (Z-X plane). 
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The measurement positions for the 9 mm thick specimens are shown in Figure 3.19. 

The characterisation of the full sized as-built blank specimen was performed on E3 
(results in subchapter 4.3.3). Five measurement lines with each six measurement 
positions were distributed in the specimen (see Figure 3.20 a). The gauge volume 
was 2 mm x 2 mm x 2 mm. The first measurement position for each measurement 
line was positioned 3.4 mm from the surface. A distance of 25 mm was set 
between the first and second measurement point (see Figure 3.20 b). The 
subsequent step size in Z was 15 mm. The step size in X was 6.5 mm. 

Figure 3.18: a) Neutron diffraction measurement position in the 5mm_13mm 
specimen, b) in the 5mm_26mm specimen. The measurement height was Z= 20 
mm. The gauge volume is not shown to scale.

Figure 3.19: a) Neutron diffraction measurement position in the 9mm_13mm 
specimen, b) in the 9mm_26mm specimen. The measurement height was Z = 20 
mm. The gauge volume is not shown to scale.
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The characterisation of the Tower_65s_AB was performed on ENGIN-X. The 
measurement positions are shown in Figure 3.21. The general experimental 
settings are given in Table 3.10. The gauge volume was 2 mm x 2 mm x 2 mm. The 
measurement points were positioned so that the gauge volume edge along the 
diagonal would touch the free surface.  

The measurement positions related to the characterisation of the specimens 
Tower_18s, Tower_116s and Tower_116s_HV are shown in Figure 3.22. The residual 
stress profile along the build direction was captured using a total of 13 
(14 for Tower_116s_HV) measurement positions (see Figure 3.22 b). The step size in 

Figure 3.20: a) Dimensions of the as-built blank and the measurement plane, b) 
measurement positions for the determination of the bulk residual stress.  

Figure 3.21: a) measurement planes in Tower_65s_AB and Tower_65s, b) 
measurement positions in the ZX plane, and c) in the XY plane. 
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Z was 5.2 mm. In the Z-direction, the distance from the top and bottom surfaces 
was 2 mm (Figure 3.22 b).  

3.9.4 Measurement positions for the stress relieve analysis 

The analysis of the stress relaxation after applying HT1 was performed using the 
residual stress distribution in Tower_65s (see Figure 3.21). The experiment settings 
are given in Table 3.10. The gauge volume was 2 mm x 2 mm 2.8 mm. The gauge 
volumes were positioned to touch the surfaces at the diagonal tip.  

The investigation of the influence of the stress-relieve treatments in the SENB 
specimens (results in subchapter 4.5.2) was performed on the two measurement 
lines with each four measurement positions (see Figure 3.23). The measurement 
lines were positioned in the notch plane of the SENB specimens. The experiment 
settings are given in Table 3.9. The gauge volume was 2 mm x 2 mm x 2 mm. The 
distance in Y between the two measurement lines was 2.8 mm. The step size in X 
between the measurement points was 3.6 mm. The gauge volume edges were at 
a distance of 0.2 mm from the surfaces.  

Figure 3.22: a) Dimensions of the as-built blank and position of the measurement 
plane, b) ND measurement positions along the height. The drawings are not to 
scale.  
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3.10 Stress free reference strategy 

The stress-free-references 𝑑0 used for the neutron diffraction beamtimes are 
shown in Table 3.16. In most cases, the 𝑑0 was taken from parent or twin material 
i.e. specimen from the same build job and identical manufacturing parameters.
These cubes were extracted using WEDM and no additional post-processing was
undertaken. The cubes are therefore assumed to represent the chemistry and
phase distribution of the investigated specimens. Furthermore, the residual stress
in the cubes is assumed to be very low. In addition, the cube dimensions were
chosen according to the gauge volume used for the residual stress determination.
Therefore, any remaining residual stress gradient is averaged. It is therefore
assumed that the cubes are an appropriate representation of the stress-free
material investigated. For the investigation of the influence of the additional HT1-
3, the 𝑑0 was calculated from (𝑒𝑞𝑛. 13) assuming zero residual stress in the Y-
direction (σY = 0 𝑀𝑃𝑎).

Figure 3.23: a) Simplified schematic of the SENB geometry and measurement 
plane A-Aˈ and c) ND measurement positions in plane. More details on the SENB 
geometry are shown in Figure 3.7.  
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Subchapt
er 

Specimen 𝑑0 approach 𝑑0 reference 
material 

Neutron 
Diffractometer 

4.2 HT1 
tensile 
samples 

5 MPa load Parent material ENGIN-X/ in-
situ 

4.4.1 As-built 
walls 

Cubes - 3 mm edge
length & 1 mm edge 
length 

Twin-specimen/ 
as-built 

SALSA 

4.4.1 As-built 
tower 

Cubes - 3 mm edge
length 

Twin-specimen/ 
as-built 

ENGIN-X 

4.4.3 As-built 
blank 

Cubes - 3 mm edge
length 

Twin-specimen/ 
as-built 

E3 

4.5.1 HT1 tower Cubes - 3 mm edge
length 

Parent material SALSA 

4.5.2 HT1 tower 

HT1-3 
SENB 

Cubes - 3 mm edge
length 

Cubes - 3 mm edge
length 

Twin-specimen/ 
HT1 

ENGIN-X 

E3 

Table 3.16: Stress free references used for the neutron diffraction beamtimes 
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Results and Discussion 

4.1 Material characterisation 

The aim of this chapter is to show that the microstructure of the PBF-LB/M/316L 
specimens is comparable with findings in the literature. Ultimately, the transfer of 
the knowledge acquired on the approach on how to determine the residual stress 
in PBF-LB/M/316L (chapter 4.2) as well as how to stress-relieve this material 
(chapter 4.5) is targeted. The microstructure investigation includes optical 
microscopy, scanning electron microscopy (subchapter 4.1.1) and electron 
backscattered diffraction in subchapter 4.1.2. Furthermore, results of the 
roughness variations depending on the specimen surface investigated are shown 
in subchapter 4.1.3.  

4.1.1 Optical and scanning electron microscopy 

In the optical microscopy pictures shown in Figure 4.1, the melt pool boundaries 
(orange arrows and lines) and layer boundaries (white dotted lines) are clearly 
visible and further highlighted in Figure 4.2 a). These microstructural features are 
typical of this manufacturing process [16]. In Figure 4.1 a) and b) the etching 
revealed a few features such as elongated grains and equiaxed grains forming a 
checkerboard pattern (green arrows in Figure 4.1 b). The former is typical for PBF-
LB/M microstructures, and the latter is a feature of the scanning strategy 
employed [190]. The two features will be further discussed in subsection 4.1.2. 
Moreover, a change in roughness depending on the surface is observed in Figure 
4.1 b). Whilst one side of the specimen features a wavy but smooth surface, the 
other surface appears very rough as partially molten powder particles and material 
bulging outwards are observed. The resulting surface roughness is further 
investigated in subchapter 4.1.3. 
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The microstructure displayed in Figure 4.2 a) and b) is a magnified view of the 
microstructure shown in Figure 4.1. The non-homogenous etching is a result of the 
microsection not being within one plane. A single plane can be defined by the track 
width, which is about the size of the laser spot ~80 µm (see process parameters in 
Table 3.2). Therefore, the melt pools appear in different shapes and sizes as 
indicated by the orange arrow in Figure 4.2 a). Moreover, a fine pattern is visible 
within the grains, which is further investigated by SEM in Figure 4.3. The etching 
of the microstructure gives insights on the elongated grains along the build 
direction in Figure 4.2 a), while equiaxed grains in the X-Y plane can be 
distinguished in Figure 4.2 b) . These features and a large <100> oriented grain (in 
Figure 4.2 b) are substantiated by the EBSD images in Figure 4.4 b). The equiaxed 
grains form a checkerboard pattern, which was also observed in other studies for 
PBF-LB/M/316L [6] as well as for PBF-LB/M/IN718 [98].  

Figure 4.1: a) microstructure of the 2mm_13mm specimen (see subchapter 3.1) in 
the build direction and b) in the cross section (X-Y plane). The orange arrows and 
dotted lines indicate melt pool boundaries. The green arrows indicate equiaxed 
grains.  
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As detailed in chapter 2.1, the grains and subgrain cellular structure of PBF-LB/M 
austenitic steel 316L grow along the main heat flow (approximately the BD). 
Depending on how the microsection is oriented with respect to the grain 
orientation, the cellular structure inside the grains appears either as fine elongated 
lines or as polygons (see BD cells in Figure 4.3 a) and b). This aspect is well described 
in [6]. This gives the characteristic microstructure shown in Figure 4.3 a) and b). 
Elongated grains in some cases grow through the melt pool boundaries (see Figure 
4.3 a). Besides the cellular substructure and melt pool boundaries, also a few pores 
(entrapped gas as indicated by the circular shape) are visible in Figure 4.3 b). The 
porosity in these specimens is very low (optical images of the wall specimens and 
porosity reported in [49] and [157]). Additional optical microscopy images confirm 
this observation (see A. 2).  

Figure 4.2: a) Magnified microstructure in build direction and b) in the X-Y plane. In 
a) arrows show grains growing through multiple layers. In b) equiaxed grain and 
<100> grains (validated in Figure 4.4 b) are highlighted.
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4.1.2 Electron backscattered diffraction 

The microstructure of the 2mm_13mm specimen was analysed along and 
perpendicular to the building direction using EBSD as shown in Figure 4.4 a). The 
colour code for the grain orientations is shown in Figure 4.4 a). The observations 
on elongated grains in the building direction and a checkerboard pattern in the 
plane perpendicular to the building direction are confirmed via EBSD in Figure 4.4. 
The grains grow through several layers (the layer thickness is 50 µm) as shown in 
Figure 4.2 a) and in Figure 4.4 a). Moreover, the continuous colour gradients in the 
grains indicate intragranular misorientation within the grains, which is linked to 
the solidification and the resulting cellular substructures. This observation was also 
reported in [5, 78]. Besides the elongated and large grains, smaller grains also occur 
between the laser tracks as shown in Figure 4.4 b).  

The pole figures in Figure 4.4 c) and d) indicate that the grains exhibit a preferred 
orientation in the <110> direction along the build direction. Furthermore, <100> 
grains tend to align with the scan vector in the Y-direction and to a lesser degree 
in the X-direction. This is in agreement with observations made in [49]. 
Furthermore, the (100) pole figure in Figure 4.4 d) agrees to some extent to the 
Goss texture characterised by <100> grains aligned with the scanning directions 
and at 45° of the building direction as described in [78]. The pole figures showing 
the microstructure of the specimens manufactured with a layer thickness of 30 µm 
(see A. 5) have better statistics as the data used was taken from much larger maps 
(one map of 1 mm x 0.75 mm for the wall specimens against four maps of 
4 mm x 3 mm for the 30 µm material). The indication of a Goss texture is 
substantiated whereas for the <110> a fibre texture in the build direction (see A. 5 

Figure 4.3: a) cellular structure in the Z-X plane and b) in the X-Y plane. BD cells 
either appear as fine lines in the Z-X plane or polygons in the X-Y plane.  
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e) is observed. In the <111> direction, the grains are rotated by 45° from the poles
in the wall specimens but aligned with the poles in the 30 µm material (see A. 5 e).

The ESBD images in Figure 4.5 correspond to the 9mm_13mm specimen. The same 
acquisition settings were employed. In both cases, the microstructure corresponds 
to the bulk of the specimen (the distances from the surface were ~700 µm for the 
2mm_13mm specimen and 1600 µm for the 9mm_13mm specimen). The increase 
in thickness affects the microstructure as the grains appear more ordered and 
exhibit a slightly more characteristic shape (reversed bell as also shown in [78]) in 
the building direction as shown in Figure 4.5 a). Though this may be an artefact of 
the microsection preparation, the grains in the 2mm_13mm specimen are much 
coarser and less randomly oriented than in the 9mm_13mm specimen. This may be 
resulting from different thermal gradients as observed in [191]. An increase of the 
thickness of PBF-LB/M/316L walls was found to lead to a larger number of coarse 
<110> oriented grains away from the surfaces [192]. The near surface texture was
observed to be random and grains were observed to nucleate at partially molten
powder particles at the surface [27, 192]. This may explain the subtle indication that
the grains appear to grow at an angle to the build direction in the optical
microscopy images in Figure 4.1 a).

Figure 4.4: a) EBSD image of the 2mm_13mm microstructure in build direction and 
b) in the X-Y plane and associated pole figures in c) and d). A grain with a preferred 
<100> orientation is highlighted in b).
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In 316L the primary growth directions are the <100> directions, which tend to align 
with the thermal gradient [10, 78]. For the PBF-LB/M of 316L and IN718 
(bidirectional scanning pattern), <100> grains were observed to lie 15° from the 
thermal gradient and creating a 90° angle between the layers [47]. Thus, the grain 
growth orientation is approximately at an angle of 45° degrees which leads to the 
“chevron” type of features in Figure 4.5 a). This microstructural feature was well 
described in [78, 193].  

The microstructures corresponding to the 316L PBF-LB/M specimens with a layer 
thickness of 50 µm and 30 µm (see A.II) agree well with findings reported in the 
literature [6, 49, 140]. The results describe the hierarchical microstructure, going 
from the molten pool boundaries, complex shaped grains to the cellular 
substructures. The elongated grains along the build direction and almost equiaxed 
grain shape (checkerboard pattern) perpendicular to the building direction are 
characteristic for PBF-LB/M/316L manufactured using a bi-directional scanning 
strategy [98]. The material does not exhibit a strong texture and the main findings 
<110> in the build direction and <100> perpendicular to the build direction and along
with the scanning vectors agree as well with reported findings in the literature [6]. In
addition, the presence of the cellular structure observed is a further indication that
the PBF-LB/M/316L in this study is comparable to other findings reported in the
literature. This also means that the results of this study are transferable in a broader
sense and that to some degree, that the processing of 316L PBF-LB/M leads to
repeatable microstructures with this scanning strategy. It is important to note that
the cellular substructure is composed by entangled dislocations, precipitates, and
chemical segregation (see the details in 2.1). The cellular structure is one part of the
motivation of this study, as the aim is to understand whether the presence of this
feature in combination with the complex grain shapes influences the
micromechanical behaviour and subsequently the approach on how to determine the
residual stress (see chapter 4.2). Furthermore, this feature is also expected to act on
the residual stress relaxation (see chapter 4.5).
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4.1.3 Surface roughness analysis 

The surface roughness of the 2mm_26mm, the 5mm_26mm, and the 9mm_26mm 
specimens is shown in Figure 4.6. The corresponding area roughness parameter is 
shown in Table 4.1. Though the specimens were manufactured with identical 
process parameters, the surface exhibits different topologies between the 
5mm_26mm specimen compared to the 2mm_26mm and the 9mm_26mm 
specimen. In Figure 4.6 a) and b), the step effect from the layer-by-layer 
manufacturing is clearly visible. The surface of the 5mm_26mm, however, does not 
exhibit similar features. In fact, the surface has features aligned with the build 
direction. The roughness parameter Sa of the 5mm_26mm specimen is thus two 

times higher than the 2mm_26mm and the 9mm_26mm specimens (see Table 4.1). 

Figure 4.5: a) EBSD image of the 9mm_small microstructure in build direction and 
b) in the X-Y plane and associated pole figures in c) and d).
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At the current stage it is not clear why the 5mm_26mm specimen exhibits a higher 
surface roughness. The position of this specimen (see Figure 3.5) was more central 
with respect to the build platform compared to the 2mm_26mm and the 
9mm_26mm specimen. This might have affected the laser inclination, which can 
change the local heat input. This effect was observed to affect the residual stress 
[142]. Since the process parameters, the scanning strategy, the inclination of the 
surface (towards the build platform) remained identical (these parameters were 
observed to affect the surface roughness [35]), no obvious reason apart from the 
different laser beam incidence angle was found to explain the difference in the 
roughness. Nevertheless, this result means that the surface residual stress of the 
5 mm thick specimens cannot directly be compared with the other two specimens 
due to the penetration depth of the X-rays.  

Although the specimen surface orientations are identical with respect to the build 
platform, changes in the position of the specimen on the build platform may 
influence the resulting surface roughness. The influencing variables are thereby 
manyfold. The PBF-LB/M process parameters build position, gas flow orientation, 
inclination of incident laser beam, scanning sequence, spattered powder [125, 142, 
195] are reported to influence the surface roughness.

2mm_26mm 5mm_26mm 9mm_26mm 

7 14 7 

The roughness of the Tower_18s as a function of the surface investigated is shown 
in Figure 4.7. The roughness profiles along two lines at half the height of the 

Figure 4.6: a) Surface roughness map of the 2mm_26mm specimen, b) of the 
5mm_26mm specimen, and c) of the 9mm_26mm specimen (Adapted from 
Adapted from [194]). 

Table 4.1: Surface roughness Sa in µm of the PBF-LB/M/316L wall specimens. 
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specimen are shown in Figure 4.7 a) and b). The average roughness Ra changes 

drastically from 6.4 µm to 15.3 µm. The results in Table 4.2 summarize variations 
of the surface roughness on the Tower specimens. The results show that each side 

of a specimen has a different surface roughness.  

On Tower_18s and Tower_116s the Ra values vary significantly. In case of 

Tower_18s, these changes are a multiple of the penetration depth of X-rays in 
austenitic steel 316L [60]. In Figure 4.7 b) the surface peaks and valleys go from 
+50 µm to -50 µm. This roughness profile shows that when determining the
residual stress via XRD, the calculated values are an average of the residual stress
in the roughness peaks. These roughness peaks in case of surfaces of PBF-LB/M
parts are in some cases partially molten powder particles [125]. Though the
roughness peaks contribute to the diffracted signal, they are assumed to be mostly
free of macroscopic residual stress as they are less restrained compared to the bulk
material. Hence the residual stress values are lower. Therefore, when probing the
residual stress at higher depths an increase in the stress values is observed,
independently of the processed alloy [125, 191]. The large number of different
effects affecting the surface may explain the variation in roughness of the
Tower_65s in as-built and heat-treated condition. Interestingly, increasing the
scanning velocity from 700 mm/s to 900 mm/s leads to similar values on all
surfaces as shown for Tower_116s_HV in Table 4.2.

No general trend was found based on the roughness measurements on the small 
(walls) and larger specimens (towers). However, since it is known that a higher 
roughness can lead to lower residual stress values in accordance with [11] (when using 
diffraction to determine the surface residual stress see subchapter 2.2.3), it is 
important to pair surface residual stress determination with surface roughness 
measurements. In the subchapters 4.3, 4.4, and 4.5 the surface residual stress in the 
wall and Tower specimens is investigated on surfaces having similar Ra values where 
applicable.  

Figure 4.7: a) Roughness measurement on the Tower_18s specimen, b) and c) show 
the roughness profiles of one measurement line on the surfaces S1 and S2. Refer 
to Figure 3.16 for surface definition. 
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Specimen Surface 1 Surface 2 Surface 3 Surface 4 

Tower_18s 15.3 6.4 8.3 13.2 

Tower_65s_AB 13.4 10.3 19.5 9.9 

Tower_65s 10.3 7.9 10.9 16.7 

Tower_116s 9.4 7.1 11.5 12 

Tower_116s_HV 11 11.6 11.1 13.2 

Table 4.2: Ra in µm at mid height of the Tower specimens. Standard deviation is 

below 1 µm. 
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4.2 Micromechanical behaviour of the laser powder bed fused 316L stainless 
steel 

This chapter aims at understanding in which way longstanding results concerning 
the determination of residual stress can be applied to the complex microstructure 
shown in chapter 4.1. In subchapter 4.2.1 the evolution of the lattice plane strains 
of the V-specimen and the H-specimen is analysed. In subchapter 4.2.2 the 
accumulation of intergranular strain is determined. In subchapter 4.2.3 the 
diffraction elastic modules are presented and compared to grain interaction 
models. Based on the results of this chapter, suggestions on how to calculate the 
residual stress in PBF-LB/M/316L and possible errors are given in subchapter 0.  

4.2.1 Lattice strain evolution during uniaxial tensile testing 

The strain evolution of four lattice planes versus the engineering stress are 
compared to the bulk behaviour as described by the Pawley refinement of the 
lattice parameter parallel to the loading direction of the V-specimen and H-
specimen as displayed in Figure 4.8 and Figure 4.9 respectively. In the elastic 
regime, the spread of the lattices reflects the strong mechanical elastic anisotropy 
of austenitic stainless steel governed by the single crystal anisotropy (see Figure 
4.8 a) [89]. All lattice planes evolve between the most compliant (200) and the 
stiffest (111) plane. This is the typical behaviour observed in conventionally 
processed FCC alloys [89, 90]. The evolution of the (220) lattice plane and the bulk 
(lattice parameter) is within the error bar of each other in the elastic regime. This 
corresponds to the fact that a <110> texture prevails in the loading direction (see 
A. 5).

When reaching approximately 420 MPa and 530 MPa for the V-specimen and the 
H-specimen respectively (see Figure 4.8 b) and Figure 4.9 b), a strong redistribution
of the load is observed which marks the initiation of plastic deformation. Since not
all grains undergo plastic deformation simultaneously, the material undergoes an
elastic-plastic transition. The variation of the slopes of the lattice strains indicates
the change from elastic to the plastic accommodation of strain, as described in
[196]. The upward inflection of the (220) lattice plane strain is an indicator for
plastic deformation, as the increase in engineering stress does not lead to an
accumulation of elastic strain. The (220) plane starts yielding (increase in load but
constant or “curling” evolution of the lattice strain i.e. inflection of the strain as
the lattice plane carries no additional elastic strain [85]). At the same load the
(200) lattice plane strain experiences a strong increase in the lattice strain.
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The evolution of the lattice strains in the axial direction of the H-specimen shown 
in Figure 4.9 is very similar to the V-specimen. This can be ultimately related to the 
low texture (2x random). The (220) plane and the bulk (Pawley refined lattice 
parameter strain) evolve similarly in the elastic regime (see Figure 4.9 a). An offset 
of the upward deflection of the (220) plane and the accumulation of the strain in 
the (200) plane occurs at a higher load (approximately 530 MPa vs. 420 MPa).  

To further compare the V-specimen and the H-specimen, the lattice strain 
evolution of the (220) and the (200) lattice planes are plotted against the 
normalized applied stress using the respective yield strength. The result is shown 
in Figure 4.10 a). The (220) lattice strains of the two specimens are very similar. 

Figure 4.8: a) Elastic regime of the b) evolution of the lattice strains and bulk elastic 
behaviour (Pawley refined lattice parameter) of the V-specimen. 

Figure 4.9: a) Elastic regime of the b) evolution of the lattice strains and bulk elastic 
behaviour (Pawley refined lattice parameter) of the H-specimen. 
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The elastic behaviour of the V-specimen is slightly stiffer compared to the H-
specimen. This is likely due to the more pronounced <220> texture in the loading 
direction of the V-specimen (see Figure 4.10 b). Furthermore, the similar behaviour 
of the V-specimen and the H-specimen also shows that it is unlikely that defects 
affected the macroscopic tensile behaviour (defects were found to have an 
influence on the anisotropic behaviour of PBF-LB/M alloys [51]). Indeed, the 
porosity can be assumed to be less than 0.01 % as reported in [49] (see A. 3).  

When analysing the (200) lattice plane evolution in the two specimens, a notable 
difference is observed in the elastic regime. The departure from linearity in the 
(200) lattice plane strain occurs much earlier in the H-specimen than in the V-
specimen (Figure 4.8 a) and Figure 4.9 a) respectively). Various sources, individually
or in combination, could lead to this observation. The deviation from linearity of
the (200) lattice plane is an indication of load transfer from the (111) or the (220)
lattice planes. This might result from room temperature creep (small amount of
plasticity) resulting in an increase of strain at a low applied stress (see A. 7 in Annex
A.I). This phenomenon can occur during in-situ tensile tests, as reported in [90, 92].
Furthermore, a change in slope could be evidence for the presence of
type II residual stress, which leads to the material undergoing small amount of
plastic deformation. This observation was also reported for a rolled austenitic steel
in [86].

The yield strengths of the V-specimen and the H-specimen differ by 
approximatively 100 MPa (484 MPa and 571 MPa for the V-specimen and the H-
specimen respectively). The yield strength was calculated using a self-written 
Python code detailed in the appendix A.IV). This result is in good agreement with 

Figure 4.10: a) (220) and (200) lattice plane strains in the V and H-specimen, b) 
comparison of the diffraction patterns before the start of the in-situ tensile test. 
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findings in the literature [49, 51]. It is noted that the bulk values agree well with 
the values of specimens manufactured using the identical stainless steel AISI 316L 
powder but adapted PBF-LB/M parameters to a layer thickness of 50 µm as 
reported in [49] (~500 MPa and ~580 MPa for horizontally and vertically built 
specimens respectively).  

The comparison of the V-specimen and the H-specimen with conventional 316L 
data is more complex, as it is not possible to ensure identical chemical composition. 
In Figure 4.11 a), the evolution of the (200) and the (220) lattice plane strains of a 
conventional 316L are compared against the V-specimen. The conventional 316L 
exhibited a low texture (not specified) after the annealing at 1050 °C for 10 hours 
[92]. Up to a true stress of ~160 MPa the two materials evolve similarly as shown 
in Figure 4.11 b). The yielding of the (220) lattice plane and simultaneous elastic 
strain accumulation in the (200) lattice plane occurs much earlier in the 
conventional material compared to the PBF-LB/M material. Moreover, both 
phenomena are more pronounced in the PBF-LB/M material. This is possibly due 
to the difference in texture and the larger amount of strain at the onset of 
plasticity.  

At strain levels below 3 % (according to Figure 4.12), the dislocation slip is the 
dominant deformation mechanism [3]. The interaction of the dislocations with the 
cellular structure is  an additional explanation for the more pronounced load 
shedding and strain accumulation effect of the additively manufactured specimen. 
The dislocations are pinned when interacting with the cellular structure as shown 
in [3]. Therefore, the accumulation of the dislocations requires higher applied 
stresses to permit them to further move i.e. the material needs higher stress to 
plastically deform. It can be therefore hypothesized that the higher loads then lead 
to larger lattice strains in the more compliant lattice planes once the plastically soft 
lattice planes deform. Furthermore, the in-situ tensile test of the PBF-LB/M 
material included several unloading steps to analyse the accumulation of 
intergranular strain. Unloading from high applied stress values can result in 
dislocation recombination that may affect the elastic response in the subsequent 
evolution [86, 90], which was also observed to occur in PBF-LB/M/316L [3].  
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The evolution of the lattice strains in the V-specimen and the H-specimen differ due 
to the prevailing texture in the loading direction. The non-linear behaviour of the H-
specimen in the elastic regime might be a convolution of room temperature creep 
and remaining type II residual stress leading to small amounts of plastic 
deformation. The comparison of the V-specimen to a conventional 316L material 
(results taken from [92]) shows that the material behaves similarly up to a true stress 
of 160 MPa. This level marks the initiation of the plastic deformation for the 
conventional material. The load shedding of the (220) lattice plane and the strain 
accumulation of the (200) lattice plane is more pronounced in the PBF-LB/M 
specimen. Given the similarity of the conventional and the PBF-LB/M material, it 
might be assumed that the (311) lattice plane is also the best suited crystallographic 
plane to link the microstrains to the macroscopic residual stress. This is further 
analysed in the next subchapter.  

4.2.2 Lattice strain accumulation 

The lattice strain accumulation of the PBF-LB/M/316L shown in Figure 4.12 follows 
the general tendency of strain accumulation in FCC materials as described in [89]: 
compressive microstrain accumulation in the (111) and the (220) planes and tensile 
microstrain accumulation in the (200) and the (311) planes. The behaviour of the 
bulk (Pawley refined lattice parameter) and the (311) strain accumulation are within 
the error bar until 3 % plastic strain for the H-specimen. However, this is not the 
case for the V-specimen, as a difference of up to 250 microstrain is observed at a 
macroscopic strain of about 1 %. The lowest microstrain accumulation is observed 

Figure 4.11: a) Comparison of the (200) and the (220) lattice plane strain under an 
applied tensile load of the V-specimen to a conventional 316L specimen (conv). b) 
Close up view with axis limits adapted to the conv. material. The conventional 
material was annealed at 1050 °C for 10 hours as reported in [92]. 
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for the (111) plane up to 3 % plastic strain for both specimens, which is in agreement 
with findings in [87]. The strain accumulation of the (220) plane in both specimens 
also evolves within the error bar. Interestingly, the Pawley refined lattice parameter 
accumulates lattice strain (see subchapter 2.2.1). This is unlikely to be resulting 
from sampling an insufficient number of reflections as ten reflections were used 
[79]. A much higher strain accumulation takes place in the (200) and the (311) 
planes of the V-specimen compared to the H-specimen for comparable plastic 
strain levels. The trend is however similar; the strain accumulation rapidly increases 
before reaching a plateau. The plateau indicates that no additional elastic strain 
can be accommodated i.e. the material deforms plastically. At larger strain levels, 
all grains underwent plastic deformation, and the accumulation of strain is defined 
by the elastic and plastic anisotropy [90]. When comparing the residual lattice 
strain of the PBF-LB/M/316L with the conventional austenitic steel described in 
subchapter 2.2.2, it can be noted that the accumulated microstrains are much 
greater in the PBF-LB/M material. For the (311) lattice plane, the accumulation of 
microstrain around 1 % macroscopic strain is close to 500 × 10-6 strain compared to 
approximately 80 × 10-6 strain (see Figure 2.12 b). As discussed in 4.2.1, this may be 
attributed to the higher strains at the onset of plasticity, the texture and the 
cellular structure. This result, however, challenges the general assumption that the 
(311) lattice plane accumulates no residual lattice strain [89].

To summarize, the PBF-LB/M material follows the general trends of FCC alloys as 
described in 2.2.2. A notable microstrain accumulation is observed in the (311) plane, 
which challenges the results for conventional austenitic steel. The microstrain 
accumulation in the V-specimen and the H-specimen is broadly similar for the (220) 
and the (111) lattice planes. However, there is a significant difference in the (200) and 
the (311) planes of the two specimens. The texture difference and type II residual 
stress may explain the different behaviour in strain accumulation at lower strains. 
The strain accumulation in the (200) and the (311) occurs when a stiffer lattice plane 
e.g. the (220) lattice plane yields. The load is transferred to the elastic more
compliant lattice planes. Therefore, the texture plays a major role as it defines the
number of grains which will yield and thus shed the load to the other lattice planes.
The stress level at which the lattice planes yield is affected by the initial residual
stress (superimposition of applied stress and type I and type II residual stress). The
residual stress may lead to microyielding, which in turn affects the strain
accumulation in the first unloading.
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4.2.3 Diffraction elastic constants 

The diffraction elastic moduli of the (111), the (200), the (220) and the (311) planes 
and macroscopic values (Pawley refinement) are summarized in Table 4.3. These 
values were calculated using the data up to 0.15 % strain (to remain in the fully 
elastic regime i.e. below the onset of plastic deformation). The experimental values 
are compared to the values calculated using the Kröner and the Reuss model 
(tabulated from single-crystal elastic constants of austenitic steel using the 
software XEC [183]). The macroscopic anisotropy of the V-specimen and the H-
specimen is also observed on the microscopic scale. The difference between the V- 
specimen and the H- specimen is most prominent for the (220) lattice plane and is 
about 13 %. The (220) lattice plane elastic modulus is similar to the macroscopic 
value (Pawley refinement) for the V-specimen. This may be expected as the V-
specimen has a (220) texture in the loading direction. For the H-specimen, the 
lattice specific and bulk values differ by about 5 %, which is attributed to the lower 
(220) texture in the loading direction (see A. 5).

The elastic moduli of the different lattice planes and the Pawley refined bulk 
behaviour (EP) summarized in Table 4.3 are similar to the ones found in the SXRD 
in-situ tensile test of PBF-LB/M AISI 316L reported in [48]. However, some 

Figure 4.12: The accumulation of microstrains in the V-specimen and the H-
specimen during the subsequent unloading steps in the in-situ tensile test. 
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discrepancies are observed, which can be related to the different texture compared 
to the texture of the V- and the H-specimens and to small differences in the 
chemical composition. The largest difference between the elastic moduli is 
observed between the values of the (200) lattice plane. This is to be expected, as 
this crystallographic reflection is the most compliant and is heavily affected by the 
surrounding grains [197]. The other values are within 20 GPa from each other, which 
can be explained by the texture difference and different chemical compositions.  

Specimen E111 in GPa E200 in GPa E220 in GPa E311 in GPa EP in GPa 

V–
specimen 

247 ± 5 172 ± 3 206 ± 3 194 ± 4 206 ± 6 

H–
specimen 

263 ± 3 148 ± 5 238 ± 7 195 ± 3 224 ± 2 

Reuss [183] 287.5 101.2 196.9 145.7 n.a.

Kröner 
[183] 

241.5 151.8 210.4 184 n.a.

Vertical 
[48] 

264.1 ± 1.6 139.1 ± 1.1 219.1 ± 1.6 179.6 ± 1.2 n.a.

The elastic moduli calculated from the initial linear strain region (up to 0.15% 
strain) as a function of the orientation parameter are shown in Figure 4.13. The 
orientation parameter 𝛤 is calculated from: 

𝛤 =
ℎ2𝑘2 + 𝑘2𝑙2 + ℎ2𝑙2

ℎ2 + 𝑘2 + 𝑙2
(𝑒𝑞𝑛. 15) 

and is a function of the Miller indices (hkl) (see subchapter 3.8). The elastic moduli 

of the V-specimen and the H-specimen are best described by the Kröner model 
compared to the Reuss model, see Figure 4.13 (corresponding values of the Kröner 
and the Reuss model are given in Table 4.3). Although the material is textured (up 
to 2 × random), the DECs correspond well to the tabulated DECs using Kröner 
(isotropic material, see subchapter 2.2.2). This result substantiates the findings on 

Table 4.3: The elastic moduli of specific reflections in the PBF-LB/M specimens 
compared to the Reuss and the Kröner model. 
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the DECs reported for PBF-LB/M/316L in [48]. Furthermore, the observation is in 
good agreement with results on conventionally processed FCC materials reported 
in the literature [97]. However, as mentioned in 2.2.2, it is not always the case that 
the elastic moduli of lattice planes in FCC alloys are best described by the Kröner 
model. In fact, the DECs of a PBF-LB/M IN718 (texture up to 3 × random) were 
better described with the Reuss model, which was attributed to the 
crystallographic texture and to the elongated grain shape [98].  

The very good agreement of the (311) lattice plane with the Kröner model of the two 
different loading directions (two distinct textures) is a considerable advantage over 
e.g., the (111) lattice plane (also considered as appropriate lattice plane to describe
the macroscopic residual stress). Since the calculation of the residual stress often
assumes isotropic material properties (3.7), using the (311) lattice plane may reduce
the resulting error. The good agreement between the Kröner model and the
experiments also gives the possibility to avoid determining the Poisson ratio

experimentally. As described in subchapter 2.2.2, these values are difficult to
determine in textured materials.

Figure 4.13: Comparison of the experimental diffraction Young’s moduli to the 
Kröner and the Reuss models. 
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4.2.4 Choice of reflection for the determination of the residual stress 

Following the suggestions in [87], it is stipulated to use the lattice plane most 
representative of the texture in the material. As shown in 4.1.2 (including Figure A. 
5), the PBF-LB/M/316L specimens produced in this investigation exhibit a <220> 
texture. This result may suggest using the (220) lattice plane for monochromatic 
XRD and ND experiments. The findings in subsection 4.2.1 show that the (220) 
plane evolves similarly to the bulk for both specimens in the purely elastic regime. 
However, the (220) plane is also the first crystallographic plane to yield. This results 
in a strong deviation from linearity and an accumulation of compressive 
microstrains as discussed in subsection 4.2.2. The microstrains need to be 
accounted for, when the aim is to deduce the macroscopic residual stress (type I). 
Furthermore, the results also confirm that the (200) plane is not suitable to be 
used to describe the bulk elastic behaviour as it strongly deviates from linearity and 
accumulates very large intergranular strains. The (311) plane and the (111) planes 
stay the longest linear with a modulus close to the bulk behaviour in case of the 
(311) lattice plane. The (111) lattice plane accumulates the lowest residual lattice
strain, which agrees with observations reported in [87]. However, considering the
low multiplicity of the (111) lattice plane of 8 compared to 24 for the (311) lattice
plane [85], it is not a practical approach to determine the residual stress using this
reflection as it would increase the counting times. Moreover, it is further suggested
in [87] that the (111) plane should only be considered in case the manufacturing
history and induced stresses are known. This is, however, difficult to quantify given
the complexity of the PBF-LB/M process. The (311) plane appears to be a good
choice as it remains linear in the elastic regime and during the beginning of the
plastic deformation, whilst evolving in a similar manner to the bulk elastic
behaviour. The (311) plane accumulates intergranular strains between
approximately 100 - 500 × 10-6 strain. Adding this range of additional strain to the
calculation of the type I residual stress leads to an increase of up to 20-90 MPa
(following a simplified approach of transferring the lattice strain to stress using
Hooke’s law for a uniaxial case as suggested in [90]).

To summarize, this result validates that the (311) lattice plane is the most suited 
lattice plane to be used to calculate the macroscopic residual stress. Nonetheless, 
the accumulation of residual lattice strain is not negligible (between 20 MPa and 
90 MPa). Furthermore, the comparison of the experimentally determined and 
calculated Young’s moduli shows that the Kröner model is well adapted to describe 
the elastic behaviour in this material. This result demonstrates that the assumptions 
for the diffraction based residual stress assessment usually applied to conventionally 
manufactured 316L (311 reflection, Kröner grain interaction model) also apply to the 
PBF-LB/M/316L material.  
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4.3 Residual Stress in laser powder bed fused 316L 

The following chapter details the characterisation of the residual stress in PBF-
LB/M/316L structures. In subchapter 4.3.1 the influence of increasing the specimen 
thickness and the specimen length is investigated. In subchapter 4.3.2 the residual 
stress is assessed in a larger structure.  

4.3.1 Influence of single dimensional changes on the residual stress 

Influence of the specimen thickness on the residual stress 

The first part of this chapter investigates the influence of a change in thickness, 
while the other dimensions are constant. The surface, the subsurface and the bulk 
residual stress are investigated keeping the definition as detailed in subchapter 
2.2.4. 

Surface residual stress 

The influence of the thickness on the surface σZ in specimens sized 
40 mm x 26 mm (height and length) and a thickness of 2 mm, 5 mm, and 9 mm is 
shown in Figure 4.14 a-c). The σZ tends to increase with the thickness. To fulfil free 
surface boundary conditions, a lower σZ close to the cut surface is expected. 
Moreover, increasing residual stress with the build height corresponds well to the 
results reported in [11].  
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The surface σZ of the 2 mm and the 5 mm specimens are broadly similar and remain 
mostly between 50 MPa and 200 MPa. In comparison, the surface σZ of the 9 mm 
specimen is higher with values between 220 MPa and 300 MPa. Additionally, the 
surface σZ of the 9 mm specimen remains at a constant level except for the 
measurement line at X = 0 mm (Figure 4.14 b). The second measurement position 
was at approximately 8 mm from the cut surface. As mentioned, the residual 
stress does not vary with increasing heights. Hence, it can be assumed that the 
residual stress reaches its maximum value rapidly (within the first 10 mm). This 
means that producing specimens greater than this measure may yield to larger 
residual stress with constant process parameters.  

For the three specimens a decrease in the residual stress values at X=0 mm is 
observed at approximately half the height of the specimen (Figure 4.14 b). The 
tensile surface residual stress increases towards the edges to some extent at X=-

Figure 4.14: a) Surface σZ along the height at X= -6 mm, b) at X=0 mm c) at X=6 mm 
from the centre line respectively. 
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6 mm and 6 mm (Z= 13 mm) as shown in Figure 4.14 a) and c). This effect was also 
observed in horizontally manufactured PBF-LB/M/316L specimens, where the 
edges of a prism bent upwards leading to lower residual stress in the centre of the 
part [119].  

A change of the thickness from 2 mm to 9 mm results in much higher surface σZ. 
Only small differences are observed when comparing the 2mm_26mm to the 
5mm_26mm specimen. As discussed previously, this may be the result of the 
different surface roughness (see Figure 4.6 and the roughness values in Table 4.1). 
The removal of the specimens from the build plate may have led to the distortion 
of the 2mm_26mm specimen. However, the measurement of the surface using a 
coordinate measurement machine showed that the displacement was in the order 
of the surface roughness (see A. 6). The use of scanning vectors in the direction of 
the thickness was reported to reduce the distortion [198]. The meander scanning 
strategy alternates the scanning vector along the length and the thickness. Thus, 
the distortion is assumed to be minor. Moreover, the measurement of the 
displacement following the removal of vertically oriented specimens resulted in 
deformations in the order of a few µm that were limited to the lower part of 60 mm 
tall PBF-LB/M/316L specimens as reported in [119]. Therefore, it is assumed that 
the expected variation in surface residual stress when increasing the thickness 
from 2 mm to 5 mm is a result of the different surface roughness (see Table 4.1). 
This is further proven with the subsurface measurements in the next section.  

The surface residual stress σZ is tensile and increases with the build height as shown 
in Figure 4.15. This corresponds to the findings in the literature described in 2.2.3. 
Analysing the residual stress with knowledge of the roughness shows that the 
surface residual stress increases by a factor of ~3 when increasing the thickness from 
2 mm to 9 mm. A comparison of the surface residual stress using the 5 mm thick 
specimen yields no additional insight, as the difference in roughness is much higher. 
Nonetheless a small increase of the average surface residual stress is observed. The 
fact that the values do not reach the yield strength is most probably related to the 
surface roughness as will be shown in the next section.  
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Subsurface residual stress 

The subsurface σZ increases in all three specimens as shown in Figure 4.16 a). The 
gradient is, however, steeper in the 9mm_26mm specimen compared to the other 
two specimens. In the 2mm_26mm specimen a tensile peak value around 150 MPa 
is reached at a depth of 30 µm. From this position onwards the σZ descends 
steadily until reaching 70 MPa at a depth of 130 µm. In the 5mm_26mm and the 
9mm_26mm specimens the σZ reaches values around 300 MPa at a depth of 
~80 µm. While the σZ of the 5mm_26mm specimen then remains around this 
value, a small increase of the stress values is observed in the 9mm_26mm 
specimen around 170 µm.  

Interestingly, the σX have similar values around 60 MPa in the 2mm_26mm and the 
9mm_26mm thick specimens in a depth range between 25-75 µm. The σX in the 
5 mm thick specimen remains low up to a depth of 30 µm before reaching a 
comparable level to the other two specimens. At greater measurement depths, the 
σX abates in the 2 mm_26mm specimen while it intensifies in the 5mm_26mm and 
the 9mm_26mm specimens to 170 MPa. Again, the trend between these two 
specimens is similar. The progression of the σZ in the 9mm_26mm is almost 
constant compared to the sudden increase at a depth of 130 µm in the 5mm_26mm 
specimen.  

Figure 4.15: Average surface σZ at Z = 8 mm from the build plate as function of the 
thickness. The length of all specimens was 26 mm. 
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The trend of higher residual stress at a greater depth shown in Figure 4.16 may be 
related to the influence of the roughness. As discussed in 2.2.3, higher residual 
stress magnitudes were observed when removing the as-built PBF-LB/M surface 
roughness. The roughness of PBF-LB/M structures is extremely complex (see 
Figure 4.1). The layers create bulges and a multitude of powder particles remain 
attached, such as observed in [13, 35]. These features cannot retain high stress and 
as the grains in these features contribute to the diffraction pattern, the resulting 
residual stress is lower such as experimentally determined in [125]. From a 
mechanical engineering approach, an applied stress cannot be supported by 
features perpendicular to the stress direction. Thus, a material bulge perpendicular 
to the surface contributes to the diffraction signal. However, it retains a lower 
stress and the caculated residual stress will be low. This effect was also observed 
in [11]. The stress retained in partially fused powder particles or other features may, 
therefore, not be a representation of the residual stress in the subsurface. 
Specimens manufactured with different process parameters or at different 
positions on the build plate have different surface topologies [35, 150]. This means 
that the comparison of the residual stress between those specimens cannot be 
compared without the knowledge of the surface roughness.  

This observation needs to be balanced with the residual stress formation 
mechanisms. The sudden increase of the σX occurs at approximately 130 µm. This 
corresponds to a measurement depth inside the second laser track (one laser track 
is about the width of the laser spot ~80 µm, see A. 4). In the first laser track, the 
material is restrained when shrinking by the underlying material. However, when 
depositing the second laser track, the restraint is induced by material both below 
and at the side (first laser track). The addition of material by producing PBF-

Figure 4.16: a) Influence of the thickness on the subsurface σZ and b) σX in the 
26 mm length specimens (Adapted from [194]).   
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LB/M/316L structures composed of a rod (1D structure), a wall (2D structure) and a 
prism (3D structure) resulted in the decrease of the cooling rate [5]. It can be 
hypothesized that a variation in the cooling rate may affect the misfit generated by 
the restrained shrinkage. Hence, next to the influence of the roughness it is also 
conceivable that the local changes of the restraint against the shrinkage evolve with 
the depth and thus also influence the residual stress.  

Finally, it appears that the σZ is more affected by the increase in thickness 
compared to the σX. Following the argumentation reported in [116], the σZ is driven 
by the TGM (see 2.2.3). As mentioned above, the increase of the geometry changes 
the thermal gradients. Therefore, the σZ is more affected by the increase in 
thickness. The magnitude of the surface σX or the σY is often related to the length 
of the scanning vector of a PBF-LB/M structure (in the last layer). It was observed 
that longer scanning vectors lead to larger residual stress [81, 121]. However, for the 
wall specimens the length of the scan vectors did not change. Perhaps this may 
explain the fact that the σX is comparable (to a certain depth) although the 
thickness is changed.  

To summarize, it becomes clear that the specimen having a 2 mm thickness retains 

lower residual stress in the subsurface. This trend is more pronounced for the σZ in 
the first 30 µm to 40 µm depth whereas for the σX the lower magnitudes are only 

observed when reaching a depth of 130 µm. In all specimens the σZ reach a subsurface 
maximum. The position of this maximum is well defined in the 2mm_26mm 

specimen. In the 5 mm and the 9 mm thickness specimen the subsurface σZ remain 
broadly similar and describe a plateau.  
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Bulk residual stress 

The influence of the thickness on the bulk residual stress in structures sized 
40 mm x 13 mm and thicknesses of 2 mm, 5 mm and 9 mm is shown in Figure 4.18. 
The distribution of the σZ is shown in Figure 4.18 a). The through-thickness σZ 
increases with the thickness. In the 2mm_13mm specimen, the σZ reaches a 
compressive peak residual stress close to -390 MPa. The compressive residual 
stress peak in the centre of the 5mm_13mm and the 9mm_13mm specimen is 
around -530 MPa and -620 MPa. The σZ magnitudes near the surface in the 
5mm_13mm specimen reach approximately 250 MPa compared to 490 MPa in the 
9mm_26mm specimen. This magnitude is close to the material’s tensile yield 
strength and validates partially the residual stress formation models [11, 49]. The 
models predict the in-plane residual stress (on top of the specimen) to reach the 
material’s yield strength in the last layer. However, the measurements show this 
is also the case for the residual stress in the build direction in the lateral subsurface 
region. In the 9mm_13mm specimen the σZ appears to be bound by the tensile and 
compressive yield strength (540 MPa and 600 MPa respectively according to [48]). 

A similar trend is observed for the σX in Figure 4.18 b) as the tensile and 
compressive magnitudes increase with the thickness. The compressive σX at the 
centre is similar between the 2mm and the 5mm specimen. However, the σX 
reaches -100 MPa on both sides of the centre of the 5mm_13mm specimen and 
describe local minima. In the 9mm_13mm specimen the compressive peak σX at the 
centre is approximately twice as large compared to the other specimens. The σY 
remain low through the thickness in all specimens as shown in Figure 4.18 c). This 
may permit to describe the residual stress as bi-axial in the wall specimens. This is 

Figure 4.17: a) Subsurface peak magnitude of the σX and the σZ and b) their position 
as a function of the thickness in the 26 mm length specimens.  
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not the case for the 9mm_13mm specimen as the σY is at -100 MPa in the centre. 
Nonetheless, it appears that the through-thickness residual stress cannot fully 
develop in this geometry. A similar observation was reported for the 6 mm PBF-
LB/M/316L prisms (see 2.2.4).  

The peak tensile residual stresses σX,PT, σY,PT, and σZ,PT and the peak compressive 
residual stresses σX,PC, σY,PC, and σZ,PC are summarized in Table 4.4.  

Figure 4.18: a) Through-thickness distribution of the σZ, b) the σX and c) the σY in 
the specimens with a length of 13 mm.  
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Specimen σX,PT/ σX,PC in MPa σY,PT/ σY,PC in MPa σZ,PT/ σZ,PC in MPa 

2mm_13mm n.a./-60 40/ n.a. n.a./-390

5mm_13mm 170/-100 140/ -30 250/-530 

9mm_13mm 295/-180 10/ -120 490/-620 

The increase in thickness clearly leads to larger peak tensile and peak compressive 
residual stress. This effect is visualized in Figure 4.19 a) for the peak tensile residual 
stress (σX,Y,Z,PT) and in Figure 4.19 b) for the peak compressive residual stress 
(σX,Y,Z,PC).  

The σZ describes a U-shaped distribution in the 5mm_13mm and the 9mm_13mm 
specimens. This distribution was observed through the length of 316L L-shaped 
and Ni-alloy walls (see subchapter 2.2.4) but not through the thickness (insufficient 
point density). The distribution of the σZ through the thickness of a net-shape 
tensile specimen with a wall thickness of 4 mm was reported to describe a V-shape 
distribution with similar σZ,PC at ~500 MPa [14]. However, the low number of 
measurement points was insufficient to verify whether already a U-shape 
distribution was present (see subchapter 2.2.4).  

Table 4.4: Changes of the peak residual stress through the thickness of the wall 
specimens. The stress error is < 25 MPa.  

Figure 4.19: a) Bulk σX,PT, σY,PT, σZ,PT and b) σX,PC, σY,PC, σZ,PC as a function of the 
specimen thickness at a constant specimen length of 13 mm. 
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The σX describes in the 5mm_13mm and the 9mm_13mm specimens a U-shape 
distribution as well but the magnitudes are lower compared to the σZ (~45 %). As 
discussed above, the σY remain low throughout the thickness. The residual stress 
gradients in MPa/mm of the 5mm_13mm and the 9mm_13mm specimens are 
summarized in Table 4.5.  
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Specimen σX in MPa/mm σY in MPa/mm σZ in MPa/mm 

5mm_13mm 220 70 650 

9mm_13mm 190 50 460 

The gradients are influenced by the measurement point distribution. Nonetheless, 
it can be deduced that the residual stress gradients are larger in smaller structures. 
This effect is visualized in Figure 4.20.  

To summarize, the analysis of the residual stress at the surface, the subsurface and 
the bulk of 2 mm, 5 mm and 9 mm thick specimens shows that the geometry has 
multiple effects:  

• A change in thickness from 2 mm to 9 mm increases the maximum surface
residual stress values from less than 200 MPa to 250 MPa. The surface
residual stress in the 9 mm thick specimen reaches a plateau over the build
height within 8 mm from the cut surface, which is not the case for the other
two specimens. The surface residual stress analysis, however, requires a
detailed knowledge of the surface roughness. A change from 2 mm to 5 mm

Table 4.5: The residual stress gradients with the increase of the specimen thickness 
at a constant length of 13 mm.  

Figure 4.20: The bulk residual stress gradients through the thickness of the 
5mm_13mm and the 9mm_13mm specimens. 
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in thickness did not significantly change the surface residual stress. This was 
attributed to the ~two times higher average surface roughness. It is advised 
to couple the determination of surface residual stress using XRD with 
roughness measurements when e.g., analysing the influence of process 
parameters or for quality assurance.  

• The distribution of the subsurface residual stress strongly suggests that the
tensile subsurface σZ,PT (position, shape, and magnitude) also scales with the

geometry. In the specimen with a thickness of 2 mm, the σZ,PT position is at
a depth of ~25 µm. A larger thickness results in a shift of the position of σZ,PT

to greater depths. A plateau forms in the specimens with a thickness of
5 mm and 9 mm at roughly 325 MPa and 350 MPa over a depth of 80 µm
to 200 µm. The tensile subsurface σX is similar in all specimens up to 70 µm
depth. Interestingly, while the σX decrease in the 2mm_13mm specimen an
increase of the residual stress magnitudes is observed in the 5mm_13mm
and the 9mm_13mm specimen. The distribution and magnitudes of the
subsurface residual stress are assumed to be affected by the surface
roughness and the local thermal gradients. The investigation of the
subsurface residual stress in Ni-alloy PBF-LB/M tensile specimens with a
thickness of 1 mm and 4 mm showed that the σZ increased at a smaller rate
in the 1 mm thick specimen compared to the 4 mm thick specimen. However,
at a depth of approximately 100 µm, the σZ were alike [191]. The roughness
was comparable in both specimens. A similar result was found in this study
although the thickness of the specimens was 5 mm and 9 mm.

• In the bulk the σZ and the σX describe U-shaped distributions through the
thickness whereby the residual stress is tensile near the surface and
compressive in the centre. These results agree with the findings summarized
in 2.2.4. The largest tensile and compressive σZ are found in the 9mm_13mm
specimen (490 MPa and -620 MPa). A change to larger thicknesses while
maintaining the length and the height constant led to higher residual stress

magnitudes. Interestingly, the σZ gradients close to the lateral surfaces are
steeper in the specimen with a thickness of 5 mm compared to the specimen

with a thickness of 9 mm. This difference is 30 MPa/mm in the σX and
210 MPa/mm in the σZ.

• The σY remain low through the thickness. In the 9mm_13mm specimen the

σY reach -100 MPa. The presence of low σY was also reported for 316L PBF-
LB/M specimens with a thickness of 4 mm [14]. This allows to approximate
the residual stress state as bi-axial for specimens with a thickness below
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9 mm. This information can be used when no d0 reference can be extracted 
from the specimen and to avoid specimen-to-specimen scatter (when using 
a twin specimen). This approach was taken for the calculation of the residual 
stress in DED-LB/M Ni-based walls and 316L walls with a thickness of 
1.5 mm and 5 mm manufactured by DED-LB/M [189, 199]. This strategy was 
used in subchapter 4.5.2 to monitor the relaxation of the residual stress at 
the same measurement positions within the same specimens, thus 
unlocking the full non-destructive potential of ND as well as also reducing 
the necessary beamtime.  

This analysis revealed the link between the geometry and the residual stress in 
PBF-LB/M/316L structures. The influence is observed at the surface, the 
subsurface and in the bulk of the specimens. It can be stated that increasing the 
dimensions of the specimen will increase the restraint and affect the heat inside 
the specimen. Assuming a single-track (one scan vector) wall manufactured by 
PBF-LB/M and at a distance from the build plate, the restraint to shrinkage will be 
directed by the underlying material. Since there is no material on the side of the 
weld beads, the weld bead can freely shrink in the direction of the thickness. Hence, 
the residual stress (σY) will be low. The addition of scan vectors to increase the 
thickness of the wall will limit this contraction and thus influence the residual 
stress magnitudes. As described in the results of the subsurface residual stress, 
the restraint is also increased for the residual stress direction along the length. 
Hence, the triaxial residual stress will increase (see the calculation of the residual 
stress in 3.7). Also, it may be assumed that the heat inside the body will also change 
and thus increase the material volume that shrinks upon cooling to room 
temperature. The sequential scanning of a layer introduces the heat in a non-
uniform way [121]. Hence, the material will cool in a heterogenous way leading to 
additional mismatch and higher residual stress.  

Influence of the specimen length on the residual stress 

The effect of the length on the surface and the subsurface σZ and σX is shown in 
Figure 4.21 a) and b) respectively. At the surface, the σZ in both specimens is broadly 
similar considering the error as shown in Figure 4.21 a). However, the σX is much 
higher in the 2mm_13mm specimen compared to the 2mm_26mm specimen 
(~40 MPa compared to values close to zero).  

In the subsurface, the peak σZ,PT is approximately three times larger in the 
2mm_26mm specimen compared to the 2mm_13mm specimen. The σZ in the 
2mm_13mm rapidly abates compared to the 2mm_26mm specimen. The σZ 
gradient appears similar in the two specimens once the peak position is reached 



132 BAM-Dissertationsreihe 

(~10 µm and ~30 µm). The length of the specimen affected the peak position, 
which agrees well with the findings in 4.3.1. The σZ,PT is found closer to the surface 
in the 2mm_13mm specimen compared to the 2mm_26mm specimen. 
Interestingly, the σX distribution is very similar in both specimens as shown in 
Figure 4.21 b). When increasing the thickness, the σX increased in the 5mm_13mm 
and the 9mm_13mm specimen. This is not the case when changing the length of 
the 2mm_13mm specimen as shown in Figure 4.21 b).  

The approximately three times higher peak σZ,PT when increasing the length from 
13 mm to 26 mm substantiates the findings in subchapter 4.3.1. The geometry of the 
specimen directly influences the magnitude of the subsurface σZ. However, the 

change in length has no effect on the subsurface σX. Hence, it may be assumed that 

the subsurface σX magnitude is governed by the thickness and not the length.  

The influence of the length on the σZ in the 5mm_13mm and the 5mm_26mm 
specimens is shown in Figure 4.22 a). The σZ magnitudes reach approximately 
490 MPa to 530 MPa (tensile) close to the surface and -400 MPa to -440 MPa 
(compressive) in the centre. The compressive residual stress is larger at the centre 
of the short specimen compared to the long specimen. Overall, a U-type 
distribution is observed. The compressive plateau is longer by ~45 % in the 26 mm 
long specimen. Steeper σZ gradients are observed in the 5mm_13mm specimen 
compared to the 5mm_26mm specimen. This agrees well with the findings on the 
through-thickness residual stress distributions (see 4.3.1). The magnitudes and 
distributions of the σZ of the 9mm_13mm and the 9mm_26mm specimens are 
shown in Figure 4.22 b). The σZ,PT is around 540 MPa for both specimens and the 

Figure 4.21: a) σZ distribution and b) σX distribution in the 2mm_13mm and 
2mm_26mm specimens. See Figure 3.15 for more details on the measurement 
positions.  
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σZ,PC is -630 MPa and -500 MPa for the short and the long specimen respectively. 
The distribution of the σZ is similar to the specimens with a thickness of 5 mm. Two 
observations resulting from the analysis on the 5 mm thick specimens are 
reinforced namely: larger compressive values in the shorter specimen and steeper 
σZ gradients in the shorter specimen. Interestingly, the distribution in the 
9mm_13mm does not describe a plateau.  

The σZ gradients were calculated using the measurement points between 1.5 mm 
and 2.7 mm from the surface for all specimens. The values in Table 4.6 show that 
increasing the length of the specimen while keeping the thickness constant at 
5 mm reduces the σZ gradient by approximately 37 %. This reduction is around 12 % 
in the specimens with a thickness of 9 mm.  

t in mm 13 mm 26 mm 

5 370 ± 24 232 ± 14 

9 422 ± 5 373 ± 14 

The influence of the length on the σX in the 5mm_13mm and the 5mm_26mm 
specimens is shown in Figure 4.23 a). The σX magnitudes reach approximately 

Figure 4.22: a) Influence of length on the bulk σZ in the 5mm_13mm and 
5mm_26mm specimens, and b) in the 9mm_13mm and the 9mm_26mm 
specimens.  

Table 4.6: σZ gradients in MPa/mm in the specimens with a thickness (t) of 5 mm 
and 9 mm showing the influence of a change in length. 
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60 MPa (tensile) close to the surface and -80 MPa (compressive) in the centre. 
Larger σX is found in the shorter specimen which agrees well with the previous 
results. The σX remain mostly compressive in the 5mm_26mm specimen. The σX 
tend to decrease towards the centre and increase slightly towards the surface. 
According to the boundary conditions the σX should be zero at the surface. The σX 
evolves in a range of approximately 140 MPa and 100 MPa (absolute values) for the 
5mm_13mm and the 9mm_26mm specimens respectively. The small discrepancy 
with regards to the boundary conditions i.e., σX ≠ 0 MPa at the surface may be 
attributed to either the d0 (shift of the profile) or the combination of a small gauge 
volume with possible variations of the microstructure near the surface. The change 
in thickness seems to heavily influence the σX distributions in the 9mm_13mm and 
the 9mm_26mm specimens as shown in Figure 4.23 b). The σX is mainly 
compressive and decreases towards the surfaces to fulfil the free surface stress 
boundary. A V-shape is observed, which scales with the increase in length. The peak 
σX,PT, however, remains at a similar level for both specimens at approximately -
200 MPa. 

The σX gradients were calculated using the measurement points between 1.5 mm 
and 2.7 mm from the surface for all specimens. The values are summarized in Table 
4.7. The σX gradients are larger in the shorter specimen with a thickness of 5 mm. 
However, since the values are scattered a distinct trend is not derivable (indicated 
by positive and negative gradients). The σX gradients are similar in the specimens 
with a thickness of 9 mm.  

Figure 4.23: a) Influence of the length on the bulk σX in the 5mm_13mm and 
5mm_26mm specimens, and b) in the 9mm_13mm and 9mm_26mm.  
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t in mm 13 mm 26 mm 

5 -35 ± 26 17 ± 39 

9 62 ± 22 60 ± 28 

The influence of the length on the σY in the 5mm_13mm and the 5mm_26mm 
specimens is shown in Figure 4.24 a). No distinct trend of the distribution of the 
residual stress is observed, which is partially owed to the much lower magnitudes. 
However, this result agrees with the through thickness bulk σY shown in Figure 4.18 
c). The σY do not form in the specimens with a thickness of 5 mm along the length 
of the specimen. This is however not the case for the 9mm_13mm and the 
9mm_26mm specimens. As no free surface boundary applies for this residual 
stress direction towards the surfaces, a strong increase up to approximately 
130 MPa is observed. The σY distributes as U-shape in the 9mm_13mm specimen. 
In the 9mm_26mm specimen, the σY first reduces and then reaches values close to 
zero MPa. A W-shaped distribution is observed.  

The σY gradients were calculated using the measurement points between 1.5 mm 
and 2.7 mm from the surface for all specimens. The values are summarized in Table 
4.8. As mentioned before the σY remain low in the specimens with a thickness of 

Table 4.7: σX in MPa/mm gradients in the specimens with a thickness of 5 mm and 
9 mm showing the influence of a change in length.  

Figure 4.24: a) Influence of the length on the bulk σY in the 5mm_13mm and 
5mm_26mm specimens, and b) in the 9mm_13mm and 9mm_26mm. 
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5 mm, which results in small gradients. In the specimens with a thickness of 9 mm, 
the σY are larger by ~35 % in the short specimen compared to the long specimen.  

t in mm 13 mm 26 mm 

5 19 ± 17 14 ± 17 

9 110 ± 56 80 ± 30 

The gauge volume in this experiment was 2 mm x 0.6 mm x 0.6 mm (shape of a 
matchstick, see Figure 3.17 a) for the acquisition of the lattice spacing in the X- and 
the Y-direction. However, the acquisition of the lattice spacing in the Z-direction 
was performed with a gauge volume sized 2 mm x 2 mm x 0.6 mm (see Figure 3.17 
b). This means that for the σZ, an average lattice spacing of 2.82 mm (diagonal of 
the gauge volume) at the centre of the specimen (thickness approximately 5 mm) 
is taken. It is expected that the gradient of the σZ (see Figure 4.22) is partially 
averaged, which would lead to lower magnitudes. However, in the X-direction and 
the Y-direction the gauge volume diagonal is roughly 1 mm. Therefore, it is 
assumed that the gauge volume did correctly capture the values along the centre 
of the specimen. From the σX and the σY in Figure 4.22 c) and d) it is possible to 
deduce that there is no strong gradient along the length.  

Table 4.8: σY gradients in MPa/mm in the specimens with a thickness of 9 mm and 
length of 13 mm and 26 mm. 

Figure 4.25: a) Residual stress gradients as a function of the specimen length in 
the specimens with a thickness of 5 mm and b) with a thickness of 9 mm. 
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To summarize, the analysis of the residual stress at the subsurface and the bulk of 
2 mm, 5 mm and 9 mm thick specimens with varying lengths of 13 mm and 26 mm 
has shown the following results:  

• A greater length affected the subsurface σZ,PT (magnitude and distribution)
similar to an increase in thickness. The position of the σZ,PT was at a greater
depth and had a larger magnitude in the longer specimen. The σX and its
distribution remained mostly unaffected.

• In the bulk, the σZ,PT and the σZ,PC were higher in the shorter specimen. The
values were limited by the material’s yield strength, which corresponds well
to the models describing the residual stress formation in PBF-LB/M [11].
However, these models describe how the residual stress attains these
magnitudes in the last layer (on the top of the specimen). This study reports
on the lateral residual stress. So, despite the somehow stress relieving factor
of adding layers (described in [11, 105]) the lateral residual stress still reach
the level of the material’s yield strength. Interestingly, the σZ did not reach
the yield strength close to the surface of the thickness but close to the
surface of the length in the 5mm_13mm specimen (compare Figure 4.18 a to
Figure 4.22 a). In the 9mm_13mm specimen, close to both the surface of the
thickness and the length the yield strength is reached. Therefore, it seems
that when a dimension exceeds 9 mm the tensile residual stress near the
surface will reach the material’s yield strength (combined with the results of
the through-thickness residual stress in 4.3.1). It is noted that this measure
may be influenced by the process parameters.

• Besides the magnitudes of the σZ also the distribution was affected by the
geometry. The σZ gradients were around 230-420 MPa/mm in the PBF-
LB/M/316L specimens. These values are much higher compared to e.g.
~150 MPa/mm as reported in [119]. This may be resulting from the different
scanning strategies and the geometries of the specimens. However, it may
also be the case that the use of a tailored gauge volume allowed to observe
these gradients. The set-up used in this study permitted to determine the
residual stress with a spatial resolution of up to 0.6 mm. In comparison the
gauge volumes generally used have a cube edge length of 1 to 2 mm [14, 99,
116]. This result highlights the necessity to choose gauge volumes that are
able to capture the near surface residual stress gradients for a better
comparison with simulation models.

• The increase of one dimension reduces the stress gradients close to the
surface and changes the length of the plateau described by the compressive



138 BAM-Dissertationsreihe 

residual stress. This can be attributed to the thermal gradients during the 
process. Smaller cooling rates were observed in a bulky structure compared 
to a wall structure as reported in [5]. In PBF-LB/M the limited contact of the 
surface to the surrounding powder particles limits the heat flow from the 
surface to the powder bed [200]. When increasing the part dimensions, the 
ratio of the surface divided by the area decreases e.g., from 55 % to 30 % for 
the 5mm_13mm to the 9mm_26mm specimen respectively. The higher the 
ratio the more the heat is conducted through the specimen towards the 
build plate. The change of the geometry therefore not only changes the heat 
inside the structure but also how the thermal gradients align. This may 
affect how the residual stress distributes. From welding it is known that 
increasing the heated volume results in a greater range in which stresses are 
generated. The residual stress magnitudes remain the same [107]. This 
seems to be the similar case in PBF-LB/M. In the 9 mm thick specimens, the 
magnitudes are similar, but the gradients are less steep in the longer 
specimen.  

• The σX has generally lower magnitudes compared to the σZ. While an
increase in the thickness leads to larger σX, the length has no apparent
influence (magnitudes and gradients are mostly in the error bar). The σY has
as well lower magnitudes compared to the σZ. A change in length with a
thickness of 5 mm had minor effects (values are mostly in the error bar).
However, at a thickness of 9 mm the shorter specimen had larger σY

gradients and magnitudes. This corresponds to the observations made in
subchapter 4.3.1. The σX and the σY were found to have similar peak
magnitudes in 45 mm, 70 mm, and 80 mm Ø disc shaped PBF-LB/M/316L
specimens while still attached to the build plate [99]. This may be explained
by the similar vector length along each axis. The in-plane residual stress was
reported to be mainly influenced by the restrained shrinkage and by the
geometry of the structure [116]. The results presented herein are based on
the lateral residual stress whereas most of the literature analyses the
surface residual stress of the last layer of the build (perpendicular to the
lateral surfaces). Hence, the results include the stress relieving effect of
adding additional layers. Nonetheless, the σX are larger compared to the σY

which validates the statement that longer scanning vectors lead to larger
residual stress. The underlying concept is that shorter scan vectors reduce
the temperature gradient generated as the previous weld bead has still a
higher remnant heat as described in [64]. Overall, the findings correspond
well with models described in the literature although the study focussed on
residual stress on the lateral surfaces and within the structures.
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• The model describing the formation of the residual stress in [11] does not
explain the presence of the tensile residual stress in the lateral surfaces. The
residual stress in the bulk is mostly compressive based on the results in 4.3.1.
Hence, one could attribute the tensile surface residual stress as a reaction to
fulfil the equilibrium condition. An alternative description of the formation
of the residual stress based on DED-LB/M was given in [189]. The
distributions of the residual stress in thin and bulky DED-LB/M 316L
structures were similar to the results in 4.3.1. The magnitudes were, however,
lower. The presence of the tensile residual stress at the surface and the
compressive residual stress in the bulk was explained with the dissimilar
cooling behaviour of the surface and the bulk. A simplified explanation is as
follows: The cooling rate is lower at the surface compared to the bulk. This
effect decreases with time. Once the surface and the core reach the room
temperature a difference between the length of the core and the length of
the surface remains. Thus, the surface residual stress remains tensile, and
the bulk residual stress remains compressive. Following this description, a
reduction of the thickness leads to lower residual stress, as the difference in
cooling rate of the surface and the bulk is smaller. This again corresponds
well to the findings in this chapter.

Additionally, the transferability of the results from small walls to larger structures 
need to be addressed. The goal is to verify whether small structures (witness 
specimens) can be used to give a representative value of the residual stress in lager 
structures.  

4.3.2 Influence of geometrical change on the residual stress 

The surface σZ along with the height of a specimen sized 112 mm x 20 mm x 13 mm 
(height x length x thickness) is compared against the σZ for the 9mm_13mm and 
the 9mm_26mm specimens as shown Figure 4.26 a). The manufacturing 
parameters are identical for all three specimens. Based on  Figure 4.26 a), the 
surface residual stress is at a comparable level between the small wall and the large 
prism. Furthermore, the analysis shows that the σZ reaches a plateau as well in the 
prism. Thus, this result is a first hint that the surface σZ remains largely unaffected 
by the size of the specimen, when surpassing a certain size threshold. The plateau 
residual stress is reached at the first measurement position (Z = 8 mm) from the 
cut surface. This value agrees well with the observation that a thickness of 9 mm 
needs to be reached to observe the development of the σY (distribution and larger 
magnitudes, see Figure 4.24). The results reported in the literature are often based 
on structures with build heights around 10 mm to 15 mm e.g. [64, 126, 146, 152]. 
These structures were built to perform process optimization. However, the results 
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of this study show that the residual stress in PBF-LB/M requires ~10 mm to 
develop. The comparison of the lateral surface residual stress in the walls with the 
large specimen shows that the residual stress is similar. Therefore, it is advised to 
build larger specimens to ensure the transferability of the results between small 
and large structures.  

In the bulk, the σZ ranges from 300 MPa near the surface to -500 MPa at the 
centre. These values are smaller compared to the σZ range in the 9mm_13mm 
specimen. The difference in range could be due to the different gauge volume sizes 
i.e. different regions are probed. In fact, the gauge volume for the characterization
of the small walls permitted to obtain a much better spatial resolution of the
residual stress gradient toward the surfaces. As a peak of the tensile residual
stress is observed in the subsurface (see Figure 4.16), the lower σZ range might be
caused by a greater averaging of the subsurface peak residual stress in the
characterization of the large specimen compared to the small walls. However, the
σZ,PC at the centre of the large specimen corresponds well to the σZ,PC found in the
walls (see Figure 4.22 b).

The σX and the σY along with the build height in the large specimen are shown in 
Figure 4.27. As observed in subsection 4.3.1, the bulk σX and σY are lower compared 
to the σZ. For Z = 50 mm, the σX is compressive at around -100 MPa to -150 MPa in 
the centre. These values are slightly smaller (-200 MPa) compared to the centre of 
the 9 mm thick specimen (see Figure 4.23 b). The σX is mostly compressive, which 
agrees well with the observations made on the 9 mm thick specimen. The σY is 

Figure 4.26: a) Surface σZ in the large PBF-LB/M/316L specimen compared to the 
small walls with 9 mm thickness, and b) evolution of the bulk σZ with the height at 
the centre (Y = 0 mm) of the large specimen. See Figure 3.20 for the measurement 
positions in the specimen.  
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mostly tensile, which also conforms with the previous results (see W-shape in the 
9mm_26mm specimen in Figure 4.24 b).  

The σX at the top of the specimen (Z = 112 mm) is tensile at the centre. This is an 
agreement with findings reported in the literature that the residual stress is tensile 
in the final layers [129, 201, 202]. Furthermore, the last layer was manufactured 
with scan vectors along the length of the specimen (in X). This may explain the 
larger σX (longer scan vector length) compared to the σY (shorter scan vector length) 
in absolute values [64]. The distribution of the bulk residual stress along the build 
height is asymmetric. This was also observed in the wall specimens or results 
reported in the literature [119]. This can be explained with the convolution of the 
scanning strategy and related thermal history as further described in the chapter 
4.4.  

The σX at X= -6.5 mm and 6.5 mm were expected to be closer to zero stress to fulfil 
the boundary conditions. This is not the case which may be related to an erroneous 
d0. The approach to use d0 values led to residual stress distributions broadly 
fulfilling the boundary conditions in the subchapters 4.3.1. Perhaps, the larger 
height led to a change of the chemical and phase distribution in the last layers 
which may have affected the d0. A change of the chemical composition was 
modelled in [31] (see subchapter 2.1.2).  

The comparison of the large specimen with the smaller specimen detailed similar 
distributions and magnitudes of the surface and the bulk residual stress. Hence, 
these results show that small structures represent the residual stress in a much 
larger structure. The height should at least be twice the length needed for the 

Figure 4.27: a) Evolution of the bulk σX and b) the σY with the height at the centre 
(Y = 0 mm) of the large specimen. 
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residual stress to build up and reach a plateau i.e. approximately 30-40 mm. This 
statement assumes that the process parameters are identical. The chapter 4.5 will 
further substantiate this observation with more detailed residual stress distributions 
in large specimens. While simplified models may explain the way the residual stress 
forms and distributes in different geometries, the PBF-LB/M process is too complex 
to fully decouple effects related to the restrained shrinkage and the thermal 
gradients. Nonetheless, a clear correlation between the geometry and the residual 
stress was found. To further understand the residual stress in PBF-LB/M, the next 
subchapter will focus on the influence of varying process parameters using constant 
specimen geometries.  
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4.4 Influence of selected process parameters on the residual stress 

This chapter details the link between the heat accumulation and the formation of 
the residual stress in the PBF-LB/M/316L. The influence of the ILT and the 
scanning velocity on the residual stress is detailed in subchapter 4.4.1. The results 
are then correlated to the thermal history of the specimens using thermographic 
data from in-situ monitoring in subchapter 4.4.2. The analysis of the residual stress 
using the thermographic data was published in [181]. 

4.4.1 Influence of the ILT and the scanning velocity on the residual stress 

Surface residual stress 

The influence of the ILT on the surface residual stress is shown in Figure 4.28. The 
σZ reach values up to 375 MPa (75 % of the yield strength for PBF-LB/M/316L [49]). 
The largest surface σZ is observed in the specimen manufactured with an ILT of 
18 s. The increase of the ILT reduces the surface σZ (see Figure 4.28 a). When 
changing the ILT from 18 s to 65 s, the σZ,PT decrease by 100 MPa. The σZ,PT in the 
Tower_65s (~240 MPa) is comparable to the σZ,PT in the Tower_116s.  

The σY is much lower compared to the σZ as shown in Figure 4.28 b). However, the 
σY reaches values up to 225 MPa (55 % of the yield strength for PBF-LB/M/316L 
[49]). These values are much higher than the surface residual stress magnitudes 
of a PBF-LB/M/316L part manufactured using the helix scan strategy [116] but 
comparable with the values from specimens built with various scanning strategies 
as reported in [117, 145]. The surface residual stress tends to decrease near the free 
surfaces. The distribution is largely symmetrical except for one measurement point 
in Tower_116s (see Figure 4.28 a). 
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The influence of the scanning velocity on the surface residual stress is shown in 
Figure 4.29. This analysis was performed on the surface defined by the length of 
the specimen (20 mm). The comparison of the Tower_65s and the Tower_116s 
substantiates the observation that the increase in ILT has only a minor effect 
beyond a value of 65 s (see Figure 4.29 a). However, increasing the scanning 
velocity heavily reduces the surface residual stress magnitudes as the σZ,PT in the 
Tower_116s_HV decreases to 85 MPa (see Figure 4.29 a). The σX in the 
Tower_116s_HV is as well lower than the σX in the Tower_116s as shown in Figure 
4.29 b). It is argued that a low scanning velocity leads to a larger volume of heated 
material and therefore reduces the thermal gradients and the resulting thermal 
stress [64]. The melt pool sizes of the Tower_116s and the Tower_116s_HV were 
analysed and reported in [157]. Indeed, larger melt pools were found in the 
Tower_116s compared to the Tower_116s_HV (from 300 µm to 200 µm). However, 
the surface residual stress is lower in Tower_116s_HV. This corresponds with results 
showing that an increase in scanning velocity reduced the surface residual stress 
in PBF-LB/M/316L specimens [109]. It can be argued that a larger melt pool leads 
to a larger restrained volume upon cooling which increases the residual stress as 
discussed in [203].  

The surface residual stress is higher in the specimen manufactured with a short ILT 
by approximately 100 MPa. The surface residual stress decreases with longer ILT. The 
magnitudes agree well with the surface residual stress shown in 4.3. The surface 

Figure 4.28: a) Influence of the ILT on the σZ, and b) on the σX on surface S2 (see 
Figure 3.16 a). Vertical lines represent the edges of the specimen.  
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residual stress abates in the specimen manufactured at high velocity, which may be 
related to the smaller melt pools and therefore less restrained shrinkage.  

Figure 4.29: a) Influence of the scanning velocity on the σZ, and b) on the σX on 
surface S1 (see Figure 3.16  a). The Tower_65s data is plotted for statistical reasons. 
Vertical lines represent the edges of the specimen. 
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Bulk residual stress 

The σX, the σY and the σZ along the build height of the specimen (X=Y= 0 mm) are 
shown in Figure 4.30. The residual stress at the centre of the PBF-LB/M specimens 
is mostly compressive. The residual stress profiles are similar, and the stress values 
reach a plateau at about 10-15 mm of the WEDM cut surfaces. The σZ of all 
specimens reach a plateau between -400 MPa and -590 MPa. The σZ,PC is -590 MPa 
and close to the compressive yield strength of PBF-LB/M/316L, as reported in [48]. 
Following the stress boundary conditions, the σZ decrease towards the free 
surfaces. The σX and the σY are much lower compared to the σZ. The values are 
around -150 ± 10 MPa and -70 ± 30 MPa at the plateau respectively. These values 
are about 14-30% of the yield strength reported in [49].  

The residual stress gradients towards the cut surfaces are very steep. While steep 
gradients were observed towards the as-built surfaces of the wall specimens (see 
subchapter 4.3), the stress gradients shown in Figure 4.30 are related to the WEDM 

Figure 4.30: a) σZ, b) σX, and c) σY along the height of the Tower specimens at X=Y= 
0 mm. See Figure 3.21 b) and Figure 3.22 b) for the measurement positions. 
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surfaces. The shift from compressive to tensile residual stress near the cut 
surfaces may be the result of a stress redistribution due to the relaxation of the 
residual stress.  

The σZ, the σX, and the σY were further analysed along the build direction at multiple 
positions in the bulk of the Tower_65s in Figure 4.31. The σZ is approximately 
300 MPa near the surface and -600 MPa close to the centre of the specimen (X = 
4.23 mm) as shown in Figure 4.31 a). The tensile σZ is lower compared to the values 
found near the surface shown in Figure 4.22. This can be attributed to the smearing 
of the steep residual stress gradients due to the larger gauge volume employed for 
this investigation. A relaxation of the residual stress due to the thermal heat 
treatment is not the cause of the lower residual stress values, as will be shown in 
subchapter 4.5.1. The σZ reaches a plateau at about 12 mm from the cut surface. 
The σX is mostly compressive and lies between 0 MPa and -200 MPa. The σX,PC at -
200 MPa corresponds well to the findings in the walls (see Figure 4.23). The σY 
reaches values between approximately 50 MPa and -120 MPa. For all residual 
stress directions, a degree of asymmetry is observed when comparing the 
measurement points near the surfaces i.e. X = ± 8.46 mm to the values at the 
centre. This is an indication of a bending moment in the specimen resulting from 
the manufacturing on the build plate. During the manufacturing, the residual 
stress in the build plate becomes compressive while being mostly tensile in the 
specimen. This leads to a bending moment inside the specimen as described in [11, 
129, 204]. The redistribution and relaxation of the residual stress as detailed in the 
model described in [11] has been extensively observed in specimens manufactured 
horizontally [14, 81, 119]. This is, however, less the case for vertical specimens [14, 
119], which explains the large residual stress found in the Tower specimens.  
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The lowest bulk σZ was observed in the Tower_18s with a peak compressive 
magnitude of -470 MPa (see Figure 4.30 a). For all other specimens, this value is 
around -550 ± 10 MPa which is an increase by ~15 %. The results indicate that longer 
ILT lead to larger bulk compressive residual stress as shown in Figure 4.32. This effect 
is less discernible in the σX and the σY due to the lower magnitudes. The higher 
scanning velocity led to much lower surface residual stress but the change in bulk 
residual stress is within the boundaries for the Tower_116s_HV and the Tower_116s.  

Figure 4.31: Distribution of the σZ, b) the σX, and c) the σY along the build height Z 
of the Tower_65s specimen. See Figure 3.21 b) for the measurement positions. 
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It appears that the change in process parameters has a different influence on the 
surface and the bulk residual stress. Following the summary of the literature on the 
influence of process parameters in subchapter 2.2.5 it is possible to assume that the 
ILT leads to a larger heat accumulation in the specimens. This may explain why the 
bulk residual stress is smaller in the Tower_18s compared to the other specimens 
manufactured with longer ILT. However, to understand this effect as well as the 
contradicting surface and bulk results in-situ process monitoring is necessary. This 
is the subject of the following chapter.  

4.4.2 Thermal history of the manufacturing and its influence on the residual 
stress 

The temperature evolution at the centre of the specimen is shown in Figure 4.33. 
The differences in the temperature evolution between Tower_18s, Tower_116s and 
Tower_116s_HV are clearly visible in the first 2.5 s following the passing of the laser 
spot (X, Y = 0 mm, and Z = 40 mm). The cooling rate is reduced in the Tower_18s 
compared to Tower_116s and Tower_116s_HV. This is an indication for a greater heat 
accumulation when using a short ILT. It is noted that the temperature in Tower_18s 
appears higher. In all cases, the material is melted and therefore, the temperature 
should be the same. However, this temperature is not properly captured by the in-
situ monitoring and through the smoothing algorithm, a different maximum 
temperature is then obtained. Nonetheless, a measured temperature of 

Figure 4.32: Influence of the ILT and the scanning velocity on the average residual 
stress in the Tower specimens. The average residual stress was calculated using 
the values 15 mm from the cut surfaces (plateau of the residual stress). 
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approximately 550 °C, 235 °C, 170 °C and 140 °C was reached for the Tower_18s, the 
Tower_65s, the Tower_116s and the Tower_116s_HV in the last layers (Z = 114.5 mm) 
as reported in [140]. 

The higher temperature in Tower_18s may have acted as stress-relieve treatment 
and thus reduced the residual stress magnitudes compared to Tower_116s. During 
this type of heat treatment, the residual stress is affected by the heating, the 
soaking time at temperature and finally the cooling phase [205]. When heating, 
the temperature dependent yield strength reduces. If the stress is as high as the 
yield strength, a relaxation occurs through plastic deformation (see subchapter 
2.3.2). Consequently, the stress distribution and magnitude change within the part. 
As an indication, the yield strength for PBF-LB/M/316L was about 190 MPa at a 
temperature around 520 °C, as reported in [170]. The temperatures during the 
manufacturing were much lower (see Figure 4.33 a) in specimen Tower_116s 
compared to specimen Tower_18s. Therefore, the stress in specimen Tower_116s 
might have achieved higher magnitudes compared to Tower_18s. Since Tower_18s 
was kept at high temperatures during manufacturing (around 12 hours), recovery 
can occur which reduces the stress [166]. The recovery of the material reduces the 
inelastic strains in the material through enhanced dislocation mobility and 
diffusion processes (see 2.3.2). Thus, it can be assumed that the stress in specimen 
Tower_18s was more prone to relax throughout the manufacturing compared to 
Tower_116s.  

The ILT can be compared to a certain degree with other parameters that lead to 
higher temperatures in the specimens. These approaches increase the temperature 

Figure 4.33: a) In-situ process monitoring data showing the temperature 
distribution during the manufacturing of a layer, b) temperature evolution at the 
measurement position, adapted from [181]. 



151 

from which the part cools down homogenously but also reduce the TGM (see 
subchapter 2.2.3). A base-plate heating of 200 °C was reported to reduce residual 
stress in PBF-LB/M/316L by approximately 8 to 17 % according to [139]. A similar 
effect was also reported for PBF-LB/M of Ti-6Al-4V in [137]. The residual stress in 
Hastelloy-X (Ni-based superalloy) processed by PBF-LB/M and electron beam 
melting (EBM) were compared in [206]. It was reported that the preheating 
temperature of 750 °C in the EBM process was the main cause for the very low 
residual stress compared to the PBF-LB/M processed counterpart [206]. Similarly, 
the short ILT increases the temperature of the Tower_18s during the 
manufacturing. This leads to lower thermal gradients and upon reaching room 
temperature to lower residual stress.  

Influence of the scanning velocity 

The greater scanning velocity used to manufacture Tower_116s_HV resulted in a 
lower heat accumulation and higher cooling rates (see Figure 4.33). While the 
surface residual stress was the lowest (see subchapter 4.4.1), the bulk σZ are 
comparable to the other specimens. Additionally, the surface residual stress was 
the highest in the Tower_18s although the bulk residual stress was the lowest. As 
mentioned before, the bulk residual stress and surface residual stress are in 
contradiction. Since the scanning strategy was found to have a large influence on 
the residual stress [11, 119, 121, 123] a possible explanation may lay in the sequence 
of the scanning strategy and the resulting thermal history (see Figure 4.34 a).  

The sequence of the scan vectors results in varying average temperatures 
distributed over the cross-section at the end of each layer as shown in Figure 
4.34 b) and c). As discussed in 4.3, the heat dissipates less in the surrounding 
powder bed (low convection) [207]. The increased heat accumulation at the end of 
the exposure of a layer or scanning vector (surfaces S1 and S2) show this effect. It 
can be argued that the cooling difference between the surface and the bulk of the 
Tower_18s was greater compared to the other specimens, which may have led to 
higher surface residual stress. Moreover, the asymmetric profile of the surface σZ 
may also be related to the scanning strategy (see Figure 4.29 a). 
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It is conceivable that the asymmetric profile of the bulk residual stress shown in 
Figure 4.31 is also related to the scanning strategy. However, the distribution could 
also be due to varying 𝑑0. A detailed study on the 𝑑0 in PBF-LB/M/IN718 was 
reported in [128] revealing that in a cross-section at a given height in the build 
direction, the 𝑑0 values remained constant. But, the 𝑑0 values did change along 
the build height according to findings in DED of IN625, attributed to the 
accumulation of heat [102]. This can be explained by the increased mobility of the 
alloy elements to diffuse in a more homogeneous way at higher temperatures. 
Also, the PBF-LB/M process is more prone to the vaporisation of elements 
compared to other AM processes, which might further influence the variation of 𝑑0 
in a PBF-LB/M part [31]. Moreover, the cubes (when using this approach to 
determine a reasonable stress free reference) can retain type II residual stress 
[208]. The peak positions from which the 𝑑0 values were calculated from for the 
investigation on the Tower specimens are shown in Figure 4.35 a). Though most of 
the values are constant, it seems that the peak position deviates from close to the 
surface (ce) comparing to the centre (cc) for Tower_116s_HV. The 𝑑0 values 

Figure 4.34: a) Start and end position of the scan vectors of the meander stripe 
scanning strategy with respect to the surfaces of the Tower specimens (surface 
details are given in Figure 3.16), b) temperature distribution in odd and c) in even 
layers. Figure adapted from [181].  
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(indicated by arrows) used in the investigation on the effect of the ILT stem from 
two three-millimetre-thick slices taken from the top and bottom of the specimen 
as shown in Figure 4.35 b). The distance between the extraction distance of the 
cubes is small but already a variation in peak position is observed. This difference 
amounts to ~100 x 10-6 strain which is approximately twice the strain error of each 
measurement. In a uniaxial stress state, this difference would change the residual 
stress by approximately 20 MPa.  

To summarize, a short ILT increases the surface residual stress but reduces the bulk 
residual stress. This effect reaches a threshold above 65 s. A higher scanning velocity 
led to low surface residual stress but did not alter the bulk residual stress. The results 
show the close connection between the ILT and the residual stress in PBF-
LB/M/316L. As described in the subchapter 2.2.5, a different heat accumulation in 
the specimen was expected. However, the herein reported results not only show this 
heat accumulation but more importantly quantify its effect on the residual stress. 
The use of in-situ process monitoring enabled to relate the 15 % lower bulk residual 
stress to the heat accumulation when using short ILT. The reduced residual stress is 
resulting from the heat accumulation, which reduces the thermal gradients in the 
part and leads to recovery. Short ILT are encountered in e.g. a low number of 
specimens in the build job or to a complex geometry with a sudden reduction of the 
scanning area. This can be the case for one part series in highly specialised fields e.g. 

Figure 4.35: a) average peak positions calculated using the three measurement 
orientations of the cubes extracted from the top (yellow slice) and the bottom 
(green slice) of the specimen. b) location of the cube center (cc) and cube edge (ce) 
in the specimen and the cross-section. Adapted from [181].  
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space industry. Moreover, the sequence of the scanning strategy leads to a 
heterogenous temperature field in each layer. The heat accumulates near the 
surfaces of the last scanning vectors. The resulting complex cooling gradients may 
explain the contradicting trends of the surface and the bulk residual stress and the 
asymmetric bulk residual stress.  

The results show that high magnitude residual stress is locked in PBF-LB/M/316L 
structures. Thereby, the residual stress fields distribute asymmetrically. It has been 
shown that even smaller structures exhibit high residual stress (chapter 4.3). 
Tuning the process parameters that directly influence the heat input can lead to 
lower residual stress, but the values are still high (~50 % of the yield strength for 
PBF-LB/M/316L). Therefore, the next subchapter details different heat treatment 
strategies to reduce the residual stress based on standard heat treatment 
approaches [17, 171].  
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4.5 Thermal relaxation of the residual stress 

In this chapter, the influence of a low temperature (see subchapter 4.5.1) and two 
high temperature stress relieve treatments for 316L are investigated (see 
subchapter 4.5.2). Furthermore, the influence of the heat treatment on the 
microstructure is analysed (see subchapter 4.5.3). The results of the high 
temperature stress relieve heat treatment and related change of the 
microstructure and the residual stress was published in [172].  

4.5.1 The residual stress after the low temperature heat treatment 

The surface residual stress measurement positions and results of Tower_65s_AB 
and Tower_65s are shown in Figure 4.36. The general trend shows that the residual 
stress values are higher towards the centre of the surfaces (Figure 4.36 a-c). At the 
corners the residual stress values tend to be lower. For the σX and the σY this is 
expected, as these stress directions need to decrease to fulfil boundary conditions. 
Lower σZ values near the specimen corners were also observed. In Figure 4.36 b) 
the σZ of the two specimens are mostly within the error bar. In fact, the σZ and the 
σX in Tower_65s are higher compared to Tower_65s_AB despite the stress relieve 
treatment. The opposite trend is, however, observed on surface S2 in Figure 4.36 c) 
and d). The σZ remain at a similar level independently of the heat treatment. Lower 
σY are observed in the stress relieved Tower_65s.  
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Although higher residual stress values in the Tower_65s_AB is observed, it appears 
to be dependent on the surface and stress direction investigated. A relaxation of 
31 % was reported for a heat treatment performed at 400 °C for 4 hours in [175]. 
Therefore, following the stress relieve mechanisms described in subchapter 2.3.2 a 
similar relaxation could have been expected for the heat treatment at 450 °C for 4 
hours. In Figure 4.36 c) the residual stress values are lower after the heat 
treatment. The average residual stress values are shown in Table 4.9.  

Figure 4.36: a) σZ and σX along the build direction on S1, c) σZ and σX along the build 
direction and c) across the thickness on S2. See Figure 3.16 c) and d) for the 
measurement positions. 
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Specimen σZ in MPa σX in MPa σY in MPa 

Tower_65s_AB 198 ± 64 61 ± 13 145 ± 36 

Tower_65s 192 ± 57 90 ± 26 82 ± 29 

The relaxation (using the average residual stress values shown in Table 4.9) of the 
σZ and σY is 12 % and 43 % respectively. These values are to some extent in 
agreement with findings in the literature. However, the roughness measurements 
showed that none of the surfaces had similar roughness values (see Table 4.2). 
Since in Figure 4.36 b), no difference in the residual stress values is observed 
between both specimens, no clear conclusion can be drawn from the surface 
measurements. Therefore, the bulk residual stress was investigated. The 
distribution of the residual stress in the cross section at half the height of the 
Tower specimens is shown in Figure 4.37 and Figure 4.38. Peak tensile σZ are 
present at the corners and remain tensile along each subsurface. The tensile 
residual stress is balanced by compressive σZ at the centre of the specimen. The σZ 
reach 510 MPa at the corners, which is in the order of the yield strengths in Table 
2.2. The maximum compressive residual stress is -540 MPa. These values are 
similar to the magnitudes found in the walls analysed in subchapter 4.3.2. 

The σX and the σY are much lower compared to the σZ as shown in Figure 4.37 b) 
and c). The scale was readjusted for better visualisation of the following 
observations. The distributions of σX and σY follow the boundary conditions. For 
each direction, peak values are obtained at the centre of a surface and low values 
are obtained where the free surface condition for stress applies (σX or σY = 0 MPa 
when normal to the surface). 

Table 4.9: Average residual stress values in the Tower specimens before and after 
the low temperature heat treatment. 
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The distribution of the triaxial residual stress in Tower_65s shown in Figure 4.38 is 
similar to Tower_65s_AB. The main difference appears to be a higher stress range 
in the σX and a shift of the σY to overall lower stress values. Moreover, the 
distribution of the residual stress corresponds well to findings in the literature [119, 
130, 209, 210]. 

Both Figure 4.37 b) and Figure 4.38 b) show that the σX is compressive near the 
free surface with values between -50 MPa and -200 MPa. This may be resulting 
from a variation of the stress-free reference 𝑑0 in e.g. X = 18.3 mm in Figure 4.38 
c). As described in subsection 2.2.1, 𝑑0 changes were observed to change with the 
build height [102] but not along the thickness or length at a fixed height [128]. 
Another explanation is that the extraction of 3 mm x 3 mm x 3 mm cubes may not 
have fully relieved the type I residual stress in PBF-LB/M material. Therefore, a 
shift to compressive residual stress values is observed.  

The σX and the σY along the central line (Y = 6 mm) for both specimens (see Figure 
4.37 and Figure 4.38 b) and c) respectively) are similar to the distribution observed 
in the 9mm_26mm specimen (see Figure 4.23 and Figure 4.24). The σX remain 
mostly in compression below -200 MPa whereas the σY increase towards the free 
surfaces. Interestingly, for both residual stress directions much lower values are 

Figure 4.37: a) σZ, c) σX and d) σY distributions in the Tower_65s_AB (as-built). The 
location of the measurement points is shown in Figure 3.21 c).  
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observed in the Tower specimens compared to the wall specimens near the surface. 
This is a result of the size of the gauge volume averaging of the maxima of the 
stress gradients (see subsection 2.2.1 and 3.7) 

The σZ are further analysed along the two measurement lines (1) and (2). Similar to 
the approach taken to evaluate the influence of the thickness on the surface 
residual stress in 4.3.1, analysing the higher magnitude residual stress should give 
insights on whether relaxation occurred. The σZ along lines (1) and (2) in 
Tower_65s_AB and Tower_65s are plotted in Figure 4.39. The σZ values are mostly 
within the error bar.  

The analysis of the surface and bulk residual stress shows that very little relaxation 
occurred when applying the heat treatment at 450 °C for 4 hours. This is also in line 
with observations showing no changes in the microstructure nor in mechanical 
properties such as the hardness or the yield strength [6, 7, 51]. As discussed before, 
type I residual stress in the d0 stress free-reference may have been retained.  

Figure 4.38: a) σZ, c) σX and d) σY distributions in the Tower_65s (heat treated at 
450 °C for 4 hours). The location of the measurement points is shown in Figure 3.21 
c). 
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Two additional aspects need to be considered to assess the relaxation of the 
residual stress. As introduced in the subchapters 2.2.1 and 3.7, the residual stress 
values are a function of the gauge volume. The analysis on the wall specimens 
shows the residual stress distribution (chapter 4.3) and highlights the steep 
residual stress gradients towards the surface (around 400-600 MPa/mm, see 
Table 4.8).  

It is possible that peak residual stress values were reduced by the heat treatment 
but not captured by the measurement positions and the choice of the gauge 
volume. The use of 2 mm x 2 mm x 2 mm gauge volumes induces a smearing of the 
near surface stress maxima. In fact, the relaxation and redistribution of the peak 
residual stress could lead to the very similar values between the Tower_65s_AB 
and the Tower_65s specimens. The relaxation obtained from the heat treatment 
at 450 °C for 4 hours using the residual stress ranges (maximum to minimum 
residual stress value) and an average error of 20 MPa is summarized in Table 4.10. 
The results clearly show that for the σZ very little relaxation is observed whereas 
for the two other residual stress directions, the maximum relaxation is 5 % and 
26 % for the σX and the σY respectively. 

Figure 4.39: a) σZ along line 1 and b) along line 2 in the Tower_65s_AB and 
Tower_65s. 
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Specimen ΔσZ in MPa ΔσX in MPa ΔσY in MPa 

Tower_65s_AB 1060 310 210 

Tower_65s 1050 340 190 

Relaxation in % 0 ± 4 -9 ± 14 7 ± 19 

The second aspect, as discussed previously, is the fact that there is no clear trend 
of how the surface residual stress relax. Ideally, a clear trend should be visible 
independently of the surface analysed. Since this is not the case, one can conclude 
that the residual stress relaxation is below the resolution of the combined XRD and 
ND approach.  

To summarize, the temperature heat treatment (450 °C for 4 hours) employed to 
relieve the residual stress in PBF-LB/M/316L did result in a minor relaxation of the 
residual stress. This result does not correspond with the relaxation of the 
compressive residual stress reported in [175]. The authors determined the σX and the 
σY on 3 mm slices extracted from a larger structure. They reported a relaxation 
around 31 %, which is much higher than the values found for the heat treatment 
employed in this study. It is noted that the temperature employed for the low 
temperature heat treatment is 50 °C higher than the temperature employed in [175]. 
However, the relaxation of residual stress largely depends on the initial magnitude 
(see subchapter 2.3.2). Therefore, it can be assumed that the results in [175] do not 
display the relaxation of the residual stress in the PBF-LB/M AISI 316L. This 
observation is substantiated by the reduced diffusion and the dislocation mobility at 
these temperatures (see 2.3.1). The microstructure of PBF-LB/M/316L is reported to 
remain stable up to a temperature range between 600 °C and 700 °C. The relaxation 
may be driven by local plastic deformation if the residual stress is above the 
temperature dependent yield strength or time dependent relaxation mechanisms 
(see 2.3.2). The yield strength at 450 °C is between 200 MPa and 250 MPa as derived 
from the study reported in [170], which is lower than the σZ shown in Figure 4.37. 
Therefore, some relaxation may have occurred due to plastic deformation. In the 

directions of σX and σY the magnitudes are lower than the yield strength at 450 °C. 
Therefore, the relaxation would have been predominantly driven by time dependent 
processes which, given by the relatively close stress ranges, did not occur (within the 
limitations of the characterisation method). Based on the findings presented the 

Table 4.10: The σZ, the σX and the σY ranges in the Tower_65s_AB and the 
Tower_65s. 
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relaxation of the residual stress using the low temperature heat treatment is below 
5 %. Depending on the part thickness, the residual stress after this heat treatment 
may lead to distortion upon the removal of the part from the build plate.  

4.5.2 The residual stress after high temperature heat treatment 

The investigation on the influence of high temperature heat treatments was 
conducted on the SENB specimens (the geometry is shown in Figure 3.23). The 
triaxial bulk residual stress was determined before and after the respective heat 
treatment, at the same measurement positions. The residual stress before and 
after the two different heat treatments (800 °C and 900 °C for 1 hour respectively) 
is shown in Figure 4.41. The values are overplotted for comparison. The triaxial 
residual stress in the SENB specimen distributes similarly to the observations 
made on the distribution of the residual stress in the Y-direction (through the 
thickness, see Figure 4.18). The σZ describe a U-type profile. In this case the profile 
is asymmetric as the introduction of the WEDM notch leads to a redistribution and 
a relaxation of the residual stress (see details in [211, 212]). Furthermore, the σZ in 
the two measurement lines differ which is also attributed to the machining of the 
specimens. An increase of the σX close to the notch tip is observed, which can be 
as well related to the WEDM processing step [213]. The σY are low in the two SENB 
specimens. The residual stress ranges remain high ≤~50 % compared to the ranges 
in the Tower_65s_AB (Table 4.10).  

The influence of HT2 on σZ is shown in Figure 4.41 a). The values are reduced after 
exposing the specimen to 800 °C for 1 hour compared to those found after HT1. The 
presence of a residual stress gradient indicates that the residual stress does not 
fully relax. Furthermore, the stress values along the two measurement lines still 
differ by approximately 50 MPa (constant along the cross-section). A similar trend 
is observed when analysing the σZ after the heat treatment at 900 °C for 1 hour, 
whereby greater relaxation is observed. This trend is as well seen for σX. Peak stress 
values near the notch decrease until comparable values along the ligament are 
observed after the additional heat treatments as shown in Figure 4.41 c). After 
HT2, a small relaxation of the σX is observed. Nonetheless, a stress gradient is still 
visible which vanishes when applying HT3 (see Figure 4.41 d). The σY in both 
specimens are shown in Figure 4.41 e) and f). The residual stress before and after 
the heat treatment are within the error bars. 
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Figure 4.40: a) σZ, c) σX, and d) σY along line 1 and 2 before after and after HT2; b) 
σZ, d) σX, and f) σY along line 1 and 2 before and after HT3. The legend in a) and b) 
applies to c) through f). Adapted from [172]. 
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The approach to infer the 𝑑0 is applicable due to the low through thickness residual 
stress (σY). The relaxation values calulcated using the residual stress ranges are 
summarized in Table 4.11.  

Heat Treatment ΔσX in % ΔσY in % ΔσZ in % 

HT2 (800 °C/ 1 h) 75 ± 7 8 ± 56 75 ± 2 

HT3 (900 °C/ 1 h) 79 ± 3 9 ± 31 86 ± 4 

The degree of relaxation determined depends on the residual stress direction. The 
much lower σY led to erroneous values. However, the relaxation values using σX and 
σZ agree well for the respective heat treatment.  

Table 4.11: Relaxation after HT2 and HT3 for each stress direction. 
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The relaxation obtained after HT2 and HT3 is compared with findings reported in 
the literature (summarized in Table 2.3) in Figure 4.41. A baseline is necessary to 
calculate the relaxation. In subchapter 4.5.1 it was concluded that the heat 
treatment at 450 °C for 4 hours gave rise to minimal stress relaxation (0±4 % as 
shown in Table 4.10). Therefore, the residual stress in the SENB specimens after 
HT1 can be used as baseline for the calculation of the residual stress relaxation 
when applying a subsequent heat treatment at 800 °C and 900 °C for 1 hour 
respectively. The discrepancy of the relaxation values obtained at a TE smaller than 

16 is detailed in 4.5.1. The residual stress relaxation resulting from HT2 and HT3 is 
in good agreement with the relaxation values for PBF-LB/M/316L from the 
literature as shown in Figure 4.41. The relaxation obtained by HT3 agrees well with 
results for welded austenitic steels i.e. relaxation of 85 % with a TE between 22.4 

– 23.5 [46, 171]. Cellular structures are also found in welded austenitic steels,
although the size is different to the ones found in PBF-LB/M/316L (see 2.1). At
900 °C these cells mainly dissolve, which may explain the good agreement of the
relaxation values between the welded and PBF-LB/M austenitic steel.

Figure 4.41: The relaxation of σZ as a function of the TE calculated using the 
averaged residual stress in specimen A and B as reference and comparison to 
findings reported in the literature; H (horizontally built specimen) and V (vertically 
built specimen). Adapted from [172]. 
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4.5.3 Analysis of the microstructure and residual stress changes 

The microstructure of an as-built (9mm_13mm) and a heat-treated specimen 
(SENB specimen) is shown in Figure 4.42. From literature it is known that no 
changes in the texture, the grain growth or in the cellular structure occurs at this 
temperature [6, 7, 51, 214]. Analysing just the cellular substructure of the two 
specimens reveals similar features in the two microstructures. The grain 
boundaries and melt pool boundaries remain clearly visible, as well as the cellular 
substructure.  

Through the analysis of the FWHM it is possible to obtain information on the 
microstructure (mosaicity and crystallite size) changes. These can then be linked to 
the residual stress (type II and type III) changes (see 2.2.2). The mosaicity describes 
the misorientation at a subgrain level such as induced by the cellular structure in 
PBF-LB/M/316L. This misorientation induces peak broadening and as such a larger 
FWHM. In the case of cellular substructures, it is assumed that the cells have small 
misorientations. The dissolution of the cellular sub-structures therefore leads to 
the homogenization of the subgrain orientations and thus a decrease of the FWHM 
[80]. Grain growth may also lead to a reduction of the FWHM. However, only minor 
grain growth was observed when heat treating the specimens at 800 °C and 900 °C 
for 1 hour respectively (see Figure 4.43). Therefore, it is assumed that the influence 
of the grain size is negligible on the FWHM.  

Figure 4.42: a) as-built microstructure of the 9mm_13mm specimen, and b) heat 
treated (450 °C/ 4 hours) microstructure of the Tower_65s_AB specimen.  
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Increasing the heat treating temperatures to 800 °C and 900 °C leads to significant 
changes in the cellular structure as shown in Figure 4.44 a and b. The cells are 
stable up to temperatures around 800 °C [7] and indeed, though the dissolution 
appears to have started i.e. contrast between cell wall and matrix less prominent, 
it is still visibile after HT2 (see Figure 4.44 a). The heat treating temperature 900 °C 
leads to the dissolution of the cells [7, 215] which agrees well with the 
microstructure shown in Figure 4.44 b. The cellular structure is composed of 
forests of dislocations, precipitates and segregation (mostly Cr and Mo) as 
described in 2.1. These features induce microstrains, which as well lead to a 
diffraction peak broadening and thus larger FWHM values. The FWHM profiles 
before and after HT2 and HT3 are shown in Figure 4.44 c and d respectively. The 
FWHM values decrease gradually when applying 800 °C and 900 °C for 1 hour. The 
FWHM varies with the location after HT2 and describe a profile which becomes flat 
after HT3. The non-homogenous reduction of the FWHM after HT2 indicates that 
minor misorientations (either induced by mosaicity or residual stress of type II or 
type III) are still present i.e. the cellular structure is still prevailing. This is indeed 
the case as shown in Figure 4.44 a. After HT3, the profile is flat which points out 
at the dissolution of the cellular structure, which is shown in Figure 4.44 b. As 
described in 2.1.2 the cellular structure is the main source for the increased 
mechanical properties. Therefore the loss of this microstructural feature and hence 
reduction in mechanical properties needs to be balanced against the relaxation of 
the residual stress. Applying HT2 and HT3 reduce the residual stress by a minimum 
of 75 % (up to 85 % for HT3) [172]. For indication, these heat treatments are 

Figure 4.43: a) EBSD of the microstructure after the low temperature heat 
treatment, b) when applying 800 °C for 1 hour, c) when applying 900 °C for 1 hour, 
d)-f) associated grain sizes. a) through c) are adapted from [172].  
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reported to reduce the hardness by 8 %-12 % [7] and the yield strength by 8 % - 
17 % [6, 51] and 13 % - 25 % [51] respectively. Nonethelss, the yield strength (about 
390 MPa when applying 900 °C [51]) remains much higher compared to wrought 
316L (approximately 170 MPa in hot finished and annealed bars [171]).  

Figure 4.44: a) cellular structure after HT2 and b) HT3, highlighted in insets (1)-(2). 
The yellow arrows indicate melt pool boundaries, and the green arrows highlight 
grain boundaries. c) Evolution of the FWHM after HT2 and d) after HT3. All images 
are adapted from [172]. 
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The thermal relaxation of the residual stress seems to broadly follow the indications 
given for welded austenitic steels. The heat treatment at 450 °C for 4 hours leads to 
a relaxation lower than 5 %. Findings in the literature suggest that ~30 % relaxation 
can be obtained [175, 216], which is however very unlikely given the results shown in 
4.5.1. Setting the heat treatment temperature to 900 °C is one option to relax up to 
85 % of the residual stress. Given the generalised argument that residual stress 
reaches magnitudes close to the yield strength, the specimens can end up with 
residual stress about 100 MPa (based on a yield strength around ~550 MPa, see Table 
2.2). This needs to be accounted for in the design of the specimens as the residual 
stress is superimposed to any additional external load (either static or dynamic). 
When designing the part or performing a topology optimization, the thinnest part 
sections need to be analysed considering the residual stress after the heat treatment 
to prevent premature failure.  
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Summary and Conclusions  

In this study the residual stress formed in stainless steel 316L specimens 
manufactured by laser powder bed fusion (PBF-LB/M) was investigated. This 
additive manufacturing process induces large thermal gradients. The layer-by-layer 
manufacturing leads to complex residual stress fields. The PBF-LB/M processing 
of the austenitic stainless steel 316L has shown that the strength-ductility trade-
off normally encountered with this alloy can be overcome. Moreover, given the 
freedom of design of the PBF-LB/M process this alloy has seen its application 
range expand to include safety critical and crucial components for sustainable 
technologies.  

Several gaps regarding the residual stress in PBF-LB/M/316L were identified in the 
literature. (I) The (311) lattice plane is commonly used to calculate the residual 
stress in PBF-LB/M/316L. However, it has not been shown if analogue to 
conventionally processed 316L this approach can be used. (II) The influence of the 
geometry on the residual stress is unclear as most of the studies to date 
investigate process parameter optimizations and their influence on the residual 
stress. (III) The impact of the process parameter inter-layer-time (ILT) on the 
residual stress has not been investigated for PBF-LB/M although it was found to 
significantly alter the residual stress in other additive manufacturing processes. 
Moreover, the ILT is known to influence the heat accumulation, which directly 
affects the residual stress. (IV) Stress relaxation heat treatments are employed, 
which rarely consider the indications given in available standards for welded 
austenitic steels. Thereby, the temperature range between 800 °C and 900 °C is 
scarcely investigated although it leads to the dissolution of the cellular structure, 
which is the source for the improved static mechanical properties.  

This study used X-ray (XRD) and neutron diffraction (ND) to determine the surface 
residual stress, the subsurface (using the layer removal technique) residual stress 
and the bulk residual stress. The complex surface of PBF-LB/M structures poses 
challenges to the diffraction-based assessment of the residual stress. This was 
overcome by systematically measuring the roughness of the specimens. The 
diffraction findings were substantiated by the analysis of the microstructure using 
optical and scanning electron microscopy and thermographic measurements.  

The results show that the (311) lattice plane is the most suitable lattice plane to 

calculate the macroscopic residual stress. Nonetheless, the (311) lattice plane was 

found to accumulate type II strains, which can induce an error between 20 MPa and 

90 MPa. Moreover, the experimental results were well described by the Kröner 

grain interaction model despite the texture. The geometry was found to play a 
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major role on the residual stress. The residual stress changes with the geometry 

and an increase of the dimensions leads to higher magnitudes but lower residual 

stress gradients. These changes were explained by the variation of the restraint to 

the shrinking material and thermal gradients. When maintaining the process 

parameters constant, the residual stress has similar magnitudes in small and large 

structures. Increasing the ILT leads to an increase of up to 15 % of the peak 

compressive residual stress. Using a short ILT leads to a higher heat accumulation, 

which reduces the thermal gradient within the part und subsequently to lower 

residual stress magnitudes. This effect was observed to have a threshold at an ILT 

of 65 seconds. Heat treatment at 450 °C resulted in a relaxation of approximately 

5 %. The use of 800 °C and 900 °C resulted in the relaxation of the residual stress 

by 75 % and 85 % respectively. The nearly full relaxation of the residual stress 

(900 °C) indicated by flat residual stress profiles needs to be balanced with the 

dissolution of the cellular structure.    
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The following conclusions can be drawn: 

1. The roughness of the lateral surfaces of the PBF-LB/M/316L specimens
differed strongly from each other. No trend was observed due to the large
number of influencing factors. When analysing solely the surface residual
stress, it is advised to ensure that the surface roughness is measured for
comparison purposes.

2. The in-situ neutron diffraction tensile test in two measurement
orientations (different textures) showed that the lattice strains describe a
similar trend but differ due to the prevailing texture. A comparison with
conventional 316L showed that there is good agreement in the fully elastic
regime. In the plastic regime, the load shedding of the (220) lattice plane
and the strain accumulation of the (200) lattice plane is more pronounced
in the PBF-LB/M material compared to the conventional material. This was
attributed to the texture, the large amount of strain at the onset of
plasticity and the pinning of the dislocations due to the cellular structure.

3. The unloading sequences during the in-situ neutron diffraction tensile test
permitted the analysis of the lattice strain accumulation in the material.
The lattice strain accumulation behaviour of the two different loading
directions (textures) was similar. However, the specimen with a <220>
texture along the loading direction had larger tensile strain accumulation
of the (200) and the (311) lattice planes. This was attributed to the
prevailing texture. The (311) lattice plane is generally assumed to
accumulate no residual strain, which is one reason why it is used for the
residual stress assessment. However, at approximately 1 % macroscopic
strain the lattice strain accumulation was as high as 500 × 10-6 strain (up
to 90 MPa in idealized uniaxial stress), which needs to be considered when
evaluating the residual stress magnitudes.

4. The diffraction Young’s moduli (two textures) were found to be well
described by the Kröner model. The values of to the (311) lattice plane were
within the error bar, which may reduce the error of the resulting stress
when using Hooke’s law for triaxial stress. The good agreement between
the model and the experimental results permits to avoid using Poisson
values from diffraction experiments, which are difficult to accurately
determine in textured materials.

5. The in-situ neutron diffraction tensile test showed that the (311) lattice
plane is an appropriate choice for the calculation of the macroscopic
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residual stress according to the lattice strain accumulation and the 
multiplicity.  

6. High tensile residual stress at the surface of the rectangular PBF-
LB/M/316L specimens was found to be balanced by compressive residual
stress in the bulk. At the surface the residual stress in the build direction
(σZ) was larger than the residual stress along the length (σX) and along the
thickness (σY). The maximum surface residual stress was located at the
centre of the surface. In the subsurface, the σZ was higher compared to the
σX. The residual stress in the subsurface reached a peak, which was
affected by the geometry. The bulk residual stress was tensile near the
surface and was compressive in the centre of the volume. The peak
compressive (σZ) was generally located at the centre of the specimen.

7. The increase in thickness leads to larger surface residual stress along the
build direction (σZ) but this effect reaches a threshold around 9 mm for this
material and geometry. Moreover, the subsurface tensile residual stress
peak (build direction) shifts to greater depths when increasing the
thickness. This is, however, not the case for the in-plane residual stress. In
fact, the residual stress along the length (σX) was observed to increase in
the thicker specimens, which was attributed to the higher degree of
restraint to shrinkage. In the bulk, the residual stress (σZ and σX) was found
to increase with the thickness and to reach the material’s yield strength
(just σZ) close to the lateral surface of the specimens. The bulk through
thickness σY remained low, which allows to approximate the residual stress
as bi-axial (up to a thickness of 9 mm).

8. The increase of the specimen length led to larger surface and subsurface
σZ, similar to the increase in thickness. The bulk σZ were limited by the
material’s yield strength, which is in good agreement with the simplified
residual stress models given in [11]. Increasing the length in fact reduced
the σZ gradients, which was explained with the different heat conduction
as a result of smaller surface to area ratio in larger specimens. The bulk σX

and the bulk σY and were found to be lower than the σZ. The σX were larger
than the σY corresponding to the longer scanning vectors and resulting
thermal history.

9. The overall larger residual stress in specimens with greater dimensions was
explained with the higher restraint to shrinkage and the heterogenous
cooling. When increasing the dimensions, the restrained shrinkage of each
weld bead becomes larger. Moreover, the surrounding powder acts as
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insulation and when increasing the specimen dimensions, the cooling of 
the surface and the bulk are affected: the surface remains at a higher 
temperature while the bulk cools faster. Changing the dimensions leads to 
a more heterogenous cooling of the structure and induces additional 
mismatch in the material. This ultimately gives rise to larger residual 
stress, which is ultimately bound by the material’s yield strength. For this 
material and this scanning strategy, the dimension from which the 
changes are minor when further increasing the specimen size was 9 mm. 
In fact, the analysis of the residual stress in a structure much larger (up to 
a factor of 2.5 mm greater dimensions) showed that the surface and bulk 
residual stress remained largely similar. This is essential when evaluating 
the residual stress on witness specimens to evaluate the residual stress in 
a much larger and more geometrically complex part. The results show that 
the residual stress observations may be transferred to assess larger 
structures and as such reduce manufacturing costs as the witness 
specimens can be smaller in height.  

10. The analysis of the residual stress using the tailored gauge volume
revealed very high σZ gradients near the surface and small σY through the
thickness. When performing ND experiments, the residual stress gradients
need to be considered when choosing the gauge volume. Near the surface,
a large gauge volume will average out the peak residual stress.
Additionally, the approach to infer d0 values assuming small σY may be
used, which gives the full non-destructive potential of ND. This is especially
useful when the aim is to capture the evolution of the residual stress
following post processes.

11. The influence of the ILT on the residual stress was determined using XRD
and ND. The analysis was substantiated by in-situ thermography. At the
surface, short ILT led to higher surface residual stress. The use of long ILT
reduced the surface residual stress and a threshold was reached at
65 seconds. The surface residual stress abates when using higher laser
scanning velocities, which was related to the smaller melt pools and
reduced shrinking volume. The analysis of the bulk residual stress shows
how longer ILT results in ~15 % higher residual stress magnitudes in the
bulk. Decreasing the ILT reduced the bulk residual stress as more heat is
accumulated. High temperatures during the manufacturing reduce the
thermal gradients and combined with long manufacturing times, the
stress is reduced by recovery processes. Therefore, lower residual stress is
found when decreasing the ILT. Variations in the ILT can be compared to a
change in thickness of a geometrically complex structure or to a variation
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of the number of specimens built during the same build job. Therefore, 
variations in the residual stress need to be accounted for in such scenarios. 

12. The investigation on the influence of the ILT also showed that the surface
and the bulk residual stress did not coincide when analysing the influence
of process parameters. This effect was attributed to the heterogenous
cooling of the surface and the bulk, which was affected by the heat
accumulation. Ideally, the influence of process parameters should be
performed using surface and subsurface or bulk residual stress.

13. The relaxation of residual stress by applying different heat treatments was
investigated using ND. The findings indicate that a heat treatment at 450
°C for four hours yields a relaxation below the 5 %. The low relaxation of
this heat treatment coincides with the stable microstructure and
mechanical properties. This study also shows that heat treatment
temperatures of 800 °C and 900 °C held for 1 hour are required to achieve
a relaxation of 75 % and 85 % respectively. These results agree well with
the indication for stress relieving welded austenitic steels. The relaxation
obtained when applying 900 °C for 1 hour led to a strongly dissolved cellular
structure. This needs to be accounted for when choosing the stress relieve
heat treatment, as the loss of the cellular structure also reduces the static
mechanical properties.

Throughout the study two aspects related to the residual stress in PBF-LB/M/316L 
were highlighted which can be the focus of future studies. The first aspect concerns 
the influence of the surface roughness on the determination of the surface residual 
stress via X-ray diffraction. The surface residual stress in the build direction 
increases with the depth. The experiment results provide no certainty on whether 
this increase is a result of a change of the restraint during the solidification or if 
the residual stress magnitudes are low due to the surface roughness. Because 
most of the results reported in the literature report surface values without 
indications on the surface roughness, it remains difficult to draw conclusions on 
correlations of residual stress magnitudes and process parameters.  

The second aspect of interest is the connection between the subgrain solidification 
cellular structure and the residual stress relaxation. It can be assumed that keeping 
the subgrain solidification cellular structure in laser powder bed fused alloys 
prevents the residual stresses to relax during heat treatment. This structure is 
composed of a high density of tangled dislocations, precipitates, and segregated 
elements. Each of these constituents present an obstacle for dislocation motion, 
which is one driver for the residual stress relaxation. It is key to retain this 
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microstructural feature in view of maintaining the higher yield strength in LPBF 
processed alloys to enable efficient lightweight designs. Therefore, it can be 
hypothesized that understanding the link between the residual stress relaxation 
and cellular structure will permit to tailor heat treatment strategies to balance both 
the improved mechanical properties with knowledge on the evolution of the 
residual stress. 
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Appendix  

A.I : Correction of partially immersed measurement points

The correction of the partially immersed measurement points is two-fold. First the 
measurement position is corrected. During the experiment, the measurement 
position is the centre of the instrument. More specifically, the measurement 
position corresponds to the centre of scattering, for which the primary and 
secondary optics were calibrated for. Prior to the experiment the size of the gauge 
volume is determined by scanning through a copper foil (see A. 1 a). In this graph, 
the distance between the surface and measurement position is plotted against the 
position of the gauge volume. When the gauge volume is fully immersed, the 
distance from the specimen and position in the specimen corresponds to one 
another (linear part of the curve). Close to the surface, the position shifts as the 
centre of mass of the gauge volume is shifted. Furthermore, the theoretical 
intensity evolution when scanning through the specimen is calculated. This step 
considers the specimen geometry (path length), the absorption coefficient of the 
material and the instrument set-up. The measured intensity and corresponding 
measurement positions are then fitted to the theoretical intensity (see A. 1 b). 
These steps are necessary to correct the position of the centre of mass of the 
gauge volume.  

When setting up the instrument, the secondary optics is aligned toward the 
scattering centre for the 2𝜃 angle corresponding to the targeted reflection. This 
detector is position sensitive. Each neutron diffracted towards the detector is 
giving information on the diffraction angle. However, if the gauge volume centre is 
shifted due to the partial immersion, a shift in the peak position will occur (i.e. this 
is equivalent to a change in strain). Since the correct gauge position has been 
determined in the preliminary step, this shift can be corrected for. 
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The corrected values were provided by the instrument scientist. An example is 
given in Table A. 1. The error of the calculated strain in the same specimen and 
measurement orientation is in average 56 µm strain. The strains in this direction 
are in the order of multiples of 10-4 µstrain. The positions of the depth profile 
acquired using neutron diffraction are shown in Figure 3.18. 

A. 1: a) Comparison of the measured and b) simulated gauge volume position.
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Measurement 
position in mm 

Corrected 
Positions in mm 

Position in sample 
in mm 

Strain difference in 
µstrain 

-2.6 -2.45 0.156 181 

-2.4 -2.35 0.258 155 

-2.2 -2.19 0.416 128 

-2.0 -2 0.61 101 

-1.8 -1.8 0.81 76 

Table A. 1: Example of corrected measurement positions and associated strain 
difference in near surface neutron diffraction measurements 
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A.II : Additional microstructure and roughness analysis

The optical images of the microstructure shown in A. 2 show that the porosity is 
on a low level. The porosity of the wall specimens is assumed to be similar to the 
specimen with a volumetric energy density of 65 J.mm-3 and an ILT of 65 s (see A. 
3), as the identical set of parameters was used.  

The porosity of the specimens of PBF-LB/M/316L tensile specimens sized 
20 mm x 13 mm x 114.5 (length x length x height) manufactured with adapted 
process parameters for a layer thickness of 50 µm is shown in A. 3. The porosity 
corresponding to a volume energy density of 65 J.mm-3 and an ILT of 65 s was 
determined using X-ray computed tomography and found to be less than 0.01 % 
according to [49].  

A. 2: a) Porosity in the X-Y plane of the wall specimens with a thickness of 2 mm, 
b) 5 mm and c) 9 mm. Blue arrows exemplarily show a few pores in the specimen 
with a thickness of 9 mm.
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The length of the depth profiles is shown in A. 4. The depth profiles ended in the 
second track of a layer (laser spot size 80 µm) for the 2mm_26mm specimen and 
in the third track of a layer for the 5mm_26mm and the 9mm_26mm specimens.  

A. 3: Porosity of PBF-LB/M/316L specimens manufactured with a layer thickness 
of 50 µm and different Inter-layer-Times and Volume Energy Densities (adapted 
from [157]).
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A similar microstructure is observed in the material printed with a 30 µm compared 
to the 50 µm layer thickness as shown in A. 5. The microsections were extracted 
from a thin slice of a 80 mm x 80 mm x 80 mm wall (see A. 5 a). The checkerboard 
pattern is rotated by 45° as the scanning strategy is as well at an angle of 45° to 
the geometrical axes X and Y. This result supports the transferability of the 
outcome in chapter 4.2 addressing the approach for the determination of the 
residual stress in PBF-LB/M AISI 316L. 

A. 4: Microstructure of the 2mm_13mm specimen and the highlighted lengths of 
the depth profiles.
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A. 5:a) Location and orientation of the EBSD pictures from the microstructure in 
the 30 µm PBF-LB/M walls, b) V-specimen texture and c) H-specimen texture. d) 
EBSD colour code, e) pole figure in the loading direction of the V-specimens and f) 
in the H-specimens. In a), the green specimens in wall 1 indicate the position of the 
V-specimens and the yellow specimens in wall 2 indicate the position of the H-
specimens before extraction from the respective walls.
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The Z profiles of the 2mm_26mm, the 5mm_26mm, and the 9mm_26mm 
specimens are shown in A. 6 a)-c) respectively. In the 2mm_26mm specimen the 
scale covers a range of 50 µm. In the 5mm_26mm specimen the scale covers a 
range of 75 µm and in the 9mm_26mm specimen the scale covers a range of 40 µm. 
These values are in the order of the roughness as shown in Figure 4.6.  

A. 6: a) Profile maps (Z) of the 2mm_26mm, b) the 5mm_26mm and c) the 
9mm_26mm specimen.
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A.III :In-situ tensile test experiment 

The engineering stress – strain curves of the V-specimen and the H-specimen are 
shown in A. 7 a) and b) respectively.  

A. 7: a) Stress-strain data monitored by the tensile testing rig during the in-situ 
tensile test of the V-specimen and b) the H-specimen. Examples of relaxation 
during the acquisition of the diffraction pattern highlighted in (a) and example of 
the room temperature creep at an applied load of 270 MPa in (b).
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A.IV : Python code for the determination of the yield strength

Python code to calculate the yield strength. 

Created on Thu Nov 25 14:52:46 2021 

This program calculates the yield strength:  
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import matplotlib.pyplot as plt 

import numpy as np 

#from numpy import Polynomial 

import csv 

import warnings 

# constants used in this script 

YIELD_STRAIN = 0.01 

FILE_NAME = "Daymon_2006_macro_RT.txt" 

strain = [] 

stress = [] 

def main(): 

    ### Avoid complex solutions for roots in 
function calc_intersection 

    warnings.filterwarnings('ignore') 

    fig, ax = plt.subplots(2,2, squeeze=False, 
figsize= (10,10)) 

    # First the file is opened and each line is 
read and stored in lines 

    with open(FILE_NAME, 'r') as f: 

        lines = csv.reader(f, delimiter='\t') 

        for line in lines: 

            strain.append(float(line[0])) 

            stress.append(float(line[1])) 

    ### plot data 

    plt.sca(ax[0, 0]) 

    stress_strain(strain, stress) 

    plt.sca(ax[0, 1]) 

    stress_strain(strain, stress) 

    plt.sca(ax[1, 0]) 

    stress_strain(strain, stress) 

    #plt.show() 

    ### The user is asked to define the linear 
part of the curve 

    x_min, x_max = data_range() 

    #### A new data set with the above 
defined range is created 

    strain_lin_range, stress_lin_range = 
fit_range(x_min, x_max, strain, stress)    

    # Plot the data set of the linear part 

    #stress_strain(strain_lin_range, 
stress_lin_range) 

    ### Retrieve the slope and intercept of the 
linear part 

    line = fit_line(strain_lin_range, 
stress_lin_range) 
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    ### Calculate the fitted line 

    lin_x, lin_y = calc_line(line[0], line[1], 
strain) 

    ### Plot the fitted line 

    #stress_strain(lin_x, lin_y) 

    ### Ask direction of inflection 

    YIELD_STRAIN_NEW = 
inflection_direction(YIELD_STRAIN) 

    print('This is the initial offset: ', 
YIELD_STRAIN, '\n') 

    print('This is the new offset: ', 
YIELD_STRAIN_NEW, '\n') 

    ### Shift the fitted line by the 
YIELD_STRAIN 

    shift_x, shift_y = shift_line(line[0], line[1], 
strain, YIELD_STRAIN_NEW) 

    ### Plot the shifted line 

    plt.sca(ax[0, 1]) 

    stress_strain(shift_x, shift_y) 

    ### Calculates the arguments of a x^2 
polynomial 

    curve = calc_poly(strain,stress) 

    ### Retrieve the fitted curve 

    poly_x, poly_y = fit_poly(curve,strain) 

    ### Plot the fitted curve 

    plt.sca(ax[1, 0]) 

    stress_strain(poly_x, poly_y) 

    ### Plot the linear and poly fit 

    plt.sca(ax[1, 1]) 

    stress_strain(shift_x, shift_y) 

    stress_strain(poly_x, poly_y) 

    ### Calculate the intersection 

    yield_strength, x = calc_intersection(curve, 
line, YIELD_STRAIN_NEW) 

    ### Output the result 

    print('The yield strength is the next number 
that makes sense: ', yield_strength) 

    #plt.plot(x[1],yield_strength[0]) 

def calc_intersection(curve, line, 
YIELD_STRAIN):      

    p = 
[float(curve[0]),float(curve[1]),float(curve[2]
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)-float(line[0]), float(curve[3])-
float(line[1])+float(line[0])*float(YIELD_STRA
IN)] 

    intersection = np.roots(p) 

    yield_strength = 
[float(line[0])*(float(intersection[0])-
YIELD_STRAIN)+float(line[1]), 
float(line[0])*(float(intersection[1])-
YIELD_STRAIN)+float(line[1])] 

    return yield_strength, p 

def fit_poly(curve, strain): 

    y = [] 

    for x in strain: 

        y_line = 
float(curve[0])*float(x)**3+float(curve[1])*fl
oat(x)**2+float(curve[2]*float(x) + 
float(curve[3])) 

y.append(y_line)

    return strain, y 

def calc_poly(strain,stress): 

    curve = np.polyfit(strain, stress, 3) 

    return curve 

def shift_line(slope, intercept, strain, 
YIELD_STRAIN): 

    y= [] 

    for x in strain: 

        y_line = float(slope)*float(x-
YIELD_STRAIN) + float(intercept) 

y.append(y_line)

    return strain, y   

def calc_line(slope, intercept, strain): 

    y= [] 

    for x in strain: 

        y_line = float(slope)*float(x) + 
float(intercept) 

y.append(y_line)

    return strain, y   

def fit_line(strain_lin_range, 
stress_lin_range): 

    line = np.polyfit(strain_lin_range, 
stress_lin_range, 1) 

    return line 

def stress_strain(strain, stress): 

    plt.plot(strain, stress) 

    #plt.show() 

def fit_range(x_min, x_max, strain, stress): 

    strain_lin_range = [] 
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    stress_lin_range = [] 

    for a in strain: 

        if x_min < a and x_max > a: 

            strain_lin_range.append(a) 

            # get index of the x value 
corresponding to a 

            i = strain.index(a) 

            stress_lin_range.append(stress[i]) 

    #print(strain_lin_range) 

    #print(stress_lin_range) 

    return strain_lin_range, stress_lin_range 

def data_range(): 

    x_min = float(input('What is the lower x 
limit?: ')) 

    x_max = float(input('What is the upper x 
limit?: ')) 

    print('') 

    return x_min, x_max 

def inflection_direction(YIELD_STRAIN): 

    direction = input('What is the direction of 
the inflection? (upward type left and 
downward type right): ') 

    if direction == str('left'): 

        YIELD_STRAIN = -YIELD_STRAIN 

    else: 

        YIELD_STRAIN = YIELD_STRAIN 

    return YIELD_STRAIN 

if __name__ == "__main__": 

    main()
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