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Abstract 
Additive manufacturing (AM) processes may introduce large residual stresses in the 
as-built part, in particular the laser powder bed fusion process (L-PBF). The residual 
stress state is an inherent consequence of the heterogeneous heating and subsequent 
cooling during the process. L-PBF has become renowned for its “free complexity” 
and rapid prototyping capabilities. However, it is vital to ensure shape stability after 
the component is removed from the build plate, which can be problematic due to the 
residual stress inducing nature of this manufacturing process. Residual stresses can 
be analyzed via many different characterization routes (e.g. X-ray and neutron 
diffraction, hole drilling, etc.), both quantitatively and qualitatively. From an 
industrial perspective, most of these techniques are either prohibitively expensive, 
complex or too slow to be implementable during the early prototyping stages of AM 
manufacturing. 
In this work a deformation based method employing a specific geometry, a so called 
“keyhole”-geometry, has been investigated to qualitatively evaluate the effect of 
different stress relief annealing routes with respect to macroscopic part deformation, 
mechanical properties and microstructure. Previous published work has focused on 
structures with open geometry, commonly referred to as bridge-like structures where 
the deformation required for analysis occurs during removal from the build plate. 
The proposed keyhole-geometry can be removed from the build plate without 
releasing the residual stresses required for subsequent measurement, which enables 
bulk manufacturing on single build plates, prior to removal and stress relief 
annealing.  
Two L-PBF manufactured austenitic stainless steel alloys were studied, 316L and 
21-6-9. Tensile specimen blanks were manufactured and the subsequent heat 
treatments were carried out in pairs of keyhole and tensile blank. Both a contact 
(micrometer measurement), and a non-contact (optical profilometry) method were 
employed to measure the residual stress induced deformation in the keyholes. The 
annealing heat treatment matrix was iteratively expanded with input from the 
deformation analysis to find the lowest temperature at which approximately zero 
deformation remained after opening the structure via wire electrical discharge 
machining. The lowest allowable annealing temperature was sought after to 
minimize strength loss.  
After stress relief annealing at 900 ℃ for 1 hour, the 316L keyhole-geometry was 
considered shape stable. The lateral micrometer measurement yielded a length 
change of 1 µm, and a radius of 140 m (over the 22 mm top surface) was assigned 
from curve fitting the top surface height profiles. The complementary 
microstructural characterization revealed that this temperature corresponded to 
where the last remains of the cellular sub-grain structures disappears. Tensile testing 
showed that the specimen subjected to the 900 ℃ heat treatment had a marked 
reduction in yield stress (YS) compared to that of the as-built: 540 MPa → 402 MPa, 
whereas ultimate tensile strength (UTS) only reduced slightly: 595 MPa → 570 
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MPa. The ductility (4D elongation) was found to be ~13 % higher for the specimen 
heat treated at 900 ℃ than that of the as-built specimen, 76% and 67% respectively.  
For alloy 21-6-9 the residual stress induced deformation minimum (zero measurable 
deformation) was found after stress relief heat treatment at 850 ℃ for 1 hour. Slight 
changes in the microstructure were observable through light optical microscopy 
when comparing the different heat treatment temperatures. The characteristic sub-
grain features associated with alloy 316L were not verified for alloy 21-6-9. Similar 
to the results for 316L, UTS was slightly lower for the tensile specimen subjected to 
the heat treatment temperature required for shape stability (850 ℃) compared to the 
as-built specimen: 810 MPa → 775 MPa. The measured ductility (4D elongation) 
was found to be approximately equal for the as-built (47%), and heat treated (48%) 
specimen. As-built material exhibited a YS of 640 MPa while the heat treated 
specimen had a YS of 540 MPa. For alloy 21-6-9, the lateral micrometer 
deformation measurements were compared with stress relaxation testing performed 
at 600 ℃, 700℃ and 800 ℃. Stress relaxation results were in good agreement with 
the results from the lateral deformation measurements.  
The study showed that for both steel alloys, the keyhole method could be 
successfully employed to rapidly find a suitable stress relief heat treatment route 
when shape stability is vital. 
 
  



 
 

iii 
 

Acknowledgements 
I want to thank my supervisors: Marta-Lena Antti and Pia Åkerfeldt at Luleå 
University of Technology, Fredrik Svahn at GKN Aerospace Sweden AB, and 
Magnus Neikter at University West. It has been so nice to learn from, and with you 
during this period, I appreciate the time, positivity and support you offer. I would 
also like to extend a thank you to Oscar Linde at GKN Aerospace Sweden AB for 
his pleasant and professional way of leading the project. A big thank you to Andreas 
Lundbäck at Luleå University of Technology for the knowledge sharing, patience 
and enthusiasm during our discussions on residual stresses. Mirva Eriksson at 
Stockholm University, thank you for the technical help, hospitality and time, it has 
been a pleasure to work with you, and to visit for L-PBF manufacturing. 
 
I am thankful for all the colleagues and friends that I have met during my time at 
LTU so far, and I look forward to spending more time with everyone. I have yet to 
meet someone that has been anything but friendly and eager to help, which is a 
wonderful thing. Viktor Sandell, it is hard to express the gratitude I feel towards 
you, thank you. I could try to make an exhaustive list of the people that make my 
days more joyful, but there is a high likelihood that it would be incomplete so I will 
refrain from doing so.  
 
I would also like to acknowledge the financial contributions from the RIT project 
(Space for Innovation and Growth), The Swedish National Space Agency (research 
program NRFP) and GKN Aerospace Sweden AB. 



 
 

iv 
 

List of appended papers 
 
Paper I: 
Tensile properties of 21-6-9 austenitic stainless steel built using laser powder-
bed fusion 
Magnus Neikter, Emil Edin, Sebastian Proper, Pavan Bhaskar, Gopi Krishna 
Nekkalpudi, Oscar Linde, Thomas Hansson, and Robert Pederson. 
Materials, vol. 14, no. 15, pp. 1–13, 2021. 
 
Paper II: 
Rapid method for comparative studies on stress relief heat treatment of 
additively manufactured 316L 
Emil Edin, Fredrik Svahn, Pia Åkerfeldt, Mirva Eriksson, and Marta-Lena Antti. 
Submitted. 
 
Paper III: 
Stress relief heat treatment and mechanical properties of laser powder bed 
fusion built 21-6-9 stainless steel 
Emil Edin, Fredrik Svahn, Magnus Neikter, and Pia Åkerfeldt. 
To be submitted. 
 
 
  



Contents 
Abstract ..................................................................................................................... i 
Acknowledgements................................................................................................. iii 
List of appended papers ........................................................................................ iv 

1. Introduction..................................................................................................... ..2 

1.1. The research project ..................................................................................... 2 

1.2. The aim and objectives................................................................................... 3 

2. Background .......................................................................................................... 5 

2.1. Iron and stainless steel .................................................................................. 5 

2.2. Austenitic stainless steel ............................................................................... 6 

2.3. Additive manufacturing ............................................................................... 8 

2.4. Residual stress ............................................................................................. 10 

2.5. Additively manufactured austenitic stainless steel .................................. 15 

3. Materials and Methods .................................................................................. 17 

3.1. Materials and manufacturing .................................................................... 17 

3.2. Deformation based evaluation of residual stress state ............................ 19 

3.3. Material characterization techniques ....................................................... 23 

4. Summary of appended papers ...................................................................... 25 

5. Concluding remarks ....................................................................................... 28 

6. Future work .................................................................................................... 31 

7. References ....................................................................................................... 32 

Appended papers................................................................................................... 37 

Paper I .................................................................................................................... 39 

Paper II .................................................................................................................. 41 

Paper III ................................................................................................................. 43 



2 

1. Introduction
1.1.  The research project
This research project is a collaboration between Luleå University of Technology
(academia) and GKN Aerospace Sweden AB (industry). Austenitic stainless steels
are considered viable candidates for certain components within the rocket engine
assembly. These components may be exposed to extreme environments: liquid
hydrogen contact and elevated as well as and cryogenic temperatures. Austenitic
stainless steels generally exhibit a low sensitivity to hydrogen embrittlement, and
they can be considered thermally stable over large temperature ranges (cryogenic to
high temperatures). The part complexity is another aspect that needs to be
considered for these rocket engine components, where conventional manufacturing
techniques limit the design possibilities (e.g. forging, casting, milling, turning).
Additive manufacturing (AM) is a promising candidate for part manufacturing as it
enables a higher degree of complexity when compared to conventional
manufacturing processes [1]. The design freedom has been shown to have potential
of reducing the weight of specific components [2]. This is highly desirable for any
construction intended to fly, or to be propelled into orbit. AM also enables near-net
manufacturing which minimizes material waste and post processing operations. Out
of the many processes included under the umbrella term “AM”, one has been heavily
researched for the austenitic stainless steel alloy 316L, and that is laser powder bed
fusion (L-PBF). L-PBF has showed promising results with respect to relative density
and mechanical properties of the as-built part. A drawback with L-PBF
manufacturing of steel alloys is the generation of large residual stresses. These can
exceed the yield strength and cause deformation while still attached to the build
plate, or deformation can occur after removal from the build plate. Shape stability
of the L-PBF manufactured part is required to conform to the intended dimensions
and allowable tolerances for the intended application. Therefore, optimizing post
processing stress relief annealing is of great interest.

As mention above, alloy 316L has been thoroughly studied for L-PBF 
manufacturing, and process parameters are readily available for manufacturing. A 
promising nitrogen strengthened austenitic stainless steel alloy that has been 
identified, is the alloy 21-6-9. This alloy could have better performance, especially 
regarding strength, and there is an interest to see if this alloy is suitable for L-PBF 
processing.
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1.2.  The aim and objectives 
The aim of this work has been to get a more comprehensive understanding of the 
ramifications on mechanical properties due to different stress relief annealing routes 
on L-PBF austenitic stainless steel alloys 316L and 21-6-9. 

To achieve this, the objectives were as follows: 
• Determining suitable process parameters for L-PBF manufacturing of alloy 21-

6-9.
• Designing and evaluating a methodology for stress relief annealing involving the

novel “keyhole-geometry” to achieve shape stability in L-PBF built components.
• Identifying suitable residual stress relief annealing temperatures for both alloys.

The work included in the thesis aims to answer the following research questions: 
• What are the material properties of L-PBF built austenitic alloy 21-6-9?
• What is a rapid, and industrially implementable way of identifying effective

stress relief heat treatments of L-PBF built austenitic stainless steel?
• What are the implications of stress relief annealing on the microstructure and

mechanical properties of L-PBF 316L and 21-6-9?
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2. Background  
2.1.  Iron and stainless steel 
For as long as we have been able to refine iron ore into iron and its multitude of 
alloys, it has been a dominating material, applicable and competitive in virtually all 
industries. Iron is allotropic, the temperature and pressure that pure iron is subjected 
to will dictate the stable allotrope, see Figure 1. At atmospheric pressure and room 
temperature, the body centered cubic (BCC) α phase is present, commonly referred 
to as ferrite. For ambient pressure and temperatures within the range of 910 – 1390 
°C, the austenite (γ) phase is stable, which has a face centered cubic (FCC) crystal 
structure. A third phase that can be found at ambient pressure is the delta phase, δ, 
which has the same crystal structure as the α phase (BCC) and is stable above the 
A4 temperature (1390 °C) until melting (1536 °C). At very high pressures (>125 
kbar), a fourth phase can emerge for pure iron, the hexagonal close packed (HCP), 
martensite ε [3]. Depending on the chosen cooling rate, heat treatment and most 
importantly alloying, the stable/meta-stable phase can be tailored to suit specific 
operating conditions.  
 

 
Figure 1. Phase diagram of iron, image is from reference [3]. 

 
Stainless steels 
Stainless steels have been around for over a century, the discovery of the passivating 
effect of alloying iron with >11.5 wt% chromium was the springboard into the 
continuous development of a myriad of specialized alloys, tailored for specific 
environmental and structural applications. Stainless steels are divided into different 
subgroups depending on the stable phase at room temperature and the classes they 
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generally belong to are: Martensitic, Ferritic, Austenitic, Precipitation hardening or 
Duplex. The different stainless steel types are achieved by stabilizing different 
phases in the steel by alloying, and in some cases alloying coupled with heat 
treatment routes (for martensitic and precipitation hardening grades). A brief 
introduction to these grades is provided below: 

• Ferritic grades have the same stable phase at room temperature as pure iron, 
BCC, which is called ferrite when present in steel at this temperature. These 
alloys are mainly alloyed with Cr and have a high resistance to stress 
corrosion cracking (SCC). They generally have a higher strength, but lower 
ductility compared to their austenitic counterparts.  

• The martensitic stainless steel grades are alloyed with the highest amount of 
carbon out of all the classes, this is to obtain high strength and hardenability 
of the alloy. Other than the significantly higher carbon content than the 
Ferritic grades, they are similar in alloying composition. The meta-stable 
martensitic phase at room temperature is a body centered tetragonal (BCT) 
structure.  

• Duplex stainless steels (DSS) comprises both ferrite and austenite phase, 
generally in equal amounts. The DSS are known to possess high strength, due 
to the harder ferrite phase, while still maintaining good ductility and 
toughness from the contribution of the austenite phase. DSS are also less 
sensitive to temperature and often have a higher service temperature than 
purely ferritic stainless steel alloys.  

• Precipitation hardening (PH) stainless steels are alloyed with elements that 
will promote precipitation of secondary phases during ageing. The driving 
force for precipitation is that the alloy is kept in a supersaturated state prior 
to the ageing heat treatment.  Common alloying elements to accomplish this 
include: Cu, Nb, Al, Mo, and Ti. PH grades are suitable for high temperature 
applications and are resistant to creep.  

 
2.2. Austenitic stainless steel 
Austenitic stainless steel (AuSS) are alloyed with γ-stabilizing elements such N, C, 
Ni, and Mn to ensure phase stability of austenite at room temperature. The principal 
γ-stabilizer in the popular 300-series of austenitic stainless steels is nickel. The 
strength of AuSS at room temperature is generally lower than that of the ferritic 
stainless steels. However, they have a higher tensile strength relative to the yield 
strength, stemming from a higher degree of work hardenability.  The property that 
gives AuSS a big advantage when discussing mechanical properties is ductility, 
where it is largely uncontested. Something that sets it apart from the other stainless 
steels, is that the FCC microstructure generally does not exhibit a ductile-to-brittle 
transition (DBT), even at cryogenic temperatures [4]. The absence of a DBT means 
that there is a retention of toughness at cryogenic temperatures, which is crucial for 
applications in these extreme conditions. The higher intrinsic toughness of FCC 
structures at cryogenic temperatures, compared to BCC structures is related to the 
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lower energy threshold (Peierls-Nabarro stress) for slip. This makes the FCC 
structure less dependent on thermal energy to facilitate slip during loading, thus 
avoiding cleavage fracture [5]. Another benefit of austenitic stainless steels, is the 
relatively high phase stability at elevated temperatures. Ferritic stainless steels 
cannot be safely employed at working temperatures above ⁓ 280 °C due to the 
miscibility gap that exists in the Fe-Cr system between 280 – 500 °C. The miscibility 
gap leads to spinodal decomposition of the α phase into Cr-rich and Fe-rich α phase, 
which embrittles the alloy (the phenomenon is called 475 °C embrittlement), 
possibly due to dislocation locking caused by the Cr-rich phase [6]. If stainless steel 
is subjected to even higher temperatures, 600 – 1000 °C, the intermetallic σ phase 
can precipitate [7]. The σ phase, which has a tetragonal crystal structure with 
approximately 25 – 75 wt% chromium, is a brittle phase that can have an adverse 
effect on the toughness of the alloy, albeit more pronounced for lower temperatures 
than at the temperatures where it forms [8]. It has been theorized that since the 
precipitation of σ phase is a diffusion controlled process, chromium diffusion can 
be assumed to be rate governing in its formation [9]. The diffusion rate of chromium 
is lower in FCC than in BCC structures [10] and this leads to that the direct 
precipitation of  σ phase in austenite is very slow. This is mainly due to carbon and 
nitrogen insolubility, incoherency with the parent austenite phase and low diffusion 
rates of substitutional elements in the austenite phase [11], [12].  
 
Nitrogen as an alloying element 
Nitrogen is an effective γ-stabilizer, generally considered to be 20-30 times more 
effective per wt% than nickel [13]. Nitrogen is also a very potent solution 
strengthening element, with a strength contribution rivaling that of carbon [14], [15]. 
Nitrogen strengthened steels have shown excellent mechanical properties when 
tested at room temperature. They boast a tensile strength approximately 30% – 150% 
higher than their nitrogen-lean counterparts [16], while still retaining good ductility. 
However, something that has been reported for some nitrogen strengthened 
austenitic steels is the existence of a ductile-to-brittle transition (DBT) behavior at 
cryogenic temperatures [4], [17]. As mentioned above, this DBT is generally not 
found for austenitic stainless steels due to their FCC microstructure, unless alloyed 
with large amounts of manganese and nitrogen [18]. Manganese and nitrogen have 
been reported to reduce the stacking fault energy (SFE) of the austenitic alloy and 
by that promote twinning. Twin intersections can then act as initiation sites for brittle 
fracture during deformation [4], [19]. Conflicting research exists regarding the 
influence of nitrogen on SFE. Different concentrations in chemically different alloys 
have yielded both higher and lower SFE of a number of high nitrogen steel alloys. 
M. Ojima et al. [20] have compiled some results on the matter from different 
researchers, which provides some understanding of the complexity nature of the 
subject. Another proposed mechanism, besides reduced SFE that may explain the 
nitrogen hardening effect, is that there is short range ordering between the interstitial 
nitrogen atoms and the chromium host atoms, making them preferred neighboring 
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atoms [21]. Looking at high temperature stability of austenitic stainless steels, 
nitrogen has been shown to play a part in toughness reduction when the material has 
been subjected to thermal aging [22]. This has been attributed to intergranular 
precipitation of Cr2N, which in large enough quantities at the grain boundaries, can 
reduce the cohesive strength. 
 
2.3.  Additive manufacturing 
When it first appeared, additive manufacturing (AM) was mostly used for rapid 
prototyping, which is a natural area of usage due to process characteristics [23]. AM 
removed the need for a mold or specialized tools for a specific geometry or 
component, computer-aided-design (CAD) and computer-aided-manufacturing 
(CAM) could instead be used to shape the component at a much lower cost. AM 
also proved its capability of generating highly complex components, nearly near-
impossible to manufacture using conventional manufacturing processes, while 
simultaneously minimizing the material usage and waste [24]. The reduction of lead 
time, design freedom, complex build capabilities and near-net-shape finished 
components has led AM to gain ground in most industries where the previously 
listed characteristics are sought after (mainly the medical and aerospace sector). 
With the advancement of technology related to the AM process, such as computer 
hardware and software, cheaper and more powerful energy sources, the production 
quality has increased. This has transformed AM into a highly competitive process 
when comparing the achievable mechanical properties with those obtained for the 
conventional manufacturing methods (wrought/cast) for many alloys. However, 
there are challenges with this technology that need to be addressed, such as porosity, 
anisotropy, lack of fusion (LOF) and large residual stresses commonly found in 
alloys processed using AM. These can have detrimental effects on the functionality 
and environmental (corrosion resistance) stability of the as-built part [25]–[27]. A 
lot of research has been dedicated to find ways to circumvent or remove the negative 
aspects of metal AM. Both by tailoring the chemical composition of the alloys used 
and by optimizing the process parameters (e.g. power, scan speed, powder size, 
hatch distance, layer thickness and scan pattern) [28]. AM is an umbrella term, 
which covers a large number of sub-processes, generally divided into two groups: 
Directed Energy Deposition (DED) or Powder Bed Fusion (PBF). The process can 
then in turn be further categorized based on energy source (electron beam, laser or 
electric arc). The main PBF processes include: Laser powder bed fusion (L-PBF), 
selective laser sintering (SLS), and electron beam powder bed melting (EB-PBF). 
Some of the DED processes are: Electron beam direct manufacturing (EBDM), 
direct metal deposition (DMD), direct laser deposition (DLD) and laser engineered 
net shaping (LENS) [29]. The difference between the DED and PBF is that for PBF, 
powder is present during the build as a layer on the substrate whereas for DED the 
material is continuously deposited in wire form or as blown powder. The L-PBF and 
DLD process are illustrated by Figure 2 and Figure 3, respectively. They both 
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realize the build by scanning the surface with the energy point source to build the 
component incrementally in a bottom-up fashion.  

 
Figure 2. Schematic overview of the L-PBF process, from reference [30]. 
 
Powder based AM processes generally have the benefit of being able to build more 
complex geometries with better surface finish compared to the wire based ones, 
which is mainly attributed to the fine powder particles used [31]. The DED 
technique has either powder or wire supplied continuously by some type of nozzle 
or feeding mechanism. This type of material supply enables material deposition on 
non-planar surfaces which makes it well suited for repairing components. Which 
powder is used as feedstock is important, since its properties have a direct impact 
on the resulting quality of the built component. The porosity that is often associated 
with AM components is largely dependent on both morphology and powder particle 
size, as these parameters dictate the denseness, smoothness and flowability of the 
powder bed [32]. It has been demonstrated that by having a homogeneous powder 
consisting of fine spherical particles, it is possible to minimize the porosity of built 
components [33], [34].     
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Figure 3. Schematic overview of the DLD process, from reference [31]. 
 
2.4.  Residual stress 
Residual stresses are the stresses which remain within a material when no external 
forces are acting on the body, they are in equilibrium with themselves. Their 
existence is a consequence of internal misfits between different interfaces, phases 
and various other defects (e.g. dislocations, impurity atoms, precipitations) [35]. 
There are different origins of residual stresses, and an overview is provided below, 
although not exhaustively:  

• Plastic deformation: To some extent, all plastic deformation is non-uniform 
and occurs at discrete sites. At some length scale, this introduces residual 
stress into the deformed body. The generated dislocations will introduce a 
local strain field in the lattice in its immediate vicinity. Individual grains´ 
orientation relative to the applied load in polycrystalline materials favors 
activation of different slip systems, giving rise to plastic anisotropy. 
Materials with multiple phases will experience locally different yield 
behavior during loading.  

• Thermal stresses: The heating or cooling of a body unavoidably gives rise to 
a distribution of temperature throughout the volume. Depending on the 
magnitude of the thermal gradient, the effect can be more or less severe. A 
large thermal gradient will cause uneven thermal expansion, creating hotter 
regions being constricted when attempting to expand, due to the neighboring 
material. The region restricted from thermal expansion can end up in a state 
where the yield strength in compression is exceeded and plastic deformation 
will occur. The opposite is also true, if thermal contraction is restricted by the 
surrounding material, it may result in local tensile yielding. A factor that can 
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exacerbate the fact additionally is if there are multiple phases present where 
the thermal expansion is heterogeneous even in the absence of a large 
temperature difference.  

• Transformative stresses: When phase transformations occur, the 
accompanied volume change may be significant from a residual stress 
perspective, especially so for displacive transformations. The displacive 
austenite to martensite phase transformation is a good example, in which the 
resulting volume increase can reach several percent depending on the carbon 
content [36]. This then generates residual stresses due to the misfit of 
transformed and non-transformed zones.  While the previously mentioned 
transformation is particularly severe, there are many others that can have a 
contribution to the overall residual stress state. The diffusional austenite to 
pearlite phase transformation can corresponded to a 2.4 % volume increase 
for a low-alloy steel [37]. 

 
Residual stresses act over different length scales in the material, over which they 
equilibrate. This is defined as their characteristic length, l0. Depending on their 
characteristic length, they influence different material or component properties. The 
residual stresses are thus divided into three different types. Type I, are long range 
stresses that equilibrate over macroscopic lengths (𝑙𝑙0𝐼𝐼 ) and continuum models can be 
used to estimate them. Type II stresses (𝑙𝑙0𝐼𝐼𝐼𝐼) are those which equilibrate over ~3-10 
times the grain size of the material, and could arise due to a mismatching thermal 
responses at interfaces. Type III residual stresses (𝑙𝑙0𝐼𝐼𝐼𝐼𝐼𝐼) represents those which act 
and equilibrate over the smallest length, less than the given grain size [38]. The 
residual stress types and their respective l0 are illustrated in Figure 4. 

 
Figure 4. Illustration of the different characteristic lengths, l0 of the three types of residual 
stress. Squares represent individual grains. From reference [39]. 
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However, it is important to note that there can be a cumulative effect of multiple 
type II and III sources that generate macroscale misfits (type I stresses). For fatigue 
properties, type I residual stresses are generally considered the most detrimental 
type, as the other two types´ contribution to crack propagation tend to be negligible 
(unless crack length < 𝑙𝑙0𝐼𝐼𝐼𝐼-𝑙𝑙0𝐼𝐼𝐼𝐼𝐼𝐼) [35]. While large residual stresses are avoided for 
most practical purposes, they can be exploited for certain applications and have a 
beneficial effect on the material properties. An example of this is the surface 
treatment of ductile materials using shot peening, where compressive stresses 
aligned to the surface are introduced [40]. These compressive stresses help to delay 
fatigue crack initiation. If the shot peened material is prone to form deformation 
induced martensite (i.e. meta-stable austenite), transformative compressive residual 
stresses are also introduced [41].    
 
Residual stress in L-PBF components 
An inherent by-product of L-PBF of metal alloys is residual stress in the as-built 
material [42]. The temperature gradient mechanism is the first mechanism that can 
cause residual stress. The mechanism is described in the previous section under the 
bullet “Thermal stresses” and is graphically represented (simplified) in Figure 5. 
During manufacturing, large thermal gradients will push the process far from 
equilibrium conditions, due to the localized heating associated with the process, 
which will introduce large stresses in the solidified material [32].  
Secondly, residual stress can be introduced when a liquid layer cools down and 
transforms to solid, which is generally associated with thermal contraction, and this 
contraction is then impeded by an already deposited layer beneath, thus generating 
both tensile (top part) and compressive (bottom part) stress [43], [44]. When the 
residual stress in the built part exceeds the yield stress, plastic deformation will 
occur. It is not uncommon when performing conventional welding processes, nor 
when manufacturing via L-PBF [45], [46]. If the stress state instantaneously results 
in plastic deformation, it cannot be undone after the fact through heat treatment, and 
needs to be addressed during the processing. For L-PBF, there are effective ways of 
reducing the magnitude of stresses introduced during the process. 
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Figure 5. Graphical representation of the temperature gradient mechanism and the 
corresponding stress state (simplified), during heating a) and cooling b). From reference 
[26].  
 
Two common ways to alleviate the residual stress in-situ are to increase substrate 
temperature, which will make the thermal gradient smaller or to change the scanning 
strategy (e.g. smaller continuous sections, island scanning strategy, alternating layer 
orientation) [47], [48]. Even for simple, symmetric geometries, the effect of the 
complex thermal history may be noticeable, with an increasingly severe impact for 
areas on the components that are prone to localized overheating (e.g. corners) [49]. 
This can result in warpage and micro cracks in the built component. Another 
situation arises when the residual stress does not cause part deformation while the 
part is still connected to the build plate. However, the residual stress can be equal 
to, or near the yield strength which may cause unwanted distortion when removing 
the sample from the substrate [50]. It can therefore be necessary to perform post 
processing annealing to relieve residual stress prior to removal from substrate.  
 
Residual stress measurement techniques 
Residual stress in as-built components can have a number of detrimental effects (e.g. 
shape stability, fatigue properties, ductility) on the as-built material. Analyzing the 
residual stress state is consequently an integral part of quality control after many 
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manufacturing, joining and heat treatment processes. These analysis techniques are 
normally divided into three sub-groups: destructive, semi-destructive and non-
destructive testing. Both the semi- and destructive techniques for assessing residual 
stress often involve mechanical removal of material to enable stress relaxation and 
subsequently measuring the deformation (or strain) response. Common destructive 
stress measurement techniques include: the curvature method, contour method and 
crack compliance method [51]. Examples of semi-destructive techniques include 
hole drilling, ring-core method and deep-hole method, while similar to the 
destructive techniques, they act locally on a part [52].  The non-destructive 
characterization methods neutron- or X-ray diffraction can be viewed as atomic 
strain gauges that will register strain related changes in the interplanar spacing in 
the crystal lattice [53]. When investigating the residual stress state of AM built metal 
alloys, deformation based (i.e. destructive) methods have been successfully 
employed to qualitatively evaluate the effect of altering process parameters [47], 
[48], [54].  
 
Stress relief annealing 
As-built L-PBF metal components often have large residual stresses built in due to 
the solidification conditions it is subjected to during manufacturing. The directional 
cooling and thermal gradients acting on the system can also lead to anisotropic 
microstructure and thus mechanical properties. The residual stresses and 
directionality are often unwanted in the finished component, so to alleviate it, stress 
relief heat treatments can be performed. Due to the rapid cooling, the system is far 
from equilibrium and the chosen heat treatment can have a large effect on the as-
built microstructure. Therefore, care should be taken to ensure the optimal 
microstructure is retained, when possible. While many austenitic stainless steels 
have been heavily researched, and stress relief annealing routes have been found, 
the differences in microstructural stability may cause the already established 
methods to be sub-optimal for the AM-built austenitic stainless steels [55]. One 
research group that has investigated the effect of heat treatments on L-PBF built 
316L was able to show that annealing at 400 °C for one hour resulted in a 10% 
increase of yield strength, with only a minor loss of uniform elongation, while heat 
treating at higher temperatures caused a continuous loss of strength (up to 800 °C) 
[56]. However, it has also been reported that when subjecting L-PBF manufactured 
316L to varying annealing heat treatments, both yield strength and ultimate tensile 
strength decreases, while any ductility increase is miniscule, or completely missing 
[57].  
 
Delta ferrite in austenitic stainless steels 
To avoid hot cracking in 316L, 21-6-9 and many other austenitic stainless steels, 
several percent of δ-ferrite is retained when performing conventional welding [58]. 
Although this can be hugely beneficial to the quality of the weld, it does pose a 
potential danger if the material is to be subjected to cryogenic working temperatures, 



 
 

15 
 

due to the much larger effect of temperature on the ductility of the δ-ferrite phase. 
High temperature usage of an AuSS with retained δ-ferrite poses other dangers. At 
temperatures above 600 °C, or for very slow cooling from above 820 °C,  the 
intermetallic σ phase can emerge, which is hard and brittle [59]. At intermediate 
temperatures (~300 – 500 °C), 475 °C embrittlement can occur, which is when 
ferrite segregates into Cr-rich and Fe-rich α phase [60]. Another danger with the δ-
ferrite is that the BCC structure may reduce hydrogen compatibility, thus being 
detrimental for certain applications in hydrogen rich environments [61].  Some 
researchers report that in L-PBF built AuSS there is little or no δ-ferrite retained 
after manufacturing [62]–[64], while other studies have shown that δ-ferrite is 
present in the as-built material [65]–[67]. For both conventional welding and L-PBF, 
the retention of δ-ferrite is attributed to the extremely high cooling rate (103-108 K/s 
for L-PBF [68]) during the build, which will inhibit the diffusion needed for 
equilibrium phase conditions. To obtain equilibrium fractions of the phases, 
annealing at >900 °C is required [59]. For 316L, one interesting note is that the 
research in which only the austenite phase was detected for the as-built component, 
the powder used for manufacturing also had a pure austenite phase. In contrast, the 
two groups that reported on the presence of δ-ferrite in the as-built component also 
detected δ-ferrite during XRD analysis of the powder. Literature on heat treatment 
of gas metal arc AM 316L that had both σ and δ-ferrite phases present in the as-built 
material, showed that at heat treatments performed for 1 hour at 1000, 1100 and 
1200 °C (all were water quenched), both phases persisted after 1000 °C and 1100 
°C, and δ-ferrite remained after the 1200 °C heat treatment. The complete removal 
of the phases was only achieved after annealing at 1200 °C for 4 hours [69]. 
Although the presence of σ and δ-ferrite phases is less likely in L-PBF built 316L, 
the previously mentioned article is a testament to the difficulties that would arise if 
it were to be found in the as-built material. 
 
2.5.  Additively manufactured austenitic stainless steel 
Over the last two decades, research on additively manufactured alloys has drastically 
increased [32]. Austenitic stainless steel alloys (i.e. alloy 304/304L and 316/316L) 
are one group of materials that have been of interest for both industry and the 
research community. Researchers have been able to find that the mechanical 
properties (i.e. strength) is often higher when compared to material that has been 
conventionally manufactured. This is especially palpable when also considering the 
ductility, where the classical strength-ductility trade-off is suppressed or even absent 
in some cases [70]. One research group were able to produce L-PBF built 316L with 
a 700 MPa ultimate tensile strength (UTS), 590 MPa yield strength (YS) and ~60 % 
total elongation [71]. Comparing these tensile properties to the requirements set for 
the conventionally (wrought, hot finished) manufactured counterpart (ASTM 276M-
16): 485 MPa UTS, 170 MPa YS and 40 % elongation, shows that very desirable 
properties are achievable with this manufacturing process. The complex thermal 
history of L-PBF 316L, coupled with its chemical composition, generates a highly 
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characteristic microstructure spanning multiple length scales [63]. This 
characteristic microstructure consists of columnar grains (~10 – 100 µm grain size) 
with a preferred growth perpendicular to the scanning direction, epitaxially growing 
through multiple melt pool boundaries. The as-built material will have a high 
dislocation density, micro-segregations, oxides and a high degree of low angle grain 
boundaries. These form cellular sub-grain feature (thickness < 1 µm) networks, 
where the defects are confined to the cell walls and act as effective obstacles for 
dislocation propagation [72]. The emergence of the cellular sub-grain features can 
be explained by the high temperature gradient and growth rate, which favors cellular 
dendrite growth [70], [72]. Another factor that could exacerbate the fact, is the slow 
diffusion of the heavy alloying element Mo, which has been found to segregate to 
the cell walls [63]. One group observed Rhodonite (MnSiO3) nano-particles in the 
as-built material, and found that these retard grain growth via the Zener-pinning 
effect while simultaneously increasing the material´s strength (via the Hall-Petch 
relationship) [73]. The high ductility that is achievable for L-PBF 316L is attributed 
to the unique microstructure promoting twinning induced plasticity (TWIP) [74]. 
The beneficial effect of activating TWIP is due to a number of factors. The 
dislocation mean free path will be decreased due to the introduction of deformation 
twin boundaries, which will hinder dislocation glide. Simultaneously, there is a 
shear strain associated with the formation of deformation twins that contribute to a 
higher ductility. Lastly, a requirement for TWIP is a low stacking fault energy 
(SFE), which is a material property that dictates whether or not dislocation climb 
and cross-slip is energetically favorable. A low SFE will inhibit these deformation 
mechanisms, which causes a planarity of the dislocation motion and by that increase 
the dislocation storage capabilities [75].  
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3. Materials and Methods 
3.1.  Materials and manufacturing 
Alloy 316L 
The gas atomized powder used for the L-PBF manufacturing of 316L was provided 
by Carpenter Additive. The powder has been passed through a +53 µm sieve and the 
particle size was characterized via laser diffraction, conforming to ASTM standards 
B214 and B822 respectively. The median particle size for the volume distribution, 
Dv(50), was found to be 31.2 µm. The chemical composition of both powder and 
as-built material is provided in Table 1. 
 
Table 1. The composition in weight percent (wt%) of the L-PBF 316L powder and built 
part. Fe is in balance. Reworked from paper II. 

Element C Cr Mn Mo Ni N O Si P S 

Wt% 
(powder) 

0.016 17.79 0.78 2.35 12.63 0.08 0.03 0.64 0.008 0.005 

Wt% 
(solid) 

0.014 17.7 0.62 2.40 12.9 0.071 0.039 0.79 0.005 0.006 

 
The L-PBF manufacturing was carried out using an EOSINT M270 (EOS GmbH, 
Germany) platform.  Both keyhole geometries, illustrated in Figure 6, and tensile 
specimen blanks (15x15x100 mm3) were vertically manufactured in a nitrogen 
environment. The continuous Nd-YAG laser (195 W laser power) scanned each 
layer (layer thickness of 20 µm) in a meandering fashion. The scan orientation was 
rotated 67° for each subsequent layer. Hatch distance was set to 100 µm and the 
scanning speed was 900 mm/s.  

 
Figure 6. Illustration of the L-PBF 316L keyhole-geometry used for residual stress 
measurements, with dimensions given in mm. Taken from paper II. 
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Alloy 21-6-9 
Alloy 21-6-9 powder was supplied by Sandvik Additive Manufacturing, and 
produced via vacuum induction inert gas atomization. The powder was sieved using 
a 63 µm sieve and had a size distribution as follows: Dv(10) = 21.2 µm, Dv(50) = 
34.8 µm, and Dv(90) = 55.8 µm. The sieving and characterization of particle size 
distribution were done in agreement with requirements set by ASTM standards 
B214 and B822 respectively. The powder and as-built chemical composition are 
provided in Table 2 and are in agreement with the UNS: S21900 and AMS 5561 
standards. The L-PBF platform used for manufacturing alloy 21-6-9 was an SLM 
Solutions 125 machine located at RISE (Research institutes of Sweden AB) in 
Gothenburg.  
 
Table 2. The powder and as-built composition of L-PBF 21-6-9 are given in weight percent 
(wt%). Fe is in balance. Reworked from paper III. 

Alloying 
element 

C Si Mn P S Cr Ni Mo N 

Wt% 
(powder) 

0.04 0.4 9.3 0.01 0.01 20.4 6.6 0.01 0.3 

Wt% (as-
built) 

0.048 0.36 8.74 0.009 0.005 20.21 6.46 <0.01 0.274 

 
The L-PBF manufacturing of both keyhole-geometries and tensile blanks was done 
vertically. The inert environment was argon gas. The thickness of each powder layer 
was 30 µm, the laser power was set to 180 W and the scanning speed was 900 mm/s. 
The employed hatch distance was 0.14 mm and the scan orientation was rotated by 
67° for each subsequent layer added. The build plate material was 316 stainless steel. 
In total, 20 tensile specimen blanks (10 á 15x15x100 mm3 and 10 á 16x16x100 mm3) 
and 6 keyhole geometries were manufactured, an overview of the build is available 
in Figure 7. The keyhole-geometry used for alloy 21-6-9 has a slight variation 
compared to that used for alloy 316L, Figure 6, in that the section below the opening 
is 4 mm from the bottom, as opposed to 6 mm for the 316L keyhole.   
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Figure 7. a) Overview of the completed 21-6-9 L-PBF build of tensile specimen blanks and 
keyhole-geometries. In b) a closer side-view of a keyhole-sample is provided. Taken from 
paper III.    
 
3.2.  Deformation based evaluation of residual stress state 
“Keyhole”-geometry 
The residual stress in as-built L-PBF material has in this work been evaluated using 
a specific “keyhole”-geometry. It is a qualitative method where the magnitude of 
macroscopic deformation resulting from the residual stress state is measured and 
compared. While the proposed keyhole-geometry is novel, similar geometries have 
been used to analyze residual stress induced deformation to study the residual stress 
state of AM material. In 2012, Kruth et al. introduced a “new pragmatic method” 
called the bridge curvature method (BCM) to identify different build strategies that 
minimize the residual stresses [47]. In that work, the introduced curling angle of the 
bridge-like geometry after build plate removal was used to rank the magnitude of 
residual stress in the built part. This type of geometry and the principle behind the 
measurement is illustrated in Figure 8. This type of structure and method has been 
adopted by other researchers, mainly to investigate the effect of process parameters 
(e.g. laser power, substrate heating, scan strategy) on the residual stress in the built 
part [48], [76]. The design of the bridge-like geometry does not allow for removal 
from the build plate without enabling the part to release residual stress with the 
accompanied deformation that is required for analysis. This is not ideal when the 
goal is to find suitable stress relief annealing heat treatments, as it requires the 
structure to be annealed while still attached to the build plate. However, it should be 
noted that this has been done for single heat treatments [77].   
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Figure 8. Illustration of the AM built bridge-like structure´s appearance prior to (left), and 
after removal (right) from the build plate, and the curling angle measured by Kruth et al. 
to evaluate the magnitude of residual stress in the material. 
 
Due to the closed nature of the keyhole-geometry, part removal from the build plate 
without allowing the material to relax (deform) and release the stored elastic stresses 
is enabled. Therefore, bulk manufacturing of the geometries on single build plates 
is possible and individual stress relief heat treatments can be performed post build 
plate removal. The heat treated keyholes can then be measured prior to, and after, 
introducing a slot via wire electric discharge machining (w-EDM) which enables the 
release and redistribution of residual stresses by deforming. The magnitude of this 
deformation is then used to evaluate both the shape stability of the geometry after 
different annealing heat treatments and the overall effectiveness of stress relief 
annealing. The initial annealing matrix can be iteratively expanded based on the 
results and the lowest annealing temperature at which measurable deformation is 
zero can be identified. An overview of the methodology involving the keyhole-
geometry for identifying suitable stress relief annealing heat treatments is provided 
in Figure 9. 

 
Figure 9. Flowchart illustrating the methodology used to identify effective stress relief heat 
treatments with the keyhole-geometry. Taken from paper II. 
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Measurement techniques and stress relief annealing 
The two measurement techniques used for residual stress induced deformation 
analysis were:  

• Optical profilometry (non-contact method): Top surface topography maps 
pre- and post w-EDM were obtained using a NewView 7300 3D optical 
profiler (Zygo, USA) for each keyhole-geometry. The topography maps were 
post processed in the surface analysis software MountainsMap. The post 
processing involved transforming the surface height distribution maps into 
multiple line distributions of height along the major axis and then finding the 
mean height distribution for both conditions (closed and opened geometry). 
The mean height distribution curve of the deformed (opened) condition was 
subtracted with that of the non-deformed (closed) and a difference curve was 
extracted. An arc segment was fitted to the curvature of the height profile 
difference curves using a least squares method. The magnitude of the 
curvature (i.e. radius of fitted arc segment) was then used to evaluate the 
magnitude of deformation induced by relaxing the keyhole-geometry via w-
EDM. However, it should be noted that the magnitude of curvature has an 
inverse relationship to the fitted radius: when the curvature approaches zero 
(a straight line), the radius will grow towards infinity. A simplified graphical 
representation of the induced curvature and where measurements were 
performed is available in Figure 10. Optical profilometry was only carried 
out for one of the alloys: 316L. When collecting the topology data using 
optical profilometry, a build artifact was encountered. The outermost area of 
the keyholes´ top surface was higher than the inner area. Initial measurements 
revealed that it was difficult acquiring a good signal for these elevated rims. 
The problem was exacerbated for the heat treated keyholes by excessive 
oxidation and subsequent flaking of the oxide layer at these sites. Therefore 
the area chosen for top surface height measurements was set not to include 
this outermost section. 

• Micrometer measurements (contact method): Measurements were carried out 
using a Mitutoyo (Japan) Digimatic micrometer (1 µm resolution, ±1 µm 
accuracy) in the closed and open conditions for the keyhole-geometries. The 
position where lateral length measurements were performed is indicated by 
the arrows in Figure 10. The lateral length difference ∆w was calculated by 
subtracting final width (wf) with initial width (wi). No after-treatment was 
required for the data collected with this method before the measured quantity 
was appropriate to comparatively study the effect of annealing on 
deformation. 
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Figure 10. The Keyhole-geometry prior to, and after opening of the structure via w-EDM. 
The measured height distribution on the top surface is obtained with optical profilometry. 
The lateral length difference ∆w is obtained by subtracting final width (wf) with initial 
width (wi). The arrows indicate the position where micrometer measurements are carried 
out. Taken from paper II. 

Stress relief annealing 
A Nabertherm (Germany) muffle furnace was used for all stress relief annealing heat 
treatments, without any protective gas. Heat treatments were carried out on pairs of 
a keyhole and a tensile specimen blank for each temperature. K-type (chromel-
alumel) thermocouples were used to monitor the temperature during heat treatment. 
The thermocouples were spot welded onto the tensile specimen blanks as opposed 
to the keyhole-geometries to minimize the risk that the thermal input from welding 
would influence subsequent deformation measurements. The tensile specimen 
blanks were later machined to net shape which removed any material that might be 
suspected to have been affected by the welding operation. For both alloys, the heat 
treatments were carried out for 1 hour and the time was counted from when the 
temperature had stabilized at, or near, the target temperature. This took 
approximately 10 minutes on average. After one hour had elapsed, the samples 
were removed from the muffle furnace and allowed to air cool to room 
temperature. An overview of the investigated stress relief annealing heat 
treatment temperatures is provided in Table 3. 
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Table 3. Overview of the investigated stress relief annealing temperatures/thermal history 
for keyhole-geometries and tensile specimen blanks. Hold time was 1 hour for all heat 
treatments. “X” indicates that the temperature was investigated for the corresponding 
alloy.  

Annealing 
temperature  

- 600 
°C 

700 
°C 

750 
°C 

800 
°C 

850 
°C 

900 
°C 

950 
°C 

Alloy 316L X X X  X X X X 
Alloy 21-6-9 X X X X X X   

Comment As-
built 

       

 
3.3.  Material characterization techniques  
Microstructural characterization 
To enable microstructural characterization, the investigated samples were ground 
using silicon carbide grinding paper (CarbiMet, Buehler) starting with grit size P120 
(125 µm) up to P1200 (15.3 µm). After grinding, polishing using liquid diamond 
suspension with 9, 3, and 1 µm particles was done. Colloidal silica (0.06 µm 
particles) polishing was used to reach a mirror-like quality for the prepared surface. 
Grain boundaries and other microstructural features were revealed by electrolytic 
swab etching with 10% oxalic acid. The etch parameters for alloy 316L and alloy 
21-6-9 were: 3 V, 30 s and 3V, 40 s respectively. Light optical microscopy (LOM) 
was done using an Eclipse MA200 (Nikon, Japan) microscope and micrographs 
were collected at magnifications from 25X to 1000X. A JSM-IT300 (JEOL, Japan) 
scanning electron microscope (SEM) was used to investigate fine microstructural 
features at higher magnifications. Electron backscatter diffraction (EBSD) was 
employed to investigate the texture and grain size in the as-built material. The step 
size for EBSD was set to 1.8 µm and post processing in the form of noise reduction 
was done in the software AZtecCrystal (Oxford Instruments). For alloy 21-6-9, the 
average grain minor axis length was measured for selected samples from optical 
micrographs and EBSD results. The grain size measurements were carried out using 
the software ImageJ and the average values and standard deviations were based on 
~ 90 measurements per sample. To investigate the present phases in the as-built 21-
6-9 material, X-ray diffraction (XRD) analysis was performed with a PANanalytical 
Empyrean X-ray diffractometer. The XRD radiation source was copper with a 
wavelength of 1.54 Å. The XRD sample was a 16 x 16 x 3 mm sample, machined 
from the left-over section from one of the relaxation specimen blanks. Prior to XRD 
analysis, the sample was ground and polished following the previously mentioned 
steps up to 1 µm diamond suspension to ensure the surface’s flatness. The 2θ range 
was set to 35-55° and an angular step size of 0.002° and data was collected for 
approximately 2 hours. The narrow 2θ range was a conscious decision to obtain a 
high signal yield over the angular interval where the likelihood of detecting delta 
ferrite´s (110) reflection is the greatest. 



 
 

24 
 

 
 
Mechanical testing 
Cylindrical tensile testing specimens were machined from the tensile blanks by 
Metcut Research Inc (MRI) according to one of their in-house specimen geometries, 
in agreement with requirements set by NADCAP AC7101/7 Rev C. One tensile 
specimen for each condition, see Table 3, was used for tensile testing. For alloy 21-
6-9, one additional tensile specimen was included, which had been stress relief 
annealing at 900 °C. This is not included in Table 3 as there is not a corresponding 
keyhole-geometry for this alloy and temperature. Tensile testing at room 
temperature was performed at MRI conforming to the ASTM E8 standard. The 
testing was strain controlled, with a strain rate of 0.5% / min until yielding, after 
which stroke control was switched to (0.05 mm/mm gauge length/min). The nominal 
gauge diameter and equivalent gauge length were 0.25 in. and 1.35 in. respectively.  
Vickers microhardness testing was done using a Duramin 40AC3 (Struers, 
Denmark) indenter, in the bulk material (same position for all specimens, away from 
the edges) of the keyhole-geometries. The indent load was set to 100 grams and the 
dwell time was 10 seconds. Average microhardness values and standard deviations 
were calculated from 16 indents for each specimen. The indents were collected from 
a 4x4 grid pattern and the number was set so that a good representation of the 
variance was ensured.   
 
Relaxation testing 
For alloy 21-6-9, three relaxation testing specimens were machined from the 
16x16x100 mm blanks to the specifications of an in-house geometry by MRI. An 
Instron 8802 servo-hydraulic fatigue testing system (USA) was used for relaxation 
testing, at University West in Trollhättan, Sweden. Relaxation testing was done for 
three different temperatures: 600, 700 and 800 °C, testing one specimen for each 
temperature. After the specimens had been mounted in the testing system, they were 
allowed to soak until the temperature had stabilized before initiating the testing. The 
tests were strain controlled, and strain rate was 0.5 %/s until 1 % target strain had 
been reached. Sampling rate for the first two minutes was 10 Hz, which was then 
lowered to 0.1 Hz after 2 minutes. The test duration was 8 hours for 600 and 700 °C 
relaxation, and 4 hours for the relaxation testing at 800 °C.  
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4. Summary of appended papers 
Paper I: 
 
Tensile properties of 21-6-9 austenitic stainless steel built using laser powder-
bed fusion 
 
Magnus Neikter, Emil Edin, Sebastian Proper, Pavan Bhaskar, Gopi Krishna 
Nekkalpudi, Oscar Linde, Thomas Hansson, and Robert Pederson. 
 
Materials, vol. 14, no. 15, pp. 1–13, 2021. 
 
A two level full factorial design was set up to find process parameters for L-PBF 
manufacturing of austenitic stainless steel alloy 21-6-9. Hatch distance, layer 
thickness, laser power and scan speed were variables that were altered. The goal was 
to minimize porosity. In total, 24 different samples were investigated and a relative 
density of 99.95 % was achieved for process parameter set no. 12. While process 
parameter set no. 7 yielded a slightly lower relative density of 99.82 %, it had the 
highest hardness and build rate of all 30 µm layer thickness sets. Room temperature 
tensile testing was performed for material manufactured with process parameter set 
no. 7 after stress relief annealing at 600 °C for 2 hours. In the annealed state, a UTS 
of 825 MPa, Rp0.2 of 620 MPa and a 4D elongation of 41% was found from tensile 
testing. EBSD analysis was used to investigate texture and morphology, and a 
preferred orientation of the <110> crystallographic direction parallel to the build 
direction was identified. The weight of this texture component corresponded to a 
multiple of random distribution equal to 3.97. Elongated grains with their major axis 
aligned to the build direction were observed. Both lack of fusion and porosity defects 
were found during optical microscopy of the etched microstructure (for process 
parameter set no. 7). The tensile tested L-PBF 21-6-9 had good strength but ductility 
was below that of its wrought counterpart.  
 
Contribution: Formal analysis, writing, proof reading, revising manuscript after 
peer review, formulating answers to reviewers.   
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Paper II: 
 
Rapid method for comparative studies on stress relief heat treatment of 
additively manufactured 316L 
 
Emil Edin, Fredrik Svahn, Pia Åkerfeldt, Mirva Eriksson, and Marta-Lena Antti. 
Submitted 
 
This work was carried out to investigate the suitability of a particular deformation 
based method of evaluating residual stress relief heat treatment for L-PBF 316L. 
The “keyhole-method” was able to find the lowest annealing temperature required 
to achieve a shape stable component (zero measurable deformation). The residual 
stress induced deformation was measured by both a contact (micrometer) and a non-
contact (optical profilometry) technique. The micrometer measurements on lateral 
deformation were rapid and insensitive to surface degradation after annealing (i.e. 
oxidation, sooting). Optical profilometry was more sensitive to the surface quality, 
and required data post processing. However, it was possible to distinguish between 
differences in deformation response more accurately using optical profilometry due 
to the higher resolution. Both techniques were in good agreement over the 
investigated annealing temperatures. Microstructural characterization and tensile 
testing were used in tandem to gauge the consequence of different annealing 
temperatures on the overall properties of the L-PBF material. After annealing at 900 
°C for 1 hour shape stability was considered reached, where the arc segment fitted 
to the deformed surface had an assigned radius of ~140 m over a length of 22 mm. 
The corresponding lateral micrometer measurement indicated a 1 µm deformation, 
which is within the accuracy limit of the instrument (± 1 µm). In the 900 °C annealed 
condition, tensile testing produced a 402 MPa YS, 570 MPa UTS, and a 76% 4D 
elongation. These tensile results are all well above requirements set for wrought 
316L, according to the ASTM A473 – 19 standard.  
 
Contributions: Material manufacturing, material/microstructural characterization, 
data analysis, writing the manuscript.  
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Paper III: 
 
Stress relief heat treatment and mechanical properties of laser powder bed 
fusion built 21-6-9 stainless steel 
 
Emil Edin, Fredrik Svahn, Magnus Neikter, and Pia Åkerfeldt. 
To be submitted. 
 
In this paper, L-PBF 21-6-9 was subjected to different stress relief annealing 
temperatures to identify suitable annealing routes to ensure shape stability. The 
keyhole-method was employed to gauge the residual stress induced deformation 
response. Stress relaxation testing was performed for temperatures: 600, 700 and 
800 °C and the results were compared to keyhole-deformation measurements. Curve 
fitting at these temperatures, of remaining stress after 1 h relaxation coupled with 
the corresponding deformation measured after annealing at the same temperature 
showed a strong relationship (R2 = 0.999). A suitable annealing temperature for L-
PBF 21-6-9 was found to be 900 °C, even though shape stability was achieved after 
annealing at 850 °C. This was due to suspected M23C6 precipitation at grain 
boundaries during 850 °C annealing, and only a small difference was found in the 
tensile testing response of the 900 °C condition tensile specimen. Microstructural 
characterization revealed the sporadic presence of an apparent sub-grain feature, 
similar to that reported for 316L, but its nature was not analyzed in depth for the 
study. Similarly as what was identified in paper I and II, elongated grains that had 
their major axis aligned towards the building direction was observed. While minute, 
a slight grain coarsening was found (average minor axis length) when comparing 
the as-built condition to the 850 °C condition: 17.6 ± 9.1 µm → 24.2 ± 11.5 µm. X-
ray diffraction analysis was performed to investigate the present phase(s) in the 
material, and only reflection peaks corresponding to austenite were identified in the 
selected 2θ-interval. 
 
Contributions: Material/microstructural characterization, data analysis, writing the 
manuscript. 
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5. Concluding remarks 
The concluding remarks will be given as answers to the research questions stated in 
section “1. The aim and objectives”: 
 
• What are the material properties of L-PBF built austenitic alloy 21-6-9? 
It was possible to manufacture L-PBF 21-6-9 with a relative density of up to 99.97%. 
Tensile testing of L-PBF 21-6-9 with a relative density of 99.82% (after annealing 
for 2 hours at 600 °C) showed an Rp0.2 of 620 MPa, UTS of 825 MPa and 41 % 
elongation at failure. Some porosity and lack of fusion were present in the as-built 
material. When comparing the mechanical properties to its wrought counterpart, 
strength is higher for L-PBF 21-6-9, although at the expense of ductility. As-built 
L-PBF 21-6-9 does not appear to exhibit the same lack of a strength-ductility trade 
off that is often reported for L-PBF 316L. This can be illustrated by comparing the 
tensile properties of the as-built L-PBF alloys to the requirements set by the ASTM 
A473-19 standard for their forged counterparts (multiple of minimum in brackets) 
[78]:  
 
L-PBF 316L:  
YS = 540 MPa (3.2x), UTS = 595 MPa (1.3x) and 4D elongation = 67% (1.7x).  
L-PBF 21-6-9: 
YS = 640 MPa (1.9x), UTS = 810 MPa (1.3x) and 4D elongation = 47% (1.04x).  
 
However, it is important to note that the defects (i.e. lack of fusion, pores) found 
during microstructural characterization could also play a part in the reduced ductility 
observed during tensile testing. Elongated grains were found with a preferred 
orientation of the major axis parallel to the build direction. While similarities were 
found when comparing the microstructures of L-PBF 21-6-9 and 316L, the apparent 
sub-grain features observed for 21-6-9 were relatively sparse and less defined than 
for 316L when viewed by both OM and SEM. The absence of delta ferrite was 
confirmed via XRD.  
 
• What is a rapid, and industrially implementable way of identifying effective 

stress relief heat treatments of L-PBF built austenitic stainless steel? 
The keyhole-method was successfully employed to gauge the effectiveness of 
different stress relief annealing temperatures, for both alloys. A methodology was 
developed that enabled the lowest allowable temperature required for achieving 
shape stability to be found. This minimized material softening due to the stress relief 
heat treatment. Both contact (micrometer) and non-contact (optical profilometry) 
techniques were found to be effective at ranking different residual stress induced 
deformation responses in the keyhole-geometries. Both contact- and non-contact 
measurement techniques were found to have their own merit. A higher resolution 
was achieved by employing optical profilometry, whereas the ease of use, robustness 
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and expedience of micrometer measurements became apparent. Micrometer 
measurements were compared to relaxation testing results for three temperatures 
(600, 700 and 800 °C) and a strong linear relationship was observed (R2 = 0.999).  
 
• What are the implications of stress relief annealing on the microstructure 

and mechanical properties of L-PBF 316L and 21-6-9? 
Only a modest increase in 4D elongation was observed during tensile testing over 
all investigated annealing temperatures. Both alloys´ UTS remained largely 
unchanged for the different annealing temperatures. The temperature at which 
successful stress relief annealing was considered accomplished for L-PBF 316L and 
21-6-9 was 900 °C and 850 °C, respectively (based on the measured deformation). 
However, there was suspected M23C6 precipitation at 850 °C for 21-6-9, and only a 
small difference in tensile properties was found for the specimen annealed at 900 
°C. Therefore, 900 °C 1h appears to be the best annealing temperature for both 
alloys. Compared to the as-built condition, YS for 316L and 21-6-9 after 900 °C 
annealing corresponded to a reduction of 26 and 16 %, respectively. Microstructural 
characterization revealed that it was not possible to retain the characteristic as-built 
microstructure of L-PBF 316L when annealing at a temperature sufficient to remove 
macroscopic part deformation.  
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6. Future work 
In parallel with the research on alloy 316L and 21-6-9, a modified 316 alloy has also 
been investigated. The modified 316 is an age hardening austenitic stainless steel 
alloy tailored for high temperature applications. An initial process parameter study 
has been conducted and material has been L-PBF manufactured. Beyond the 
assessment of achievable quality of L-PBF built material, both ageing and stress 
relief annealing heat treatments will be developed for the modified 316 alloy. 
Therefore, future work will include doing similar annealing (and ageing) heat 
treatments for a modified 316 alloy, and employing the keyhole-method for residual 
stress evaluation. An interesting aspect will be to investigate if residual stresses are 
relieved by the ageing heat treatment, rendering further stress relief annealing 
obsolete. Microstructural characterization of as-built, annealed, and aged condition 
L-PBF manufactured modified 316 will be carried out and compared to the L-PBF 
316L microstructure. If there is segregation of heavy alloying elements (as reported 
for L-PBF 316L), it could have an effect on the nucleation sites for precipitation 
during ageing. This will be investigated, and if segregation is confirmed, how does 
it affect the precipitation behavior and tensile properties of the material?  
 
One of the main objectives of the overall project is to evaluate the L-PBF built 
alloys´ thermal stability, and their corresponding tensile behavior at both cryogenic 
and elevated temperatures. The differences in the high temperature tensile testing 
response for the alloys will be investigated, and the underlying cause will be studied 
(e.g. chemical composition, defects, precipitated phases). The strengthening effect 
from ageing the modified 316 alloy on its high temperature tensile properties will 
be studied and compared to the tensile properties of other similar conventionally 
manufactured alloys. For the cryogenic tensile testing, the effect of precipitates (in 
aged modified 316) on toughness will be interesting to study, as the precipitates 
could act as crack initiation sites and by that have a negative effect on toughness.  
 
When suitable annealing heat treatment routes have been identified, tensile testing 
blanks for the three alloys will be heat treated based on these findings. Subsequently, 
tensile testing at elevated and cryogenic temperatures will be performed. The tensile 
testing results, coupled with microstructural characterization will then be used to 
evaluate aspects such as: phase stability, mechanical properties, failure mode, and 
active deformation mechanisms. All of the collected data will then be used to make 
a thorough comparison between the different alloys and their suitability for use at 
different service temperatures. 
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