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Abstract

Science, my boy, is made up of mistakes, but they
are mistakes which it is useful to make, because
they lead little by little to the truth.

— Jules Verne
(Journey to the Center of the Earth)

Additive Manufacturing of metals has become relevant for industrial applications.
The near net-shape production of components produced by Laser Powder Bed
Fusion (PBF-LB/M) enables new possibilities in component design combined with
a reduction of the amount of needed material. Omitting the extra material, that
was part of conventionally produced components due to machining constraints,
results in components which in consequence lack the inherent additional safety
margins provided by the higher material consumption of conventionally produced
components. Therefore, to use PBF-LB/M metals in safety critical applications an
in-depth understanding of porosity and internal stresses in parts made by PBF-LB/M
is needed. Only non-destructive testing methods—such as computed tomography
and residual stress analysis using neutrons—enable the assessment of porosity and
stresses in the whole part. In this thesis I tackled creep and tensile static deformed
specimens to fill research gaps in this field in terms of analysing PBF-LB/M stainless
steel AISI 316L: from structural properties to in-situ behaviour.

The initial void population of AISI 316L is studied using X-ray and synchrotron micro
computed tomography. Specimens produced with different process parameters
were analysed to quantify the influence of process parameters on the initial void
population. The possibility to close voids using the laser illumination of subsequent
layers is discussed by a quantitative study of the ability of the laser to melt different
multiples of the applied layer thickness.

The formation of internal stress is inherent to components produced by the PBF-
LB/M process. These stresses remain in the components after production as residual
stresses. In this thesis a study is presented which aims to unravel the mechanisms
that define the spatial distribution of the residual stresses, and their magnitude.
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In the end, the population of internal voids during mechanical testing is studied by
X-ray micro computed tomography. The evolution of damage accumulation in creep
specimens is studied at different stages of the creep test. Results are compared to
a creep tested conventionally made specimen and to a PBF-LB/M specimen from
a tensile test. An interconnection between the PBF-LB/M microstructure and the

pattern of damage is revealed.



Zusammenfassung

Wissenschaft, mein Freund, besteht aus Fehlern.
Fehlern, die gemacht werden miissen, um der
Wahrheit Schritt fiir Schritt ndher zu kommen.

— Jules Verne
(Die Reise zum Mittelpunkt der Erde)

Die additive Fertigung wird immer relevanter fiir industrielle Anwendungen. Ins-
besondere der Laser Powder Bed Fusion (PBF-LB/M) Prozess ermoglicht die Her-
stellung endformnaher metallischer Bauteile, die sich durch dadurch auszeichnen,
dass sich durch die nahezu grenzenlose Designfreiheit Bauteile realisieren lassen,
deren Materialeinsatz auf ein Minimum reduziert werden kann. Diese Reduktion
hat aber zur Folge, dass mittels PBF-LB/M produzierten Bauteilen die zusatzliche
Bauteilsicherheit fehlt, die konventionell produzierte Bauteile durch ihr ,,Mehr
an eingesetztem Material aufweisen konnen. Daher ist es, um den Einsatz von
PBF-LB/M-Bauteilen in sicherheitskritischen Anwendungen zu ermoglichen, umso
wichtiger, ein genaues Versténdnis iiber die Porositdt und innere Spannungen in
PBF-LB/M Bauteilen zu erhalten. Zerstorungsfreie Messmethoden, wie Computerto-
mographie und Spannungsanalyse mittels Neutronenbeugung, ermoglichen es, das
gesamte Bauteil zu analysieren. Diese Doktorarbeit setzt sich zum Ziel, das Wissen
iber Edelstahl AISI 316L aus dem PBF-LB/M Prozess zu vertiefen: von strukturellen
Eigenschaften bis zum in-situ Verhalten.

Der initiale Anteil an Fehlstellen in PBF-LB/M AISI 316L wird mittels Labor- und
Synchrotron Rontgenmikrocomputertomographie quantitativ erfasst. Dafiir wer-
den Proben, die mit unterschiedlichen Herstellungsparametern produziert wurden,
analysiert, um den Einfluss der Herstellungsparameter auf den Fehlstellenanteil in
AISI 316L zu bestimmen. Des Weiteren wird die Moglichkeit, bestehende Fehlstellen
durch die Laser-Belichtung der nachfolgenden Schichten zu schliel3en, diskutiert.
Dazu wird die Féahigkeit des Lasers, verschiedene Vielfache der Pulverschichtdicke
aufzuschmelzen, quantitativ untersucht.

Das Auftreten innerer Spannungen ist eine inhadrente Eigenschaft von Bauteilen des
PBF-LB/M-Prozesses. Diese inneren Spannungen verbleiben nach dem Bauprozess



als Eigenspannungen im Bauteil. Im Rahmen dieser Doktorarbeit wird untersucht,
welche der Mechanismen, die zur Entstehung innerer Spannungen fiihren, sich wie
auf deren raumliche Verteilung im Bauteil auswirken und welche die GréRenordnung
der Spannungen in AISI 316L bestimmen.

Schlussendlich wird das Auftreten interner Fehlstellen und ihre rdumliche Verteilung
bei werkstoffmechanischen Versuchen untersucht. Dazu wird der Fehlstellenanteil
in PBF-LB/M Kriechproben in verschiedenen Stadien von Kriechversuchen mittels
Laborrontgencomputertomographie bestimmt. Diese Ergebnisse werden mit Ergeb-
nissen vergleichbar belasteter konventionell hergestellter Kriechproben, sowie mit
PBF-LB/M-Zugproben verglichen. Dabei konnte ein Zusammenhang zwischen der
Mikrostruktur des PBF-LB/M-Materials und dem Muster der Fehlstellenverteilung
hergestellt werden.
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Introduction

We are stuck with technology when what we
really want is just stuff that works.

— Douglas Adams
(The Salmon of Doubt)

1.1 Additive Manufacturing

The international standards organisation ASTM International (formerly known as
American Society for Testing and Materials) describes Additive Manufacturing (AM)
as a “process of joining materials to make objects from 3D model data, usually
layer upon layer, as opposed to subtractive manufacturing methodologies” [1]. This
general description of AM is valid for many different types of materials. In industrial
applications mainly polymers, ceramics and metals are used as the feedstock mate-
rial [2]. The main advantage of AM is the increased freedom of design choices when
compared to conventional subtractive manufacturing methods [3]. Sophisticated
subtractive manufacturing techniques to be compared against are Computer Nu-
merical Control (CNC) machines. Here, software controlled application of different
tools, such as drills, saws, or grinders, mounted to a robotic arm, shape the final
form of an object by removing material. The main constraint of these techniques
is that the freedom of movement of the tools is limited by their size and by the
manoeuvrability of the robotic arm. Complex hollow structures, or structures filled
with three-dimensional grids cannot be manufactured using subtractive production
techniques. AM techniques do not have these constraints. In a layer-wise AM process,
a three-dimensional design is sliced into vertically stacked layers. These layers are
produced and fused together in the same production step. This work is focussed on
the analysis of AM metals, especially on the analysis of Stainless Steel (SS) American
Iron and Steel Institute (AISI) 316L produced by the AM process PBF-LB/M. In the
following this is shorted to PBF-LB/M/316L.



1.2 Laser Powder Bed Fusion

PBF-LB/M is a AM technique that creates objects from 3D models by melting pow-
dered feedstock material. As depicted in fig. 1.1, a PBF-LB/M machine schematically
consists of the following parts: a build platform of adjustable height, a feedstock
powder reservoir, a rake to apply new layers of powder, a laser to melt the powder,
and a system of guiding mirrors to guide the laser to any position on the build
platform [2].

guiding mirror

system

build chamber
I 1
| —3shielding rake component |
—%gas < ’

I —flow // |
| = |
| powder |

™~ bed

| — ' |
I I
I I
I I
I feedstock powder height adjustable |
I

reservoir build plate I

Fig. 1.1: Principle sketch of a PBF-LB/M system

To build objects using the PBF-LB/M technique a 3D model of the object has to be
sliced into layers of a thickness of several tens of micrometres. To create a solid
area within the sliced shape of the object, a scanning strategy has to be applied that
fully illuminates the area. Depending on the machine parameter applied, the laser
can melt tracks of the feedstock powder that are between tens and a few hundred
micrometres wide. To illuminate a sliced area of several centimetres many laser
tracks have to be placed side by side. The size and orientation of these scan tracks
is defined by the scan strategy. There are several different scan strategies, which—
depending on the used feedstock material—can influence the material properties
of the produced components in many ways. In the following sequence plan a
generic PBF-LB/M build process is described. Typically, the build process consists of
a repetition of the following steps until the object construction is finished:

1. The build platform moves down by a certain amount of micrometres. This will
define the thickness of the layer.
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2. The rake applies feedstock powder onto the lowered build platform to fill the
layer.

3. The laser illuminates sections of the build platform defined by the shape of the
slice and the applied scan strategy.

4. Steps 1-3 are repeated until all slices are illuminated.

Among the various AM techniques for the manufacturing of metallic objects the
PBF-LB/M process has a main advantage: The process can produce net-shaped
objects including high-resolution features (e.g., a grid of struts). A disadvantage
of PBF-LB/M compared to other AM techniques for metals is the limited size of the
manufactured objects. Commercial PBF-LB/M systems equipped with one laser are
usually equipped with a build chamber sized less than 1001 [4], and subsequently,
can produce objects smaller than this.

State of the Art

In recent years, PBF-LB/M has evolved from a technique for rapid prototyping to
a mature production process in several industries, such as automotive, aerospace
and rail [5, 6]. Due to increasing interest in this technology there is a need of
detailed understanding of the influence of the PBF-LB/M process to assess the
service life of components produced by PBF-LB/M. Especially, if these components
are supposed to be used in critical applications concerning loads and temperature
it needs to be understood why the PBF-LB/M material’s response to external loads
differs from the conventionally produced material [7, 8]. The analysis of metals
manufactured by PBF-LB/M has been a topic in material science for the last decades
with the first Wohlers report on the state of the then-called Rapid Prototyping dating
back to 1996 [9]. For objects produced by PBF-LB/M three inherent features to
the production process must be addressed when assessing the service life of the
objects:

1. Unusual microstructures depending on process parameters [10, 11] (see
fig. 1.2)

2. Void formation during the build process [12]

3. Build up of internal stresses during the build job that remain as RS in the
object after production [8, 13, 14]

1.3 State of the Art
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Void formation and Residual Stress formation will be addressed in the scope of this
thesis, and will be described in detail in the following sections.

Studies of PBF-LB/M steels have revealed that they exhibit significantly different
microstructures in the as-built condition compared to conventionally manufactured
variants of the same alloy (cast, wrought) [15, 16, 17, 18]. PBF-LB/M steels consist
of a non-isotropic columnar grain morphology [5, 15, 16, 17] which is determined
by the process parameters used. For instance, Mohr et al. [19] have shown that even
slight changes to the process parameters such as a variation of the ILT result in a
variation of grain orientations in the columnar microstructure.

Short ILT Short ILT Intermediate ILT
High VED Basis VED Basis VED

Upper part

Build up direction z

111

Lower part

101

Fig. 1.2: Orientation maps of PBF-LB/M/316L manufactured at different ILT [19] showing
columnar grain orientation

Void Formation Mechanisms in PBF-LB/M/316L

Void formation in welding has been a topic to research for decades [20, 21]. There
are many process parameters of the build whose interplay can cause void formation
in PBE-LB/M. Here the focus will be set on the formation mechanisms of two
major types of voids found in PBF-LB/M objects: LoF voids and keyhole pores. The
formation of the two sets of voids can be understood through a common quantity in
PBF-LB/M, the VED. The VED is defined by:

P
VED = —— 1.1
vht 1.1

where P is the laser power, v is the scan speed, h is the hatching distance, and ¢ is the
layer thickness. For many metals used in PBF-LB/M, machine manufacturers provide
a set of parameters that should lead to the least amount of voids in a produced
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object. Significant changes from the VED (calculated from the manufacturer’s
process parameters) lead to void formation. An increased VED causes keyhole pores,
whereas an reduced VED causes LoF voids.

Keyhole Pores Keyhole pores are an ever-present class of voids in PBF-LB/M [12],
which form when an excessive amount of energy is introduced to the melt pool
by the laser [22]. As described by King et al. [23]: “In keyhole-mode laser
welding, the power density of the laser beam is sufficient to cause evaporation
of the metal and formation of plasma. Metal evaporation causes the develop-
ment of a vapour cavity that enhances the laser absorption.” Therefore, the
energy of the laser beam is not absorbed by powder particles at the surface.
Instead due to the keyhole-shaped wedge formed by evaporating powder, the
laser can reach deeper laying powder particles [24]. Fast cooling rates in
PBF-LB/M caused by the scan speed and very localised heating from the laser
in combination with uneven sized powder particles in the powder bed make
this an unstable phenomenon. Hence, if the keyhole collapses inert shielding
gas can be trapped in pores at the bottom of the keyhole-shaped wedge [25].
The penetration of the laser is not limited to layers of unmolten powder par-
ticles but can also occur in already void-free solidified material. If the VED
of the build process is high enough, the melt pool can entrap keyhole pores
in addition to re-melting the existing solidified material [26]. Since keyhole
pores consist of entrapped gas, their shape is mainly spherical. Since they form
at the bottom of the keyhole-shaped wedge, they are not found close to the
built objects top surface.

Lack-of-Fusion Voids LoF occurs when the melt pool widths of neighbouring scan
tracks do not overlap sufficiently as depicted in fig. 1.3. Most of the reasons
that cause the lack of overlap are described by equation 1.1. A sufficient
change to any of the quantities that lead to a decrease in the VED might cause
LoF void formation. If the layer thickness exceeds the depth of the melt pool,
insufficient overlap can occur. Also, a reduction in laser power or increased
scan speed can result in narrower track width, which could cause insufficient
overlap. An increase in the hatching distance can also cause insufficient
overlap. As depicted in the schematic drawing in fig. 1.3b the resulting voids
are of irregular shape. Due to their irregular shape, LoF voids much more likely
serve as crack initiation zones than spherical gas pores, especially when the
loading direction is perpendicular to the the orientation of the LoF voids [11].

1.3 State of the Art
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Scan Tracks Lack-of-Fusion Voids
(a) Sufficient overlap between scan (b) Insufficient overlap between scan tracks
tracks causing LoF voids

Fig. 1.3: General illustration of LoF void formation

Void formation is inherent to the PBF-LB/M production process. Hojjatzadeh et
al. [27] listed four typical mechanisms that can lead to void formation in PBF-LB/M:
“pore transfer from feedstock powder [28], instability of depression zone during
printing process [25], vaporization of volatile elements [29], gas precipitation [30]”.
Hence, it is essential to distinguish voids from potential defects. On-line monitoring
of the PBF-LB/M process has been studied to predict whether void formation will
result in formation of potential defects within the finished part [26, 31, 32, 33,
34, 35, 36, 37]. Among the on-line monitoring techniques, thermography enables
temperature changes of the apparent surface temperature to be monitored without
the need of complex sensors to be installed in the build chamber [26, 33]. Thermal
irregularities during the build process can be correlated to void [26, 38] and RS
formation [39]. Therefore, based on these inherent aspects of the PBF-LB/M process,
it is necessary to understand how the laser interacts with layers of solidified material
and with layers of unmolten powder. Recent studies have revealed that the laser
melts subjacent layers of material in addition to the current surface layer [5, 40].
As described in chapter 1.2, this effect is needed to provide a strong bonding
between the layers and to prevent LoF voids [41, 42]. Several studies in this
field have reported results on the interaction between melt pool and powder from
simulations [25, 43, 44] and experiments [45, 46]. They have reported that the
laser energy via different stages of dissipation can melt powder particles beyond the
current top layer.

Residual Stress Formation Mechanisms in PBF-LB/M/316L

The process of laser beam melting inherently induces stresses in components pro-
duced by PBF-LB/M [8, 13]. Such stresses can have implications on service life.
These stresses remain in the component after the process and without the appli-
cation of external loads, and are called RS [47]. Mercelis and Kruth [13] have
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described two interlinked mechanisms that form the RS distribution in PBE-LB/M:
the Temperature Gradient Mechanism (TGM), and the cool down phase, which
results in a Constrained Solidification Shrinkage Mechanism (CSSM):

Constrained Solidification Shrinkage Mechanism During solidification the melt
bonds with either the underlying or adjacent solidified material. The solidifica-
tion leads to shrinkage of the previously molten metal. Due to the bonding
to the surrounding solidified material, this shrinkage is restricted, placing the
solidifying material into tensile stress while the surrounding and underlying
already solidified material is placed under compression. The PBF-LB/M pro-
cess is applied layer upon layer. Therefore, the solidification of every layer
(and re-solidification of the underlying material that melts) induces compres-
sive stresses into the subjacent layers, increasing the amount of compressive
stresses in the built component. These compressive stresses in the subjacent
layers are balanced by tensile stresses in the surface region due to stress
equilibrium and remain in the part after the PBF-LB/M production process is
finished.

Temperature Gradient Mechanism The material is heated up locally during the
laser illumination. This heated material would expand but its expansion is
constrained by the cooler surrounding solidified material. When the thermal
stresses from this constrained expansion reach the yield strength of the mate-
rial, local plastic deformation occurs. When the laser moves on, the material
cools down and the plastically deformed material shrinks. As mentioned above
this shrinkage is restricted by the surrounding solidified material. Therefore,
further compressive stress are introduced into the the subjacent layers with
tensile stress in the region which was locally heated. It should be noted that
the TGM does not require melting, and therefore, is mainly present in the
layers below the currently illuminated surface.

The two mechanisms are interlinked and their combined effect on RS formation
has been studied in recent years [48, 49, 50, 51]. As mentioned before, the RS
distribution of PBF-LB/M parts shows tensile stresses near the surface [52]. Tensile
surface stresses are usually unwanted for industrial components, since these stresses
can facilitate crack initiation [14, 53]. Therefore, different attempts to reduce the
magnitude of RS in PBF-LB/M by alternating the build process parameters have
been studied. Wang et al. [50] have altered the length of scan tracks. They found
that a reduction of the length of the scan tracks could reduce the residual stresses
in long bars of as-built PBF-LB/M/316L. This RS reduction can be associated to the
CSSM. Roehling et al. [51] reported reduced RS values in bridge-shaped as-built
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PBF-LB/M/316L specimens, when each illuminated layer was heated to 625 °C after
solidification. This decreased the amount of RS of their specimens. They also
reported that reaching the temperature of 625 °C had a greater effect than the dwell
time at this temperature. Here, the thermal history of the specimen was altered,
employing the TGM to reduce the RS levels. In both studies, RS could be successfully
reduced, although different RS forming mechanisms were exploited. So far, there is
still an uncertainty on the quantitative influence that the two mechanisms have on
the shape and magnitude of the resulting RS distribution.

Damage Formation in Quasi-Static Loaded PBF-LB/M/316L

To enable the prediction of the service life of PBF-LB/M parts and components,
they must be studied under the application of external loads. The material used in
this thesis is AISI 316L. AISI 316L is widely used in industry [5, 6]. Its PBF-LB/M
variants have been reported to be feature higher strength than conventionally made
316L [54], while possessing good ductility [17, 55, 56]. The tensile properties of
AISI 316L have been a topic for research during the recent years [57, 58, 59]. Still,
there is limited research on the creep behaviour of AISI 316L. Yu et al. [60] have
studied the creep behaviour of AISI 316L specimens produced using a meandering
stripe scan strategy. They have studied the impact of scan speed variation on the
creep behaviour of small plates which were tested in a small punch creep testing
rig. They concluded that the increased porosity cause by excessive scan speeds scan
speeds results in inferior creep resistance. This result is very comprehensible if one
brings to the mind that LoF voids are irregular shaped and have sharp edges which
can easily serve as crack initiation zones. Williams et al. [18] have studied creep
behaviour in AISI 316L specimens built using a chessboard scan strategy combined
with 67° rotation of the chessboard’s orientation for each layer. The combination of
the two features of the scan strategy lead to a microstructure of elongated grains
parallel to the build direction. The used 67° rotation scan strategy is known to reduce
porosity in PBF-LB/M/316L [38, 61]. Herzog et al. [62] postulated in 2016 that a
porosity value in PBF-LB/M/316L of less than 0.5 % (i.e., a density value larger than
99.5 %) should be achieved by parameter optimisation of the PBF-LB/M process.
In more recent studies of PBF-LB/M/316L a porosity value of less than 0.1 % was
achieved [17, 63]. Therefore, the observed porosity by Williams et al. [18] of 0.4 %
appears to be larger than expected. Creep describes the propensity of a material to
deform plastically under mechanical stresses at elevated temperatures [64]. Creep
occurs under long term exposure to stresses that usually are below the yield strength
of the material. To predict the long term stability of PBF-LB/M components in
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operating conditions (i.e., at high temperatures), knowledge about their creep
behaviour is essential.

Motivation & Aims

In this work void formation in AISI 316L is studied using XCT analysis of speci-
mens produced using several different process parameters. XCT provides a three-
dimensional analysis of objects (the technique is described in a detailed way in
chapter 2.1). It literally adds a new dimension to the meaningfulness of the analysis
compared to 2D methods such as optical microscopy on metallurgic cuts when it
comes to material with non-isotropic microstructure [65]. The analysis of the 3D
XCT data enables the understanding of the impact of process parameters on void
formation at specimen size levels. The initial void distribution is studied in creep
and tensile specimens produced using process parameters which were optimised by
the PBF-LB/M machine manufacturer for PBF-LB/M/316L. Also, keyhole pores and
LoF voids are studied to understand their formation mechanisms. The XCT results
of this work are correlated to thermography data [26] obtained during the build job.
This enables the analysis of how irregularities observed in the thermographic data
result in actual voids formed in the final component. Several studies in this field
have reported results on the interaction between melt pool and powder from simula-
tions [25, 43, 44] and experiments [45, 46]. Based on their results this work aims
to evaluate how the laser illumination of superjacent layers affects the formation
of voids in underlying layers. Void creation or healing in these underlying layers
cannot be predicted from the analysis of the on-line monitoring signals directly [26].
Therefore, this work studies the the ability of the laser to melt different multiples
of the optimised thickness of powder layers. The mechanisms of void formation in
these thicker powder layers are derived from the analysis of XCT data.

The second aspect considered within this thesis on the inherent features of PBF-LB/M
is the formation of RS in PBF-LB/M/316L. An improved understanding of RS
formation is important to improve the knowledge of the effects of changes of certain
process parameters on the RS distribution. Based on the two stress generation
mechanisms described by Mercelis and Kruth [13] in section 1.3.2, this work aims
to unravel the interlinked influence of the two mechanism onto RS formation by
using stress analysis based on neutron diffraction. Identifying the magnitude of
each mechanism will enable designers of PBF-LB/M/316L parts to improve process
parameters to achieve the desired RS distribution of their parts. The RS results
obtained by neutron diffraction are compared to thermographic data [39] obtained
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during the build. The analysis of the thermal history of specimens enables the
understanding of the TGM’s influence on the RS distribution in the as-built part.
In return, features of the RS distribution that cannot be assigned to the thermal
history must be caused by CSSM, or to paraphrase Sir Arthur Conan Doyle’s Sherlock
Holmes [66]: When you have eliminated all which is TGM, then whatever remains,
however improbable, must be the result of CSSM.

The third aspect considered within this thesis on the inherent features of PBF-LB/M is
the damage formation in PBF-LB/M/316L under external loading conditions. Creep
damage formation at elevated temperatures is discussed in this work. Only a few
studies address creep behaviour of PBF-LB/M/316L. Yu et al. [60] and Williams et
al. [18] emphasise how the the creep behaviour of PBF-LB/M/316L depends on the
used build parameters. Avila et al. [67] have presented a detailed comparison of
creep deformation in PBF-LB/M/316L and hot rolled AISI SS 316L. Based on the
work by Avila et al. [67] I non-destructively studied the evolution of damage in creep
specimens of PBF-LB/M/316L. Creep specimens of PBF-LB/M/316L were analysed
by XCT at different stages of creep testing to study the formation mechanisms of
creep damage. XCT results are compared to the microstructure of PBF-LB/M/316L
to reveal the formation mechanisms of creep damage. These results are compared to
the XCT data of broken tensile specimens to further increase the understanding of
damage formation mechanisms in this PBF-LB/M/316L. An increased understanding
of how PBF-LB/M/316L microstructures determine the formation of damage in the
material becomes relevant when assessing these materials for the use in industrial
applications.

In general, this work aims to combine results from fundamental research of void
and RS formation and their repercussions on tensile and creep behaviour.

Embedding of this Thesis into Existing Research
Projects

This thesis was embedded into two interlinked in-house projects on additive manu-
facturing of metals at the Bundesanstalt fiir Materialforschung und -priifung (Federal
Institute for Materials Research and Testing, Berlin, Germany) (BAM). The scope of
the project ProMoAM (Method Development for Process Monitoring in Additive Man-
ufacturing) was the development of on-line sensor systems to monitor the production
of metallic AM parts and components at the three AM techniques available at BAM
(PBF-LB/M, Direct Energy Deposition using a Laser Beam (DED-LB/M), Wire Arc
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Additive Manufacturing (DED-Arc)) [26, 68, 69]. Experts from different divisions
at BAM joined for this project to develop, build and benchmark non-destructive
monitoring techniques to discover faults in AM components during the build job.
My task in this project was to assess the quality of the as-built specimens by XCT to
provide a ground truth of the void distribution within the specimens. Results from
on-line monitoring were compared to the ground truth in order to obtain threshold
values of the on-line signals that resulted into voids within the final part. The
results of the XCT analysis was mainly used to assess the quality of thermographic
measurements that were obtained during the build process. Thermography is based
on analysing the apparent radiated heat of the current top surface during the build
process by thermographic cameras [26, 33].

The project AGIL (Microstructure Development in Additively Produced Metallic
Components: from Powder to Mechanical Failure) aimed at assessing the quality
of AM parts and their feedstock material at different stages of their service life.
Experts from different divisions at BAM joined this project to analyse the quality
specimens using destructive and non-destructive techniques. The work packages of
this project consist of the analysis of the feedstock material for PBF-LB/M [70], the
microstructure of as-built PBF-LB/M and DED-LB/M specimens, the microstructure
of specimens after a stress relieving heat treatment, and before in-between and
after mechanical testing. The assessment of the mechanical properties of specimens
using tensile, creep and single-edge-notch-bending tests was also part of the AGIL
project [67, 71]. My task within the project was to characterise specimens at different
stages of their service life regarding their internal void spatial distribution (using
XCT) as well as their residual stress fields. Due to the close connection between
ProMoAM and AGIL results from thermography were used for the interpretation of
XCT and ND results.

1.5 Embedding of this Thesis into Existing Research Projects

11






2.1

Theoretical Background

As with most of life’s problems, this one can be
solved by a box of pure radiation.

— Andy Weir
(The Martian)

In this thesis the analysis of specimens is based on results from XCT and RS determi-
nation using neutrons. This chapter describes the theoretical background of the two
techniques.

X-ray Computed Tomography

XCT started in 1973 when the Briton Godfrey N. Hounsfield presented the first
medical XCT system [72]. Industrial XCT derived from it using higher voltage
X-ray sources since radiation doses do not have to be taken into account in contrast
to medical XCT. High resolution inspection of components was enabled by the
invention of micro-focus X-ray sources in combination with algorithms that enable
reconstructing volumes with improved sharpness of the object. Nowadays, industrial
XCT using micro-focus X-ray sources is a well established Non-Destructive Testing
(NDT) technique to quantitatively inspect parts and components in industry and
material science [73]. Micro-focus XCT-scanners were used to acquire all XCT-data
of this thesis.

This chapter is based on the book Einfiihrung in die Computertomographie by Thorsten
M. Buzug [74] and describes the generation of X-rays, their interaction with the
scanned object’s material, the way they are recorded, and the reconstruction into a
3D representation of the object.
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2.1.1 Working Principle of Laboratory XCT

In industrial laboratory XCT an object is placed on a rotation stage of an manipulator
system that is placed between an X-ray source and a 2D flat panel detector (see
fig. 2.1).

SDD

SOD

X-ray source manipulation stage detector

Fig. 2.1: Principle sketch of a laboratory XCT set-up

During a stepwise rotation of the object, X-ray radiographs (so-called projections)
are acquired. These projections are reconstructed into a 3D volume. The most
common method currently used is the Filtered Back-Projection (FBP) (see fig. 2.2).
The magnification of these cone-beam based laboratory XCT scanners is defined by
the ratio of the Source-Object Distance (SOD) and Source-Detector Distance (SDD)
(see fig. 2.1).

Fig. 2.2: Basic principle of back-projections: All acquired projections are positioned around
a virtual centre. The projections are projected to this virtual centre. The point of
view of the projections shown in this sketch is marked by a yellow arrow in fig. 2.1
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2.1.2 X-ray Radiation

In 1895 Wilhelm Conrad Rontgen discovered a new type of radiation which was able
to penetrate materials non-transparent to visible light [75, 76, 77]. He named them
X-rays and was awarded the Nobel price in 1901 for his discovery. In the following
only the physical relations concerning computed tomography will be discussed.

Generation of X-rays

In a X-ray source of a laboratory XCT system a filament is heated to generate
electrons which are accelerated in a vacuum by a electric field. The electric field is
generated by a acceleration voltage U between the filament (i.e., cathode) and a
metal target (i.e., anode) as depicted in fig. 2.1. When these accelerated electrons hit
the anode material, they decelerate due to interaction with the target’s atoms. The
energy loss of the electrons usually takes place in multiple events, resulting in the
generation of a continuous spectrum of electro-magnetic waves (i.e., bremsstrahlung)
in the spectral range of 1078 m to 1073 m. These waves are called X-rays.

The energy of the emitted waves is related to the velocity v of the electron, which
is determined by the accelerating voltage U set between anode and cathode (see
fig. 2.1). The velocity of an electron can be derived from the energy conservation
equation:

elU = %me v? (2.1)

where e is the electric charge of an electron, and m,. is the mass of the electron. It
can occur that the entire energy of an accelerated electron eU being transformed
into a single photon. The maximum energy F such a photon can be determined
the shortest wavelength )\ of the radiation, that can be derived from the following
equation:

E:eU:h§ (2.2)

where h is the Planck constant, and c the speed of light. Hence, the shortest X-ray

wavelength is given by:
_12.398

U

where U is in kilovolts, and A is in Angstroms (1A = 0.1nm). Therefore, the higher

A (2.3)

the accelerating voltages the shorter the minimum wavelengths of the generated
X-rays.

The continuous spectrum is superimposed by a line spectrum which is created by
the interaction of fast electrons with electrons of the inner shells of the atoms of the
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anode material. This line spectrum is called characteristic radiation and consists of
discrete peaks, whose wavelength solely depends on the anode material.

If electrons of the K-shell of the target material are ejected of the atom by a collision
with a fast electron, electrons from higher energy level shells fill the vacant position
in the K-shell. During this process the energy difference between shells is emitted
as X-ray photon. Due to the discrete energy difference between the shells, these
photons have discrete wavelengths. These wavelengths form sharp lines in the
continuous X-ray spectrum which are characteristic for the material used in the
anode. The position of the K-lines in the spectrum can be derived from Moseley’s
law as defined in [74]:

he he

)\ = =
E,—E  136eV(Z—1)2(1— n2)

2.4)

whereas Z defines the effective nuclear charge of an atom and n its principal
quantum number.

X-ray—Material-Interaction

The penetration depth of X-ray radiation is related to
the interaction of the X-ray photons and the atoms of
the irradiated material. The main mechanisms of this
interaction are absorption and scattering. The sum
of all interactions can be described by the change of
I the X-ray intensity /(d) if the X-rays interact with a
material of the thickness d (see fig. 2.3). According
to the Beer-Lambert law [78, 79] the intensity (d)

absorbing projection
material on the detector ~ can be described by [74]:
Fig. 2.3: X-ray absorption I(d) = Tpe™ de w(E,z)dz (2.5)

The attenuation coefficient u(F, x) is described by the sum of the absorption coef-
ficient 1, (FE, x) and the scattering coefficient us(F, z). It should be noted that the
Beer-Lambert law only hold for a pencil beam geometry without scattered radiation.
Absorption and scattering are caused by one of the following four interactions:

Rayleigh Scattering Rayleigh scattering occurs if the the wavelength of the X-ray
radiation exceeds the atom diameter of the irradiated material. In this case
the X-ray radiation interacts with the whole atom and cause oscillation of the
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electrons in the atom. Rayleigh scattering is caused by X-ray photons which
have an energy of less than 20 keV.

Compton Effect Elastic scattering (i.e., Compton effect) occurs if the energy of the
incoming X-ray photon exceeds the binding energy of the atom’s electrons. If a
photon hits an electron its flight path will be changed and some of its energy
will be absorbed by the hit electron. Due to change of the flight path these
scattered X-ray photon might hit the detector at an unknown position, and
therefore increase the noise level of the acquired image. Mainly, Compton
scattering occurs for X-rays photons of an energy level of 100 keV up to 1 MeV.

Photoelectric Effect The photoelectric effect ionises the atom. The whole energy
of the X-ray photon is absorbed by the an electron of the irradiated material.
Since the photoelectric effect mainly involves electrons of the inner atom hull,
it occurs more often for heavier atoms. The full absorption of the emitted
X-ray photons is the main attenuation mechanism for X-ray radiation. It mainly
occurs for X-rays photons of an energy level of less than 100 keV.

Pair Production At very high energy levels of X-ray photons (above 1.022 MeV)
the photons interact with the electric field of the hit atom. The energy of
the incoming X-ray photon is fully converted into the creation of an electron-
positron-pair.

Detection of X-rays in Laboratory XCT

In laboratory XCT systems usually flat panel detectors are used. Many detectors
of computed tomography systems are are based on the same design: a scintillator
layer that converts X-ray radiation into visible light, followed by a photo diode
layer that converts visible light into current, and a substrate layer that provides
electrical and mechanical infrastructure [80]. A detector is usually divided into
several blocks of detector elements to decrease the read-out time by parallelisation.
Each element consists of a certain number of of square shaped elements (called
pixel) in the size range of about 100 um. To prevent stray radiation (see sec. 2.1.2)
from being distributed between neighbouring pixel of a detector element anti-scatter
grids are used as collimator in front of the detector elements [74, 80]. To prevent
negative read-out values of the detector elements manufacturers calibrate their
systems in a way that every pixel provides a ground signal even without excitation
from X-ray photons. A flat field correction of the acquired projections needs to be
performed since this ground signal is not uniform through the whole panel. The
same is valid for the ability to convert X-ray photons into current. Due to fluctuations

2.1 X-ray Computed Tomography
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in production and also through ageing, the ability to convert X-ray photons into
current changes between the detector elements. Therefore, the acquired projections
will also be bright field corrected to minimize the influence of the detector on the
image quality of the projections.

Image Reconstruction in Laboratory XCT

The goal of XCT is to reconstruct a 3D representation from a number of projections
acquired at different rotation angles of an object (see fig. 2.1). If these projections
are positioned around a virtual centre according to their rotation angle the back-
projection of these images into this virtual centre would create a 3D representation
of the scanned object (see fig. 2.2). For simplicity reasons the following description
assumes a two dimensional problem (i.e., a horizontal 2D slice of the 3D volume).
The back projection helps solving an inverse problem: the real object function f(z,y)
is needed but one only can record the projections of the object p(¢). The foundation
to solve this inverse problem was already found by the bohemian mathematician
Johann Radon in 1917 [81]. However, it could be solved for the first time in the 2nd
half of the 20th century when the invention of computers enabled the solve of his
complex equations. Each pixel of an acquired projection represents the integral of the
X-ray attenuation coefficient u along a line from source to detector. Inhomogeneities
of the u along this line (i.e., attenuation of different materials and/or thicknesses)
prevent the problem to be solved by a simple inversion. But the spatial distribution
of these attenuation coefficients will provide information about the internal structure
of the object. Along a line « the Radon transform R is defined as:

py(€) = R(7) = / f(z,y)ds 2.6)

The visualisation of the Radon Transform is called a sinogram. It contains the integral
attenuation values of a detector pixel for all angles of the acquisition. The Radon
Transform assumes continuous physical signals, whereas the XCT systems discretised
these values. Therefore, reconstructing an object using the inverse Radon Transform
on a discrete sinogram is very difficult. Hence, the acquired discretised sinograms
are transformed into the Fourier space using the Fourier-Slice-Theorem. The Fourier-
Slice-Theorem states that the 1D Fourier transform of the Radon transform Fi{p(&)}
is equal to the the sliced line through the origin of the Fourier space of the 2D Fourier
transform of the function F»{f(z,y)}. Reconstructing the object from the Fourier
space using the inverse Fourier Transform is much easier since the Fourier Transform
is well suited for discretised values (see fig. 2.4).
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Fourier-Slice Theorem

<
Fil

Radon Space Fourier Space

Fig. 2.4: The connection between object space, Radon space (i.e., sinogram) and Fourier
space.

In 1984 Feldkamp, Davis and Kress presented a FBP method to reconstruct projection
data from 2D detectors [82]. The simple back projection algorithm described above
leads to blurred reconstructed objects since every point of the object is spatially
smeared. To prevent this the projections p(§) must be filtered using a high-pass filter
g(&). Mathematically this is realised by a convolution (i.e., p * g) of p and g. In the
Fourier domain the convolution can be realised by the multiplication of the Fourier
transform of p and g¢. In technical implementations also a low-pass filter in form of
a window function is applied to suppress high frequencies in the Fourier domain
which will reduce the noise in the reconstructed volume.

Remark In case of the assumed 2D slice to be reconstructed the FBP algorithm
reconstructs the object correctly. When applied on a 3D volume obtained
from a cone-beam geometry, the FBP algorithm assumes the cone-beam to
be a set of fan-beams. This simplification leads to a small soft focus in the
reconstructed volume for every slice which is not the center slice of the

volume.

Image Artefacts and Image Quality

The quality of a reconstructed XCT image in terms of noise, sharpness and resolution
can be influenced by the chosen settings of the XCT systems as well as by artefacts

2.1 X-ray Computed Tomography
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of the 3D reconstruction of the FBP. Some typical effects and artefacts that influence
the image quality are described in this section.

Signal-to-Noise Ratio The main influence of image quality is the Signal-to-Noise

Ratio (SNR).
_ signal level — p

SNR= —-— = — 2.7)
noise level o

where i denote the mean value and o the standard deviation of the signal.
Improvements of the SNR can be achieved by an increase of the number of
X-ray photons measured in transmission. This increase can be realized by
either increasing the acquisition time per projection and/or by increasing the
current of the X-ray tube. As described in 2.1.2 X-ray radiation are emitted
in a continuous spectrum. Therefore, an increase in the current of an X-ray
source will increase the number of photons in the full spectral range. Since the
number of counts per detector element that can be processed before read-out
is limited (65536 counts for 16 bit detectors and 16 384 counts for 14 bit
detectors) it might be necessary to pre-filter the low energy photons to prevent
saturation of the detector element by the photons of the free beam. Usually,
metal filters are applied to the escape window of the X-ray tube to block low
energy photons. The downside of this approach is that not only low energy
photons are blocked by the filter but photons of all energy ranges. Therefore,
the overall counting time of an acquisition should be increased to compensate
the loss of photons. If increasing the acquisition time cannot be applied due to
saturation, several shorter timed acquisitions of the same projections can be
averaged to improve the SNR.

Beam Hardening Artefacts as described in chapter 2.1.2 X-ray radiation is emitted

in an wide spectral range. During transmission of an object, X-ray photons of
lower energy levels are more likely to be absorbed or scattered away from the
detector than photons of higher energy (see chapter 2.1.2). This results in a
shift of the spectral range toward higher energy levels. Current X-ray detectors
are not energy dispersive, that means they cannot differentiate photons of
different energy. Since the detector elements do not differentiate the energy
of the counted photons, the increased absorption of soft photons can lead to
lower grey values in center of the reconstructed volumes of mono-material
objects or to streak artefacts around the objects of heavier materials in a
multi-material object. To prevent beam hardening artefacts the soft photons
could be filtered from the incoming beam by a metal pre-filter. Also, most
reconstruction algorithms provide a mathematical solution to decrease the
influence of beam hardening in the reconstructed image.
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Blurring Due to Focal Spot Size In this work laboratory XCT scanners were used.
The focal spot size of the X-ray tubes varies between the used scanners and also
depends on the applied power to the X-ray source. Since the focal spot is not a
point source as depicted in fig. 2.1 blurring effects could occur at the borders
of the images as depicted in fig. 2.5. This blurring usually is in the range of the
focal spot size and, therefore, has an larger impact at higher magnifications.
Hence, the yielded minimum pixel size of the projections should be larger than
the focal spot size of the used parameters of the X-ray source.

« SDD .
SOD '
[
-
Ol ”
umbra<
f]
focal spot .
X-ray source manipulation stage detector

Fig. 2.5: Blurring of the projection due to deviation of the physical focal spot size from a
ideal point source

Ring Artefacts During the service life of a detector some of its pixels might fail.
Instead of providing the count of all received photons of a projection they
return a constant value. Since the reconstruction of the same pixel in the
projections forms a ring in the 3D image, a constant value for this pixel will be
reconstructed as a ring of this constant value. In the sinogram these pixels of
constant value appear as a straight line. Therefore, replacing the information
of this pixel with the average of its neighbours is usually performed by the
acquisition software. Hence, the position of dead detector pixels must be
known prior to the reconstruction.
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Synchrotron Computed Tomography

SXCT results presented in this work were conducted at the beam line BAMline at the
Berlin synchrotron BESSY II. Therefore, the capabilities of BESSYII are referred to in
this section.

X-Rays can also be generated with relativistic electrons which are being deflected
by a magnetic field. This is exploited in an electron storage ring, also called
synchrotron. The main advantage of synchrotron produced X-rays compared to
a laboratory X-ray source is the photon flux. An up to 1000 times larger photon
flux (i.e., photons/second [83]) than a conventional X-ray tube enables scans at
high resolutions (voxel size < 1um) without the need of significantly increased
scanning times [84]. A second advantage is the parallelism of the beam. On the
one hand, it enables the use of simpler reconstruction algorithms than cone-beam
based laboratory XCT. On the other hand, reconstruction artefacts that are caused
by the cone-beam do obviously not occur. The set-up of a SXCT beamline differs
significantly from laboratory XCT equipment. Instead of electrons being accelerated
between an anode and cathode, a storage ring, where electrons are kept at a constant
kinetic energy level, is used. A combination of a linear accelerator and a smaller
booster synchrotron is used to accelerate the electrons up to an energy in the range
of 10'2 eV (At BESSY I energies of up to 1.7 x 10° eV can be achieved). These high
energy electrons are injected into a storage ring where they are forced into a circular
flight path.

The flight path is controlled by the bending and focussing magnets. Wigglers,
undulators and wavelength shifter are used to generate X-Rays. The SXCT beam line
BAMline at BESSYII is located after a 7T wavelength shifter. If the electrons’ flight
path is changed, bremsstrahlung is emitted in the form of X-rays. The energy of these
X-rays can be filtered to a specific energy by a set of monochromators. The large
distance between the bending and focussing magnets and the beam lines (at BAMline
this distance is 35 m) results in an almost parallel beam. Due to the assumed parallel
beam there is almost no geometric magnification of the projections as compared to a
laboratory XCT set-up. At a SXCT beamline the magnification of the projected object
is performed by a set of optical lenses placed in front a Charge-Coupled Device (CCD)
screen. Therefore, X-rays have to be transformed into visible light using a scintillator
material. At BAMline the scintillator consists of cadmium tungstate (CAWO,). A
general sketch describing a SXCT beamline’s set-up is depicted in fig. 2.6. Due to
the use of a parallel beam the FBP reconstruction algorithm is correct for every slice,
instead of just the center slice for laboratory XCT systems. The parallel beam also
enables the 360° rotation of a cone beam laboratory X-ray system to be reduced to a
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parallel manipulation  scintillator optical CCD
beam stage screen lens screen

Fig. 2.6: General sketch of a SXCT set-up: The parallel X-Ray beam transmits the sample
and is converted into visible light by the scintillator. The visible light is imaged
onto the CCD-screen after magnification by an optical lens.

180° rotation without a loss of information. Energy selection at BAMline is performed
by a double multilayer monochromatorThe first mirror is used to monochromatise
the energy spectrum by diffraction. The second mirror is used to direct it towards
the beam line. Typical laboratory XCT image artefacts (i.e., beam hardening or the
influence of the focal spot size) do not occur with a monochromatic beam at a SXCT
beamline. The usable energy range for SXCT at BAMline is 7 keV to 60 keV enabling
1 2

a maximum flux density of up to 8 x 10'° photonss~! mm—2.

Data Treatment

All presented XCT and SXCT images were filtered after reconstruction using the
plug-in Non-Local Means Denoising [85, 86] of the open-source imaging software
Fiji [87] to reduce noise without blurring edges. Most segmentation of voids was
performed using the commercial software VG Studio MAX Version 3.1-3.4 (Volume
Graphics GmbH, Heidelberg, Germany). A lower threshold of 8 voxels was used to
define the smallest detectable void. The segmentation of creep voids in the broken
creep samples (see chapter 4.5 and 5.4) was performed using the open source
software iLastik [88] since its machine learning segmentation mechanisms were
able to segment creep induced voids in a more sophisticated way than the threshold
based algorithms of VG Studio MAX.

Remark PBF-LB/M material consists of a columnar grain morphology parallel to
the build direction. To reflect this fact in the XCT data, the bottom part of
the depicted reconstructed volumes always represents the part which was
located close to the build plate.
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Residual Stress Determination by Neutron
Diffraction

The following chapter is based on the paper Residual stress. Part 1 — Measurement
techniques by Philip J. Withers and Harshad K. D. H. Bhadeshia [47] and the book
Neutrons and Synchrotron Radiation in Engineering Materials Science: From Funda-
mentals to Applications edited by Peter Staron, Andreas Schreyer, Helmut Clemens
and Svea Mayer [89].

Residual Stresses and Their Classification

Residual Stresses (RS) are stresses that exist in a body without the application of
external loads or forces. RS are classified into three groups by the scale over which
they self-equilibrate [47]:

Type | These macro-stresses (o;) vary over the size of an object. Changes to the
equilibrium of bodies in which Type I RS exist always will cause macroscopic
changes to the body [90]. Therefore, the influence of this type of RS has to be
considered concerning the service life of the component.

Type Il These intergranular RS (oy;) vary over the length-scale of a few grains within
the material of the body. In polycrystalline materials intergranular RS nearly
always exist due the different thermal and elastic properties of differently
orientated grains [47]. Type II stresses occur in multi-phase crystalline mate-
rials where the the lattice parameter varies between phases. Changes to the
equilibrium of bodies in which type II stresses exist, can cause macroscopic
changes to the body [90].

Type lll These RS (oy;) vary within a single grain. They include RS caused by
dislocations as well as RS due to coherence at interfaces. Changes to the
equilibrium of bodies in which type III stresses exist, do not cause macroscopic
changes to the body [90].

Chapter 2 Theoretical Background



2.2.2

Fig. 2.7: Length scale of residual stresses

Description of Residual Stresses

Stress Tensor

All volumes can be divided into infinitesimal small volume elements. These volume
elements are subject to forces from its vicinity, which act on the surface of these
volume elements. The surface of the volume elements can be described by the spatial
orientation of their respective normal vector n. For simplicity reasons the Cartesian
coordinate system is used for the following equations.

ni

n3

The acting forces also can be described as a vector:

F=|F (2.9)
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The stress tensor o describes the application of the acting force F onto the respective
orthogonal section of the surface A of the volume element:

F F;

= Z, O'ij nj = Z (2.10)

g-n

The diagonal entries (0;;) of the stress tensor o describe the stress components which
act along the normal direction of the six surfaces of the cubic volume elements.
These are usually referred to as normal stresses. Its other components (o;;, i # j)
describe the stress components which act parallel to the respective surfaces of the
volume elements. They are referred to as shear stresses.

011 012 013
0= |021 022 0923 (2.11)

031 032 033

Strain Tensor

The acting forces on an infinitesimal volume element of an component result in a
displacement u(x).
Ui
u=|u (2.12)
u3
For “small” displacements (i.e., |Vu|| < 1) which is valid for most engineering

materials with the exception of rubber-like materials [89] the relation between
displacements and strains is given by:

g =5 ((%sj + 8xi> =3 (wij + ) (2.13)

The results from equation 2.13 can be combined to a second rank tensor:

€11 €12 €13
€= |e21 €22 €23 (2.14)

€31 €32 €33

Hooke’s Law

Hooke’s law connects stresses and strains in a linear equation:

oc=Ce (2.15)
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whereas C is the fourth rank stiffness tensor or elasticity tensor. If isotropy of a
crystalline material is assumed, the 21 different entries of the stiffness tensor can be
reduced to two. The fourth rank tensor is given in the Voigt notation.

1—v v 0 0 0
v 1—-v v 0 0 0
1-— 0 0 0
c-| " 7 L (2.16)
0 0 0 =% 0 0
0 0 0 0o =& o0
0 0 0 0 =
Therefore, for the isotropic case Hooke’s law can be simplified to:
E vE
- - O 2.17
T T T Q)1 —20) (2.17)

whereas § is the Kronecker function (which is defined as §;; = 1 Vi = j and
dij = 0 Vi # j), E is the Young’s modulus, and v the Poisson’s ratio of the
material.

Neutron Diffraction Techniques for the Analysis of Residual
Stress

Neutrons possess a high penetration, of the order of centimetres in most metals
used in engineering. This is up to three orders of magnitude higher than that for
X-rays [91]. Therefore, they are well suited to determine (bulk) residual elastic
strain profiles which are needed to calculate the respective RS.

Principle of Diffraction

Stress determination using diffraction is based on using measurements of lattice
spacing using diffraction. Diffraction occurs under the condition specified by Bragg’s
law whereby constructive interference of incoming planar waves occurs. In a lattice
many different families of planes can be defined. To differentiate the plane families
the Miller indices are used. They determine these plane families by a set of three
integers h, k and [ which describe the values of the three orthogonal base vectors
of this plane family in the reciprocal space. William Lawrence Bragg and his father
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William Henry Bragg postulated the connection between diffraction angle of the
planar wave and lattice spacing in 1913 [92]:

2 A"l sin 7R = ) (2.18)

where d"*! denotes the lattice spacing of the hkl plane family, "* its diffraction
angle and ) the wavelength of the incoming planar wave.
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Fig. 2.8: Diffraction at lattice planes of a crystalline structure under compression d¢, stress-
free dy and under tension dr

Therefore, the lattice spacing d"*! can be calculated from the measured diffraction
angles. If a strain-free reference value of the lattice spacing is known, the elastic
strain can be calculated. There are different approaches to determine a strain-free
reference (e.g., filings or pulverised material). For AM metals often a small cubic
sample (i.e., coupon) of an edge length of a few mm (ideally from a twin specimen)
is used, since in contrast to powders it received the same thermal treatment as the
object itself. Also, if removed from the twin object by electrical discharge machining,
coupons are not plastically deformed as filings. The small cubic sample of an edge
length of a few mm is used as stress-free reference, since most engineering stresses
(type I) are assumed to be balanced over the small sample size. From the difference
in value of the lattice spacing d"*' of a component and the lattice spacing di* of a
strain-free reference sample of the same material, the elastic strain can be calculated
by the following equation:

hkl hkl hkl hkl
g gt g ol

sin

Shkl _ 1 _
i i sin OhK

1 (2.19)

hkl can be determined as shown in sec-

from the elastic strain £"* the stresses o
tion 2.2.2. So, the atomic lattice planes are used as an so-called atomic strain

gauge.
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Remark It should be noted that the use of a distinct hkl-peak requires the use of
the respective Young’s modulus E"*! and Poisson ratio v*' of the selected
reflection in equation 2.17. These can be derived from the Eshelby-Kroner
model [93, 94]. For face-centered cubic (fcc) iron based materials (as
presented in this work) usually the Fes1;-peak is selected due to the low
accumulation of inter-granular stresses reported for this reflection in iron
based fcc materials [91].

Diffraction Set-up

Present neutron beamlines rely on neutrons
produced either by a spallation source or
e ————— monochromator
by a nuclear reactor. Mainly thermal neu- nheutron beam

trons using a wavelength of 1A to 3A are

used for strain scanning achieving a reso-

lution of up to 10~ for the lattice spacing

which corresponds to a resolution of 20 MPa A
eam

in steel [89]. Since, in this work results +~ defining
from the STRESS-SPEC diffraction instru- ' St
ment [95] (Maier-Leibnitz Zentrum, Garch- sg\uugnie !

ing, Germany) are presented, the diffraction “ _________

set-up for a reactor beamline is described. sample on / il .

To select the wavelength a bent Sisg single Xyzostable

. beam stop collimator
crystal monochromator is used. The mono-

Fig. 2.9: Schematic of the STRESS-SPEC
beamline at MLZ, Garching,
Germany

chomatised neutron beam is usually shaped
to a rectangular form by a system of beam-
defining slits as depicted in fig. 2.9. The
diffracted neutron beam is also shaped into a rectangle by a radial collimator.
Therefore, the signal received by the detector results from diffraction within a gauge
volume of the component which has the shape of a parallelepiped (i.e., rhomboid).

2.2 Residual Stress Determination by Neutron Diffraction
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3.1

Material & Manufacturing

Any sufficiently advanced technology is
indistinguishable from magic.

— Arthur C. Clarke
(Profiles of the Future: An Inquiry Into the
Limits of the Possible)

PBF-LB/M/316L Machine Parameter

All specimens described in this work were produced in-house at BAM by division
9.6 (Additive Manufacturing of Metallic Components) on a commercial PBF-LB/M
system SLM280HL (SLM Solutions AG, Liibeck, Germany). This system is equipped
with an 400 W continuous wave ytterbium fibre laser, which formed a focal spot
size of 80 um at an emitted laser wave length of 1070 nm [26]. All build jobs were
performed under an Argon shielding atmosphere. The resulting oxygen content in
the build chamber was below 0.1 % [38].

The scope of the project AGIL did not involve the characterisation of influence of sur-
face roughness on mechanical properties. Therefore, an as-built specimen geometry
was chosen to enable the mechanical extraction of different types of specimen for
mechanical testing (cylindrical tensile specimens, cylindrical creep specimens and
cuboid single edge notch bending specimens). Within the project a as-built cuboidal
specimen size of 112 x 20 x 13 mm? was agreed. In addition to versatility issues the
near net-shape specimen geometry helped to avoid variations of properties due to
geometrical changes in the building direction, which might influence the resulting
microstructure [67, 96]. 18 tower-shaped specimen were build on a base plate sized
280 x 280 mm? in several production lots. Additionally, the build angle was altered
to study its influence on void formation. Tensile specimens from towers oriented 45°
and 0° towards the build plate were studied as well as tensile specimens extracted at
the same angles from a wall geometry as depicted in fig. 3.1.

31



Tab. 3.1: Optimal machine parameters for AISI 316L as suggested by the machine manufac-
turer SLM Solutions GmbH

Laser Power Scan Velocity Hatch Distance Layer Thickness
P \ h t

275 W 700 mm s~ 1 0.12mm 0.05 mm

A meandering stripe scanning strategy was used without additional border and
contour scans. The stripe orientation was alternated by 90° between even and odd

layers.
Z——g — e —aa ey
v P BN ORI
g — i e
13"1"1_ | 80 mm |
y % 3mm [T,‘
g £2
/) Bt —m! i SRS
Tower 90° Tower 45° Tower 0° s
7z 2 Build direction. Plate 90°  Plate45°  Plate0°
[ t l
Y Y Y 1 Y
\.q'/' .\ X X : X
Top view Top view
i et KRR

Fig. 3.1: Build angle of the compared specimen extracted from built tower and wall geome-
tries as depicted in the paper by Charmi et al. [17]

The machine was additionally retrofitted with an thermographic camera system to
enable a detailed on-line monitoring of the build process. A detailed description of
the thermography set-up can be found in Mohr et al. [26] and Ulbricht et al. [38].

3.2 AISI| Stainless Steel 316L

For all PBF-LB/M/316L specimens in this work gas atomised powder supplied by the
PBF-LB/M machine manufacturer SLM Solutions AG was used. The powder was gas
atomised under nitrogen atmosphere. The characterisation was performed by the
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supplier and its characteristics are given in the following tables. The resulting solid

material is crystalline and based on a fcc unit cell.

Tab. 3.2: Characteristics of the AISI 316L Powder Particles

Apparent Density Mean Diameter Djg D5 Dgo

4.58 gum ™3 35 um 18um 3lum 5H6um

Tab. 3.3: Chemical composition of the AISI 316L Powder as provided by its supplier

Minimum Actual Maximum

Element

/wt% /wt% /wt%
Fe Balance  Balance  Balance
C - 0.017 0.030

Si - 0.60 1.00

Mn - 0.92 2.00
- 0.012 0.045

S - 0.004 0.030
Cr 16.00 17.7 18.00
Ni 10.00 12.6 14.00

Mo 2.00 2.35 3.00

N - 0.10 0.10

The conventional 316L specimens were extracted from hot rolled plates. The
chemical composition of the hot rolled material was given by the supplier and is
listed in the following table.

3.2 AISI Stainless Steel 316L
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Tab. 3.4: Chemical composition of the conventional hot rolled AISI 316L material

Minimum Actual Maximum

Element

/Wt% /Wt% /Wt%

Fe Balance  Balance  Balance
C - 0.017 0.030
Si - 0.45 0.60
Mn - 1.23 2.00
P - 0.031 0.045
S - 0.001 0.015
Cr 16.5 16.9 18.00
Ni 10.00 10.1 13.00
Mo 2.00 2.03 2.50
N - 0.05 0.10

3.3 Specimens

3.3.1 Specimens for Tensile and Creep Tests

After an initial heat treatment of 450°C for 4h the towers were removed from

the base plate using a band saw. Creep and tensile specimens were produced by

turning. Round creep specimens had dimensions of 100 mm x M12. Their parallel

length was 60 mm, their diameter was 8 mm. The tensile specimen had dimensions of

64 mm x M10 with parallel length of 32 mm and 6 mm diameter. Their parallel length

is 36 mm. Creep testing was conducted by PhD student Luis Avila and performed by

research assistant Sina Schriever. The two researchers are members of division 5.2
(Experimental and Model Based Mechanical Behaviour of Materials) at BAM. The

mechanical and microstructural analysis of these specimens was performed by Luis

Avila as is reported in [67]. The testing parameters and results are given in table 3.5.

Creep curves of the specimens examined within this thesis are given in fig. 3.2.

Three PBF-LB/M/316L specimens were examined by XCT. Two specimens were

examined in the starting condition pre-testing, interrupted at the starting stages of

tertiary creep, and post-fracture. One additional specimen was examined in the post

fracture condition. A benchmark specimen for a PBF-LB/M/316L creep specimen

manufactured from hot rolled 316L was also tested in the pre-testing, interrupted

and final fracture condition.
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Fig. 3.2: Creep curves of the investigated specimens of table 3.5. ¢; marks the point of
interruption of the tests as presented in the paper of Avila et al. [67]

Tab. 3.5: Experimental data of the creep tests of the PBF-LB/M/316L specimens K01, K04,
K05 and the conventional hot rolled specimen as presented in the paper of Avila

et al. [67]
K01 K04 K05 hot rolled
Testing Temperature T 600°C 600°C 650 °C 600°C
Applied Stress Ro 200MPa 225MPa 175MPa 225 MPa
Stress-rupture Life tu 402 h 260 h 155h 4287h
Time of Interruption t 143h - 44.8h 1844 h
Total Strain under Load et 0.19% 0.17% 0.18% 4.4%

Elastic Strain under Load e. 0.19% 0.16 % 0.18% 0.27 %
Plastic Strain under Load ¢; 0.00 % 0.01% 0.00 % 4.16 %
Creep Strain under Load e  2.40% 4.60 % 9.20 % 8.40%
Total Plastic Strain ep  240%  461%  9.20% 12.6 %

3.3 Specimens



3.3.2 Specimens for the Analysis of Artificial Voids
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Artificial Voids from Variation of VED

To provoke the formation of extensive populations of voids, the process parameters
were subsequently altered. Three different VED were used on three parts of a
specimen of AISI 316L. As depicted in fig. 3.3 the specimen DPK002 was built
containing a base section of 10 x 10 x 5 mm? using the standard VED of 65.5 J mm 3,
a high VED tower (size: 5 x 5 x 5mm?; VED=152.7 Jmm—3) and a low VED tower
(size: 5 x 5 x 5mm3; VED=35.7 J mm™3).

High energy cube
(5x5x5) mm
VED = 152.7 J/mm?2

Standard energy base
(10x10x5) mm
VED = 65.5 J/mm?=

artificial voids

(a) CAD of the specimen (b) Photo of the produced specimen

Fig. 3.3: Shape of the specimen DPK002

As for the tensile and creep specimen an meandering stripe scan strategy with
90° rotation for each layer was applied. For the base section the same standard
parameters for 316L were used as for the tensile and creep specimens. A lower VED
was achieved by reducing the laser power to 150 W while keeping the remaining
machine parameters constant. The high VED tower was also based on standard
parameters but the scanning velocity was reduced to 300 mm s~! while keeping the
remaining parameters constant. Further information on the production can be found
in [26].

Healing of Previously Unexposed Layers

To study the ability of the laser to melt subjacent layers a cylindrical specimen was
designed. It had a diameter of 7mm and a height of 12mm. The build used the
same standard machine parameters as the creep and tensile specimen. Based on
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the standard layer thickness of 50 um this resulted in a total of 240 layers. At nine
heights, a quarter of the cross-section of the cylinder was not exposed by the laser.
The position of the quarters were rotated over the build height to prevent heat
accumulation (see fig. 3.4a). A surrounding staircase was part of the design. The
non-exposed layers start height was aligned to the steps of the staircase for an easier
registration of the non-exposed quarters in the XCT data. A gap between the inner
cylinder and the staircase was introduced to enable the removal of the staircase for a
XCT scan with a higher resolution (see fig. 3.4). This design was derived from Gobert
et al. [97]. Additionally, an embossed T shaped mark was added to the cylinders
top surface to enable a easier registration of the XCT data of different resolutions
onto each other. The scan strategy differed from the previously described specimens:
To minimize the porosity in the specimen a meandering stripe scan strategy was
applied where the orientation of the stripe pattern rotated by 67° for each layer [61].
To create smooth surfaces and precise part dimensions a contour fill scan and border
scan were used additionally. The execution order for the 3 scan strategies was the
following: meander stripe scan, fill contour scan and border scan. At the location of
the non-exposed quarters the contour scan followed the inner borders of the part
to allow the removal of unmolten powder from the quarters. A void visible at the
outer surface of the cylinder at a position of a quarter is depicted in fig. 3.4d (yellow
mark). Prior to the actual specimen a small cylindrical base was built. This enabled
the removal from the base plate using a band saw without cutting into the actual
specimen.

a)

3 mm
—

(a) CAD rendering (b) side view (c) top view (d) extracted core:
yellow mark
highlights  the
surface of Q7

Fig. 3.4: DPK003-A specimen

3.3 Specimens
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3.3.3

38

Tab. 3.6: Overview of the position and characteristics of the non-exposed quarters. The
height to be exposed included the height of the non-exposed quarter plus the
thickness of the first fully exposed layer above (50 wm)

number start height number of height of the number height

of the from non-exposed non-exposed of the to be

quarter base layers layers layers  exposed
Q1 3 mm 1 50 um 61 100 um
Q2 4mm 2 100 um 81-82 150 pm
Q3 5 mm 3 150 um 101-103 200 um
Q4 6 mm 4 200 pwm 121-124 250 um
Q5 7mm 5 250 pm 141-145 300 um
Q6 8 mm 6 300 um 161-166 350 um
Q7 9mm 7 350 um 181-187 400 um
Q8 10 mm 8 400 um 201-208 450 um
Q9 11 mm 9 450 um 221-229 500 um

Specimens for Residual Stress Analysis

To unravel how the two known formation mechanisms for RS, the TGM and the
CSSM [13], shape the RS distribution in PBF-LB/M/316L components two prism-
shaped specimen of 36 x 24 x 24.5 mm?® were designed [39]. A band saw was used
to remove the specimens from the base plate. Therefore, the final height of the
specimens was reduced to 21 mm from the initial 24.5 mm. The two specimen were
built using the standard parameters provided by the machine’s supplier as listed in
table 3.1 on page 32. The two specimens also feature an almost identical border fill
scan strategy. The difference was the directions of how the rectangular scan vectors
were applied: one was illuminated from the centre towards the perimeter (Centre-
to-Perimeter (CtP), " A ), and the other from the perimeter towards the centre
(PtC, " v ) as depicted in fig. 3.5. Using the same geometric scan vectors in the two
specimen enables similar solidification shrinkage, whereas the different illumination
direction creates a different thermal history for each of the two specimen. Therefore,
similarities in the two specimen could be assigned to the CSSM and differences
to the TGM. As dj reference to determine RS values from the ND data a cube of
3 x 3 x 3mm? was used. The cube was extracted from the bottom of an interrupted
test build of a PtC (" ¥ ') specimen.
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24 mm

24 mm

}Hatch Distance = 120 ym

}Hatch Distance = 120 ym

X
36 mm (LZ_y 36 mm

(b) "V PtC

=

Y
(a) A CtP

il
(c) Photo of the two specimens (left: CtP "A 7, right: PtC"™ v )

Fig. 3.5: Schematics of the two border fill scan strategies and photo of the produced
specimens

3.3 Specimens
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Experimental Details &
Results

When you really want to know how things work,
study them when they fall apart.

— William Gibson
(Zero History)

This chapter combines the results of studies on void formation in PBF-LB/M/316L as
well as studies on RS formation, and studies on the materials response to mechanical
loads at elevated temperatures.

Void Formation in PBF-LB/M/316L Using Standard
Build Parameters

Experimental Details

To study the inherent porosity in PBF-LB/M/316L specimens using the machine
manufacturer’s standard parameters the effect of build height, build angle and object
size was analysed in different XCT experiments. A small pin of a diameter of 500 um
was analysed using SXCT to determine if a lower boundary of pore size could be

determined.

Build Height

A tensile round specimen was analysed for voids at three heights. Scans were
performed at a custom build XCT scanner at BAM in div. 8.5 (Micro Non-Destructive
Testing). The scanner was equipped with a 225 kV micro focus X-ray tube (X-RAY
WorX GmbH, Garbsen, Germany) and a 2k flat panel detector (PerkinElmer, Inc.,
Waltham, USA). The used X-ray parameters are shown in table 4.1.
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Tab. 4.1: Acquisition parameters for a tensile specimen scanned at three different heights

Projections ) .
Voltage Current ] Filter Voxel Size
M Time Average
210kV  90uA 2400 2 g UmmCu
H i 0.25mmAl  HE

Build Angle and Size of the Built Object

The six tensile samples extracted from tower and wall geometry were built using
standard build parameters (see table 3.1 on page 32). The XCT data acquisition
was performed on the commercial XCT scanner GE V|tome |x 180/300 (GE Sensing
Inspection Technologies GmbH, Wunstorf, Germany). The scanning parameters are
given in table 4.2.

Tab. 4.2: Acquisition parameters for tensile specimens

Projections ) )
Voltage Current ] Filter Voxel Size
N Time Average
200kV 50uA 2000  2s 3 0.25 mm Ag 10 um

Minimum Void Size

In order to study possible voids with sizes below that of the resolution of laboratory
XCT, small pins (L. = 5mm, & = 0.5mm) were extracted from the wall in vertical
orientation (i.e. build direction) and horizontal orientation (i.e., parallel to the
wall’s long side). These pins were scanned at the SXCT beamline BAMline. The used
parameters are given in table 4.3.

Tab. 4.3: SXCT acquisition parameters for the small pin extracted from the wall

Projections . .
Energy ] Filter Voxel Size
M Time Average
50keV 2500 58 - - 0.438 um

The pin was also scanned using laboratory XCT for comparison. The used parameters
of the commercial XCT Scanner GE v|tome|x 180/300 (GE Sensing & Inspection
Technologies GmbH, Wunstorf, Germany) are given in the table below.
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Tab. 4.4: XCT acquisition parameters for the small pin extracted from the wall

Projections ) Voxel
Voltage Current ] Filter
N Time Average Size
140kV 60 uA 1700 2s 3 - 1.3um

4.1.2 Results
Build Height

The following figures show the void distribution of an PBF-LB/M/316L tensile
specimen before mechanical testing. To study the influence of the build height on
void distribution the tensile specimen was scanned using laboratory XCT at three
different heights (see fig. 4.1).

36 mm

BEAREYY =

bottom

(b) Virtual cut of the scanned heights

Fig. 4.1: Tensile specimen scanned at 3 heights

As shown in fig. 4.2 build height does not seem to have a significant influence to void
formation in this specimen. Segmented voids seem to be evenly distributed in the
analysed volumes. The shape of the voids is not perfectly spherical. To determine
the size of the segmented voids different methods could be applied: For robustness
of the results one can determine the equivalent diameter of a sphere of the same
volume or of the same surface area than of a segmented void. The two methods
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Fig. 4.2: Tensile specimen scanned at 3 heights

create slightly different results. The average volume of voids in the specimen was
4476.55 um? which correspond to a equivalent diameter of 20.44 um. The average
surface area of the voids was 1917.45 um? which corresponds to an average diameter
of 24.71 um. The difference in diameter depending on the calculation method is
almost the voxel size of 5.4um. Size determination based on volume evaluation

is used in this work. Fig. 4.3 shows a average sized void of the mid section of the
specimen.

Diameter /mm
0.08

0.005 mm

(a) top view of a virtual cut containing the (b) 3D rendering of the void’s shape
void (& = 25um)

Fig. 4.3: Magnified view of an average sized pore in the tensile specimen
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Build Angle and Size of the Built Object

The analysis of the different heights of one tensile specimen did not reveal significant
dependencies of the void formation on the build height 4.2a. Therefore, only
the mid section of the specimens were scanned and analysed. All scans were
analysed using the commercial software VG Studio MAX 3.1 (Volume Graphics
GmbH, Heidelberg, Germany). To ensure a comparable segmentation result, the
same Region-of-Interest (Rol) was used for the void analysis.

Remark Due to subtle manufacturing differences in diameter the volume of the
used Rol was not completely the same for each of the six specimens. All
segmented voids were of mainly spherical shape. Porosity only changed
slightly between the specimens’ build orientation. for both, tower and wall
geometry, the specimens of 45° orientation feature the highest number of

segmented voids.

Tab. 4.5: Acquisition parameters for tensile specimens obtained from three build angles

Analysed Volume Volume of Voids M of Voids Porosity

\mm? \mm? \%
Tower 0° 443.1586 0.0005 28 <0.001
Tower 45° 443.7266 0.0015 73 <0.001
Tower 90° 442.5135 0.0009 42 <0.001
Wall 0° 443.1867 0.0007 43 <0.001
Wall 45° 445.1126 0.0013 59 <0.001
Wall 90° 444.6265 0.0010 57 <0.001

Minimum Void Size

For a vertically oriented pin extracted from the top section of the wall, only a few
pores were detected. The largest segmented pore had a diameter of @ = 11 um
whereas the smallest had an diameter of @ = 2.7 um. Since this size is well above the
voxel size of 0.438 um there seems to be a lower boundary for voids in this specimen
of PBF-LB/M/316L at 2.7 um. The larger void diameter shown in 4.4a emphasises
the need of high resolution XCT results for a precise determination of the void’s

size.

4.1 Void Formation in PBF-LB/M/316L Using Standard Build Parameters
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25 pm 25 pm 25 pm

(a) Largest void at a diameter of (b) Largest void at a diameter of (c) Smallest void at a diam-

@ = 11um obtained from @ = 11.0 um obtained from eter of @ = 2.7um ob-
laboratory XCT (voxel size SXCT (voxel size 0.438 um) tained from SXCT (voxel size
1.3um) 0.438 um)

Fig. 4.4: Largest and smallest void found in a small pin extracted from a wall geometry

Void Formation in PBF-LB/M/316L by Varying the
Scan Speed

Experimental Details

Since the use of standard parameters—as expected—did not result in a significant
amount of voids the build parameters were altered to provoke the formation of voids.
This was done in order to study void formation as a function of process parameters.
As described in section 3.3.2 three different build parameter settings were used
within a single specimen. A base section build using the standard VED was used as
a reference. Two towers were build on top of the base with lower and higher than
standard VED. XCT images were acquired using the same custom XCT scanner [98].
The scanning parameters used are given in table 4.6.

Tab. 4.6: Acquisition Parameters for DPK0O02

Projections . .
Voltage Current ] Filter Voxel Size
N Time Average
200kV 50uA 2000 2s 3 0.25mm Ag 7.12 um

Results

In the Low-VED tower exclusively LoF voids were detected and in the High-VED
tower keyhole pores were present (see fig. 4.5 and fig. 4.6).
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(a) metallographic cut of the DPK002 specimen made by Gun-
ther Mohr [26]

(b) virtual cut of XCT volume matching the cut from (a)

Fig. 4.5: Comparison between XCT and metallurgic cuts showing the High-VED tower (at
the left in both images), the Low-VED tower (at the right in both images) and the
base section produced using the optimal VED (at the bottom in both images)

LoF voids of the Low-VED tower feature a non-spherical shape (see right tower in
fig. 4.5a and fig. 4.5b) as described in section 1.3.3. They appear throughout the
build volume of the Low-VED tower (see left tower in fig. 4.6a and fig. 4.6b) at the
intersection of consecutive stripes of the scanning pattern.

The keyhole pores of the High-VED tower are spherical. In contrast to the voids
in the Low-VED tower the appearance of the keyhole pores of the High-VED tower

4.2 Void Formation in PBF-LB/M/316L by Varying the Scan Speed
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is not limited to the volume of the High-VED tower (left tower in fig. 4.5a and
fig. 4.5b). The increased energy input of the laser resulted in the formation of
keyhole pores in the base section. Keyhole pores were present in nine layers of the
base section. Interestingly, there is almost no porosity detectable at the top eight
layers of the high XCT tower (see left tower in fig. 4.5b). In contrast to the low XCT
tower, the top surface of the high XCT tower features a concave shaped dent in the
centre (see fig. 3.3b on page 36).

Remark The segmentation of voids within the XCT data was limited to the physical
volume of the towers above the base section. Therefore, the keyhole pores
induced into the base section below the High-VED tower were not part of
segmented region, and consequently not displayed in fig. 4.6 and not part
of the porosity values given in table 4.7.

As seen in the tensile specimens, the base section (produced using the standard VED
parameters) did not contain many voids (see fig. 4.5 and table 4.7). As highlighted
in fig. 4.5b the higher VED used for the High-VED tower seemed to have caused a
deeper penetration of the material by the melt pool. This is observed by the presence
of keyhole pores observed 450 um (equivalent to nine layers) within the already
solidified base section.

The ability to analyse the void distribution in 3D enables a more detailed analysis
than 2D metallographic cuts. This becomes evident when comparing the information
displayed in fig. 4.5 and fig. 4.6. The alignment of the LoF voids to the scanning
pattern is only visible when the metallographic cut is placed exactly at intersection
of scan stripes. Otherwise only void-free material can be seen. This limitation does
not apply to the 3D XCT data. Therefore, regardless of the laser scan pattern, the
void distribution can be correlated to it. In Section 4.3 on page 52 a detailed analysis
of the effect of scanning patterns on void orientations within the void distribution
is discussed. Metallographic cuts bear one significant advantage to the XCT data,
which is the ability to visualise the shape of the melt pools (see fig. 4.5a). Such
details cannot be obtained from XCT data only changes in the X-ray absorption are
visualised.

Tab. 4.7: Porosity values of the three sections

VED Volume  Porosity

Jmm™3 \mm \%
Base Section 65.5 10 x 10 x5 0.003
Low-VED Tower 35.7 5x 5 x5 2.7%
High-VED Tower  152.7 5Xx5x5 7.4
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(a) front view
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(b) top view

Fig. 4.6: Distribution of internal voids in the Low-VED tower (at the left in both images)
and the High-VED tower (at the right in both images)
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Remark to * The porosity for the Low-VED tower is underestimated. The analysing
routines of the used software VG Studio MAX segment voids by the grey
level difference between gas in the voids and metal. In the Low-VED tower
the LoF voids were partly filled with feedstock powder particles. Therefore,
these particles reduce the apparent volume of these voids. Some powder
particles can be seen in the void in the centre of the Low-VED tower (see
fig. 4.5b and in fig. 4.7.

Fig. 4.7: Virtual transversal cut at the height of the ninth layer (450 um) of the Low-VED
tower. Larger voids are filled with unmolten powder particles.

In addition to the towers, also artificial voids were added to the base section of the
specimen by non-exposing certain areas by the laser. Fig. 4.8 shows an overlay of the
Computer Aided Design (CAD) model of a one layer thick non-exposed edge with the
XCT data of that specific area. The virtual cuts clearly show that the metal powder at
the non-exposed edge was completely molten and solidified as a void-free area from
the laser exposure of subsequent layers. This interesting result inspired a follow-up
experiment to answer the question how many layers of powder can be molten by
the laser without inducing any kind of voids. The results of this experiment are
presented in the following section.
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(a) Top view of the non-exposed corner

(b) Side view of the non-exposed corner

Fig. 4.8: Virtual cuts combined with the CAD revealing the healed non-exposed corner
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Void Formation in PBF-LB/M/316L by Varying the
Layer Thickness

Experimental Details

XCT acquisitions of the specimen DPK002 were made of the full specimen as well as
of the separated inner cylinder. The commercial XCT scanner GE v |tome|x 180/300
(GE Sensing & Inspection Technologies GmbH, Wunstorf, Germany) was used to
scan the whole specimen. The used scan parameters are given in table 4.8.

Tab. 4.8: Acquisition Parameters for the overview scan

Projections . .
Voltage Current ] Filter = Voxel Size
M Time Average

222kV 45uA 3000 2s 3 1 mm Al 10 um

After the removal of the staircase using a band saw, the inner cylinder was scanned
using a custom built XCT scanner. The scanner is based on a 225kV micro focus
X-Ray source (X-Ray WorX GmbH, Garbsen, Germany) and a flat panel detector with
2048 x 2048 pixels (PerkinElmer, Inc., Waltham, USA) [98]. Combining two scans of
two heights a voxel size of (5um)? was achieved. The scan parameters are given in
table 4.9.

Tab. 4.9: Acquisition Parameters for tensile specimens

Projections . )
Voltage Current ] Filter Voxel Size
N Time Average
1mm Cu
210kV 60uA 3000 2s 4 S pm
0.25 mm Al

The overview scan and the high resolution scan were registered onto each other
using VG Studio MAX. The software was also used to determine the angle of the LoF
voids in reference to a virtual 0° line. The software dimensioning tools were used
to correlate the orientation of the LoF voids to the orientation of the stripe pattern
obtained from thermographic OT data during the build job [38]. OT captures an
intensity which is proportional to temporal integral of the thermal radiation in a
defined wavelength range [99].
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4.3.2 Results

In fig. 4.9b a ring of voids close to the perimeter of the cylinder is visible: Voids
formed at the intersection of bulk and contour scan. It has been reported in litera-
ture [100, 101, 102] that this region is is prone to void formation. Apart from these
voids the results show that most of the feedstock powder in the unexposed quarters
was molten by the laser exposure of the subsequent layers and solidified as void-free
material. Fig. 4.9 shows the segmented voids. The porosity in the layers is directly
linked to the amount of those voids found in the quarters. As shown in table 4.10
and fig. 4.10 no additional porosity was found in Q1 to Q4. In Q5 to Q9 LoF voids
were observed.
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L{, ¥ Sl B b T mm
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(a) Side view (b) Top view

Fig. 4.9: 3D-rendering of the void distribution in the cylindrical specimen. Images taken
from Ulbricht et al. [38]

Even at Q9 (ten times the thickness of a standard layer, i.e., 500 um) only a porosity
value of 5.6 % was observed. This was surprising, since one would have expected to
find unmolten powder particles in this quarter (As detected in the Low-VED tower
of the specimen DPK0OO2 shown in fig. 4.7 on page 50). Therefore, the DPKOO3
specimen had been designed with openings at the non-illuminated quarters to
enable the removal of unmolten powder particles. This design goal was achieved
by running the contour scan along the outline of the remaining three quarters of
the illuminated material. This created an additional intersection between contour
an bulk scan at the inner perimeter of the non-illuminated quarters. At the inner
perimeter of the non-illuminated quarters voids were observed in Q6 and above
(thickness of unexposed powder > 300um). In Q8 and Q9 (unexposed thickness
region of > 450 um) a network of voids was detected. The orientation of these voids
(fig. 4.11) corresponds to the hatch orientation of the bulk scan strategy. Table 4.10
and fig. 4.12 show the present porosity in each of the nine unexposed quarters.
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Tab. 4.10: Porosity values in the 9 quarters. The nominal porosity of each quarter would
be 100 % (assuming all powder particles are removed)

Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9
none 0.05% 0.04% 0.08% 0.38% 0.78% 0.80% 223% 5.56%
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Fig. 4.10: Segmented voids in Q4-Q6 showing only a limited amount of voids formed at
the periphery of the non-exposed quarters. Images taken from Ulbricht et al. [38]
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Fig. 4.11: Segmented voids in Q7-Q9 showing the structured voids. Images taken from
Ulbricht et al. [38]

4.3 Void Formation in PBF-LB/M/316L by Varying the Layer Thickness

55



Q1 Q2 Q@ Q@4 Q@5 Q@ Q7 Q8 Q9

\—0— porosity per quarter

porosity /%
w

-

04 o —o o o

T
50 100 150 200 250 300 350 400 450
thickness of the unexposed quarter /mm

Fig. 4.12: Visualisation of the porosity per quarter given in table 4.10

As shown in fig. 4.12 the porosity remains stable in unexposed quarters of a thickness
of up to 250 um, which represents five times of the layer thickness. The porosity
increases exponentially from a total layer thickness of 350 um upwards.

Fig. 4.13: Virtual cut from the mid of the inner cylinder showing the borders of Q9 (upper
blue frame) and Q8 (lower blue frame). Yellow lines emphasise the structure of
the internal surfaces. Images taken from Ulbricht et al. [38]

Fig. 4.13 shows a virtual cut taken at the middle of the cylinder’s cross section. The
image shows that the top surface of the cylinder is not even (See blue lines of the
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4.4 1

CAD file as nominal reference). The bulk scans are slightly embossed towards the
end of the scan tracks. The contour scan tracks are lesser embossed, and fit better
to the CAD. In the image a yellow line was drawn from the shape of the cylinder’s
top surface. This line then was copied and fitted to the inner surface of Q8 and Q9,
whose nominal position was marked in the image by the blue rectangles of the CAD
file. The shape of the bottom of the inner surfaces of the Q8 and Q9 match pathway
of the yellow line. This indicates that the slope of the upper surface is an inherent
feature that materialises at every layer during the build job.

Residual Stress and Porosity in Prisms

In this chapter an experimental way is presented to unravel the two main mechanism
for the formation of RS in PBF-LB/M parts: TGM and CSSM (see chapter 1.3). The
chapter is based on the paper by Ulbricht et al. [39].

Experimental Details of the Determination of Residual Stress

As described in chapter 3.3.3 two prisms sharing a scan strategy that results in
similar solidification shrinkage while featuring a different thermal history were built
to unravel the two formation mechanisms of RS in PBE-LB/M. RS were obtained for
the mid height build plane in the two specimens. The bulk residual stresses were
determined by ND. Measurements were performed at the STRESS-SPEC diffraction
instrument [95] at the Maier-Leibniz Zentrum in Garching, Germany. A schematic
of the instrument is shown in fig. 2.9 in chapter 3.3.3. The used wavelength used
for the experiment was 1.550 A. For conventionally produced fcc material measuring
the Fes;;1 peak is recommended in literature [91]. This reflection is usually chosen
due to the low accumulation of inter-granular stresses. The detector was set to a
reflection angle of 26 = 90° according to the reflection angle of the Fes;; peak at the
used wavelength.

In a grid of 7 x 5 measurement positions of the bulk material as depicted in fig. 4.14
the diffraction peaks were measured to map the mid height plane. A gauge volume
of 2 x 2 x 2mm? was used. The peaks were measured along the three geometrical
directions of the prisms, since the principle stress directions correspond to the
geometrical dimensions of the prisms. o represents the RS along the prisms’ y-
direction, o the stress along their z-direction and o along z-direction, which also
is the build direction (see fig. 4.14).
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Fig. 4.14: ND measurement positions in the mid height plane

To determine absolute RS values a stress-free reference is needed. A small cube
with a size of 3 x 3 x 3mm? sectioned from a separate test build job of the " ¥ ' PtC
specimen was used. Due to it’s size after sectioning by electro discharge machining
the cube was regarded as free of type I macro stresses. The stress-free dy value was
derived the average of the lattice spacing measured in three orthogonal directions
along the three edges of the cube.

The contour plot function of the commercial software Origin 2018 (OriginLab
Corporation, Northampton, USA), which is based on the Delaunay triangulation, was
used to visualise the results. As mentioned earlier the principal stress components
(o1, o7, on) follow the geometrical dimensions of the prisms (fig. 4.14).

To gain a full picture of the planar residual stress field of bulk compression and
surface tensile RS, the ND data were complemented by surface XRD data obtained
from laboratory XRD. The XRD data was provided by Maximilian Sprengel of div.
9.4 (Weld Mechanics) of BAM. Data acquisition of the surface using laboratory XRD
is described in [39]. The applied XRD technique is only suited to determine the
in-plane stress components (i.e., parallel to the surface). The boundary condition
that the perpendicular stress component at a surface must be zero is used to in the
visualisations of the combined XRD and ND data. The visualisation of the combined
ND and laboratory XRD results of the prismatic specimens shows this full field
distribution (see fig. 4.15).

Results of Residual Stress Determination

In general, the RS distribution for the two scan strategies show similar distributions
for each of the three orthogonal directions (see fig. 4.15). As expected from literature
on PBF-LB/M materials, the distribution consist of compressive stresses in the centre
and tensile stresses towards the surface. The general distribution of the longitudinal
and transversal RS component of the two specimens looks similar, differing only
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in the absolute values of the RS (see fig. 4.15a and fig. 4.15c for the "A ' CtP
specimen or fig. 4.15b and fig. 4.15d for the " ¥ ' PtC specimen). The normal
RS component of the two specimens (i.e., build direction) displays a completely
different distribution in terms of shape and magnitude (see fig. 4.15e for the " A
CtP specimen and fig. 4.15f for the " v ' PtC specimen). This direction also shows
the highest magnitude of RS for both specimens. The " ¥ ' PtC specimen has higher
compressive stress values for all three orthogonal directions.

The observed RS anisotropy between normal direction and transverse plane direction
is also reflected in the determined dj!'!-spacing values of the stress-free reference
cube. As shown in table 4.11, values of the longitudinal and transversal components
are relatively similar to each other, whereas for the normal direction a larger d3!!-
spacing value was obtained. For the calculation of the RS the average of the three
d3!!-spacing values was used.

Tab. 4.11: Distribution of orthogonal d3!!-spacing values of the reference cube

Orientation d-Spacing Error

Longitudinal 1.07449A 2x 10754
Transversal  1.07448A 3 x 1075A
Normal 1.07493A 2 x1075A

Fig. 4.16 shows line profiles obtained from data taken at z = 12mm. The line
profiles reveal that the " ¥V ' PtC specimen is under higher compression in the centre
of the specimen than the " A ' CtP specimen. Interestingly, tensile stresses near
the surface are similar in the two specimen. One would have expected that the
higher compression in the centre of the " ¥ ' PtC specimen would be balanced by
higher tensile stresses at near the surface. To investigate this imbalance XCT and
radiograms were taken of both specimens to analyse correlations between internal
stresses and the internal void distribution of the two specimens.

4.4 Residual Stress and Porosity in Prisms
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Fig. 4.15: Comparison of RS maps of the two scan strategies including results from labora-
tory X-ray diffraction at the surface (The big semi-translucent squares in the bulk
represent the almost cubic ND gauge volume (orientated differently for different
stress components), whereas the small semi-translucent squares at the edges repre-
sent the laboratory X-ray measurement positions). Images taken from Ulbricht et

al. [39]
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Fig. 4.16: Line scans in both samples for all three orthogonal directions using the combined
data from ND and laboratory XRD. Images taken from Ulbricht et al. [39]

Experimental Details of the Determination of the
Mesostructure

The reference cube was analysed by XCT to exemplarly determine the local defect
distribution in the specimen. The commercial CT scanner GE v|tome|x 180/300
(GE Sensing & Inspection Technologies GmbH, Wunstorf, Germany) was used to
acquire the XCT data. The used acquisition parameters are given in table 4.12.

Tab. 4.12: Acquisition parameters for the scan of the stress-free cube

Projections
M Time Average

Voltage Current Filter Voxel Size

150kV 7T0uA 3000  3s 2 - 3um

4.4 Residual Stress and Porosity in Prisms
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Also the 3mm thick plane of the twin " ¥ ' PtC specimen was tomographed. The
stress-free reference cube was glued to the plate to enable the analysis of the corner
sections. The plane itself was cut into a grid of cubes before the XCT acquisition,
which can be seen in fig. 4.18. The XCT acquisition was performed at the custom-
made XCT scanner [98] achieving a voxel size of 13um. The XCT parameters are
given in table 4.13.

Tab. 4.13: Acquisition parameters for the scan of the grid of stress-free cubes

Projections . .
Voltage Current ] Filter Voxel Size
N Time Average
1.0mm Cu
210kV 90uA 3000 2s ) 13 um
0.25 mm Al

In addition, radiograms of the two specimens were made by Mr Marcel Griinwald
of div. 8.3 (Radiological Methods) of BAM (see fig. 4.18). The images were made
using radiography films and then digitalised. After digitalisation a 50 um pixel size
was achieved.

Results: Defect Characterisation

The stress-free reference cube was cut from a corner. Therefore, it represents an area
where the laser was turned off during repositioning. It was reported in literature
that voids the end of a scan track is prone to void formation [25]. The XCT results
in fig. 4.17 reveal a network of defects at the location where the laser started and
ended, as well as between the hatches. Since the same scan vector was used on each
hatch and each layer, the projection of defects into one plane (fig. 4.17c) reveals the
lack of fusion between neighbouring hatches. As reported in literature [103, 104]
alternating the orientation of scan vectors between layers prevents the formation of
LoF defects. Since the effect of shrinkage on RS was the subject of this study, scan
vectors were not altered between layers to magnify the effect of shrinkage induced
RS.

The largest defects were situated close to the edge of the sample (fig. 4.17b-c). A
total porosity of 0.28 % was observed.

The defect distribution between hatches is not visible in the XCT data of the full
plate (see fig. 4.17¢c) due to the reduced resolution of the scan. Nonetheless, an
accumulation of voids at the laser’s turning points is visible in the figure. Also the
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radiogram of the " ¥ ' PtC specimen shows an accumulation of voids at the laser’s
turning location. Fig. 4.18c shows that voids are larger at the corner of the specimen
than in the bulk. In the radiogram of the "A ' CtP specimen at no voids were
detectable at the pixel size of 50 um.
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(a) slice of the cube perpen- (b) 2D projection of the 3D ren- (c) 3D rendering of the segmented
dicular to the build di- dered of the segmented de- defects
rection fects within the cube perpen-
dicular the build direction

Fig. 4.17: XCT reconstructions of the ND reference cube sectioned from a twin " v ' PtC
specimen. Images taken from Ulbricht et al. [39]
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Fig. 4.18: Comparison of the radiograms and XCT emphasising the internal defect structure
of the prisms. In both bottom corners of the specimen an accumulation of voids
was observed.
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4.5 Interlink between Porosity and Damage from

4.5.1

Mechanical Loads

In the introduction the three main differences between conventionally manufactured
(in this case hot rolled) and objects manufactured by the PBF-LB/M process were
described: they are microstructure, RS, porosity. In chapter 4.1 the porosity of
the PBF-LB/M process based on standard machine parameters was studied. This
chapter asses the influence of the microstructure and the initial porosity on damage
formation from mechanical loads. Therefore, the void distribution of creep specimens
at different stages of the mechanical testing was analysed.

The experiment consisted of two parts. The first part yielded the assessment of
the different failure mechanisms between hot rolled and PBF-LB/M/316L creep
specimens under the same mechanical loads. Therefore, the ruptured hot rolled
creep specimen was compared to the PBF-LB/M/316L creep specimen KO4. Based
on the results of this experiments a further experiment was performed to asses the
void and rupture formation of PBF-LB/M/316L creep specimens. Therefore, for the
second part of the experiment two PBF-LB/M/316L creep specimens were scanned
by XCT in their initial condition before creep testing (¢¢), at a defined interruption
time (¢;) and in their broken state following the creep tests (¢,). The XCT data of
these three states for each specimen were analysed to assess the evolution of damage
due to void formation.

Experimental Details

The studied creep specimens were extracted from the same batch of tower specimens
as the tensile specimens studied before. Therefore, the initial porosity of the creep
specimen was expected to be comparable to the tensile specimens. Due to the
larger voxel size from this XCT measurements (creep specimens: 10um; tensile
specimens: 5um) only pores larger than a diameter of 20 um could be detected
in the creep specimens. The initial porosity of the creep specimens, which where
inspected prior to mechanical testing, is found to be less than 0.001 %. The XCT
data from a PBF-LB/M/316L creep specimen (K04) and a hot rolled creep specimen
were compared in their broken state following creep testing under the conditions
specified in section 3.3.1, table 3.5 on page 35). The measurements were performed
on the commercial XCT scanner GE V|tome|x 180/300 (GE Sensing Inspection
Technologies GmbH, Wunstorf, Germany). A voxel size of 10um was achieved,
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enabling the determination of voids with a diameter above ~ 20 um. The acquisition
parameters of the XCT scans of the two specimens is given in table 4.14:

Tab. 4.14: Acquisition parameters for the hot rolled specimen and the PBF-LB/M/316L
specimen K04 in their broken state (The long and short broken part of each
specimen were scanned separately)

Projections ) Voxel
Voltage Current . Filter .
Ao Time Average Size

2300 (hot rolled short)
1700 (hot rolled long)

200kV 50 nA 2s - 0.25mm Ag 10um
3000 (K04 short)

2400 (K04 long)

Remark The different numbers of projections in table 4.14 (and table 4.16) are
the result of the precision with which the specimen was adjusted to
the rotation centre of the manipulation stage. The projection number
of the shorter part of the broken K04 specimen is even larger, because
the specimen’s threaded ending was part of the projected image. Thus,
requiring even more projections were required to cover the wider object.

Aside from the number of projections the same acquisition parameters as for the
hot rolled specimen and K04 were used to scan the initial (#y) and interrupted (¢;)
state of the PBF-LB/M/316L creep specimens KO1 and K05 (see table 4.15). To scan
the specimens at a voxel size of 10 um five vertically stacked scans were required to
cover their whole length. Positioning of the XCT’s manipulator stage and merging of
the five 3D volumes into one was performed automatically by the machine’s control
software. The same custom-made XCT scanner as described in chapter 4.1 was used
to scan the specimens KO1 and KO5 in their broken state (t,,). The same voxel size of
10 um was used to enable comparability of this data to the data acquired by the GE
XCT scanner. This scanner’s control software does not include automatic merging of
the five 3D volumes. Therefore, open source image manipulation software Fiji [87]
was used to manually merge the 3D volumes of the scans.

Tab. 4.15: Acquisition parameters for KO1 and KO5 in the before and intermediate state

Projections . .
Voltage Current Filter Voxel Size

M Time Average

200kV 50uA 2600  2s - 0.25 mm Ag 10 um
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Fig. 4.19: Combined image showing the four studied creep specimens. Photographs of the
PBF-LB/M/316L specimen K01 and the hot rolled specimen A5.12 were taken
after the XCT scans when the two specimens were already cut for further analysis.
Original images provided by Luis Avila.

Tab. 4.16: Acquisition parameters for KO1 and KO5 in their broken state (The long and
short broken part of each specimen were scanned separately)

Projections . Voxel
Filter

Voltage Current ] )
Ao Time Average Size

2100 (ko1 short)
2100 (ko1 long) 1.0mm Cu

210kV T0uA 2s 5 10 um
2250 (K05 short) 0.25mm Al

2100 (ko5 long)

452 Results

At first, the hot rolled and the PBF-LB/M/316L creep specimens are compared in
the broken condition. In the second part of this result section a more detailed
analysis of two PBF-LB/M/316L creep specimens under two specific creep loads are
compared before the creep testing, at a load-controlled specific interruption time
and after the creep tests. Fig. 4.20a shows the rendered and virtually merged parts
of the broken hot rolled creep specimen. The rupture occurred near the top side
of the specimen (see fig. 4.19). The hot rolled material shows the typical necking
due to plastic deformation [67] near the rupture location. Also at the surface near
the rupture, smaller surface cracks can be observed. Fig. 4.20b shows the internal
void distribution. Only very small voids (VV < 0.0003 mm?) were observed near the
rupture location. Also they occur mainly in the centre of the cross section (see also
fig. 4.21b).
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Fig. 4.20: 3D rendering of the broken hot rolled creep specimen. The two parts were
virtually merged.
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Fig. 4.21: 3D rendering of the bottom end of the hot rolled creep specimen. (in respect to
the orientation of the virtually merged parts depicted in 4.20)
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The rendered and virtually merged parts of the broken PBF-LB/M/316L creep spec-
imen K04 are depicted in fig. 4.22. The rupture occurred near the top end of the
gauge length of 60 mm (& = 8 mm). In figure 4.22b a dense structured distribution
of voids can be observed. Larger voids (marked in green in fig. 4.22b) are only
found near the rupture surface. Secondary cracks can be observed on the surface
below the main fracture.

Fig. 4.23a shows the rendered rupture surface of the longer bottom end of the
broken creep specimen K04. Fig. 4.23a shows the internal void distribution in the
part. As depicted in the image the larger void clusters (marked in green) are evenly
distributed within the cross section of the specimen.

When comparing the PBF-LB/M/316L specimen K04 (fig. 4.22) to the hot rolled
specimen (fig. 4.20) a clear difference is observed in the damage and fracture
behaviour. The broken hot rolled creep specimen A5.12 shows distinct local necking
in the fracture region, which is a feature of ductile fracture. In contrast, the fracture
surface of the PBF-LB/M/316L specimen K04 displays almost no necking, indicating a
brittle fracture. The comparison of hot rolled and PBF-LB/M/316L creep specimens
also shows that the internal damage distribution is different. In the hot rolled
specimen only a few spherical cavities near the rupture surface were observed (see
fig. 4.20b). In the PBF-LB/M/316L specimen interlinked cavities formed small cracks.
These small cracks were observed along the whole gauge length, with increased
crack density near the rupture surface (see fig. 4.22b). The distribution of cavities is
structured in grids and layers. A selection of different sized voids from the upper
broken part of K04 is depicted in fig. 4.24.
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Fig. 4.22: 3D rendering of the broken creep specimen K04. The two parts were virtually
merged.
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Fig. 4.23: 3D rendering of longer bottom section (in respect to the build direction) of the
broken specimen KO4. Rupture surface and internal void distribution is shown.
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Fig. 4.24: Rendering of several voids. Comparison of PBF-LB/M/316L and hot rolled mate-
rial at the same scale.

In contrast, in the hot rolled specimen cavities are of a roughly ellipsoidal shape
and their distribution does not form patterns. Also, they occur mainly near to the
rupture surface (see fig. 4.20b on page 68).

A comparison of the size and shape of the observed crack cavities reveal that
they correspond to the shape and size of the grains produced by the PBF-LB/M scan
strategy (see fig. 5.8). The meandering stripe scan strategy described in chapter 3.3.1
results in the formation of grains that look square-shaped from the top. The size
of such squares is in the range of the hatching distance of 120um. A detailed
description of the microstructure of this material is given by Charmi et al. [17] and
Avila et al. [67].
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Fig. 4.25: Virtual cuts of the bottom section of K04 showing crack growth by connecting to
clusters

The dashed rectangle in fig. 4.25a and 4.25b highlight that cracks in PBF-LB/M/316L
do not exclusively grow from the outside to the centre, but also occur within
the specimen. The interconnection of micro cracks form clusters that become
macroscopic cracks. Fig. 4.25c shows the position of the two virtual cuts. Many
micro cracks can be observed in fig. 4.25a. Here, the virtual cut was placed at the
centre of the voids. Much lesser micro cracks are observable in fig. 4.25b, where the
virtual cut was placed at the rim of the voids.

A much lower quantity of pores was detected in the unloaded creep specimen than
in the tensile specimen due to the different voxel size of the XCT measurements
(creep: 10 um, tensile 5um).

Remark It should be noted that the reconstruction of the whole gauge length
of the creep specimen is a result of several vertically stitched data sets
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results to achieve the voxel size of 10 um. The same XCT scanner using
the same parameters was used for the scans of all heights. Due to internal
fluctuations in the X-ray source and the detector during and between
measurements, the grey values of the reconstructed volumes differ slightly
from each other (see fig. 4.29d). This influences the segmentation quality
slightly at the regions where volumes were stitched together (see fig. 4.26¢
and fig. 4.29¢).

Before the test a very low porosity was observed in the gauge length of KO1. In fact
only 37 voids were detected at a voxel size of 10 um (see fig. 4.26a and fig. 4.27a).
Considered that the diameter of the observed voids was about 60 um the specimens
can be regarded as broadly free of any defects (Porosity < 0.001 %). At the inter-
ruption of the creep test at ¢; = 143 h additional voids were detected, resulting in
a observed total of 105 voids. XCT acquisition parameters as well as post-process
data treatment and analysis methods were the same for the two states (¢ and ;).
The additional voids appear homogeneously distributed through the height of the
specimen. Fig. 4.28 shows the 3D rendering of the largest void found in KO1 at ¢,
and t;. At t; a slight deformation of the void’s shape is observed (see fig. 4.28b).
This deformation is observed for all voids. After the creep test KO1 displays a very
localised distribution of internal damage (see fig. 4.26¢) close to the rupture sur-
face whereas KO5 shows internal damage being distributed over the whole parallel
length 4.29c¢.

In the ¢ state of KO5 in the whole gauge volume only 14 voids were detected. The
interrupted stage ¢; shows a few more pores (24) in the same volume. Figure 4.30
highlights the projected position of the voids. The length and width of the specimen
did not change between ¢y and ¢;. The virtual combination of the two broken seg-
ments from ¢, revealed an elongation of the specimen without significant reduction
in the specimens diameter (see fig. 4.29¢). As listed in table 3.5 on page 35 the total
plastic strain (e,) for KOS5 is 9.2 %, whereas for KO1 e, = 2.4 %. The larger applied
strain in combination with the presented void distribution in fig. 4.29c are the cause
of the elongation.

Tab. 4.17: Parallel length of the creep specimen obtained from XCT data.

to t ty

KO1 (60.2+0.5)mm (60.4+0.5)mm (61.7 + 0.5) mm
K05 (60.1+0.5)mm (60.44+0.5)mm (65.6+0.5) mm
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Fig. 4.26: XCT reconstructions of creep specimen K01 at different stages of mechanical
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Fig. 4.27: 3D rendering of the void distribution in the creep specimen K01 before the test
and at the interrupt time of ¢, = 143 h
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Fig. 4.28: 3D rendering of the biggest void in the creep specimen K01 at ¢, and at the
interrupt time of ¢; = 143h

Remark The absolute values of the elongation should be taken with a grain of salt,
since they depend on the method of combining the two broken parts virtually. The
parts were stitched together in such a way that the respective outer surfaces of the
top and the bottom part met each other. This choice of stitching leaves a gap in the
centre of the rupture surface of the specimens (see fig. 4.26a on page 74 for KO1
and fig. 4.29d on page 76 for K05).

Fig. 4.31b displays the structured distribution of the internal cavities. Clusters of
cavities that form cracked regions are highlighted in green. The inspection of the
rupture surface of this part (fig. 4.31a) reveals that the rupture surface resulted
from interlinked cavities. Fig. 4.32 shows that the rupture surface was mostly planar
(i.e., the interlink between cavities to form the rupture surface occurred in only a
few layers). The observed defect distribution is completely different compared to
hot rolled creep samples which show significant necking near the rupture surface
(see fig. 4.20) as described for the hot rolled specimen. Fig. 4.30 and fig. 4.31
reveal that the spatial distribution of the voids is structured. Possible coherence
between the spatial distribution of voids and the orientation of the PBF-LB/M/316L
microstructure are discussed in the following chapter.

The void distribution of a broken tensile specimen, which was tested at the same
temperature of 600 °C, was analysed to check whether the structured distribution
of cavities also occur in tensile specimens. Fig. 4.33b and fig. 4.35b show that
a structured void distribution is also visible in PBF-LB/M/316L tensile specimens.
Especially in the centre of the specimen, void formations follows the grain mor-
phology (see fig. 4.35). Closer to the edge of the rupture surface the voids are
more deformed than voids located further away. The necking (see fig. 4.33) and
the cup-cone-shape of the fracture surface (see fig. 4.35 for the cup-shaped part)
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Fig. 4.29: XCT reconstructions of creep specimen KO5 at different stages of mechanical
testing. The void spatial distribution is shown.
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Fig. 4.30: 3D rendering of the void distribution in the creep specimen KO5 before the test
and at the interrupt time of ¢; = 44.8 h
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Fig. 4.31: 3D rendering of the bottom part (closest to the build plate) of KO5
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Fig. 4.32: XCT reconstructions of bottom part (closest to the build plate) of creep specimen
KO5. Void distribution in the short part is shown
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indicated a less brittle fracture than in the creep specimens. This is confirmed by
the ductility data from Avila et al. [67]. Fig. 4.33b shows the void distribution in
the broken tensile specimen, whose two parts were virtually merged. In contrast to
the creep specimens, which show micro-cracks throughout the whole gauge length,
the tensile cracks occur only near the rupture surface. The 3D rendering shown
in fig. 4.33a shows a much stronger necking for the tensile specimen than for the
creep specimen. A virtual cut through the upper part of the tensile specimen (see
fig. 4.34) shows the internal voids structure. Whereas the rupture surface of the
creep specimens is rather flat, the rupture surface of the tensile specimen is very
rough. Therefore, in the tensile specimen internal voids can be distinguished from
voids which are connected to the rupture surface. In fig. 4.34b the non-coloured
voids are connected to the rupture surface. (Only closed voids are marked in colors.)
The largest void is marked in green. It consists of a connection of small grain-shaped
voids. Fig. 4.35a shows the 3D rendering of the upper parts of the rupture surface.
In the centre of the surface the grain morphology is visible. Closer to the surface,
the rendering shows a smoother surface. Fig. 4.36 shows a virtual cut plane of the
tensile specimen’s bottom part. The displayed rupture surfaces displayed in fig. 4.36
show a combination of smooth surfaces and interlinked cavities.
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Fig. 4.33: 3D rendering of the broken tensile specimen. The two parts were virtually
merged.
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Fig. 4.34: Virtual cut at the diameter of the bottom part.
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Fig. 4.35: 3D rendering of the bottom part’s rupture surface.
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Fig. 4.36: Virtual cut of the bottom part of the fractured tensile specimen. Segmented voids
are closed voids. Non-segmented voids are open to the rupture surface.
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5.1

Discussion on Defect and
Residual Stress Formation

You can tell you've found a really interesting
question when nobody wants you to answer it.

— James S. A. Corey
(The Expanse: Nemesis Games)

Based on the presented results this chapter discusses the influence of production
process parameters onto void formation in PBF-LB/M/316L. Furthermore, it is
revealed how the formation mechanisms of residual stress determine the magnitudes
of the residual stress distribution in PBE-LB/M/316L. Finally, the correlation between
microstructure and damage formation in this material is discussed.

Why to Focus on Void Formation?

Void formation is inevitable to PBF-LB/M components as described in chapter 1.3.1.
As listed in the introduction, Hojjatzadeh et al. [27] name four typical mechanisms
that can lead to pore formation in PBF-LB/M:“pore transfer from feedstock pow-
der [28], instability of depression zone during printing process [25], vaporization of
volatile elements [29], gas precipitation [30]”. Aside from freedom of design weight
reduction is one of the key advantages of AM metallic parts. The reduction in weight
goes hand in hand with building structures containing just enough material to bear
the expected external loads and fulfil the needed safety margins. This increases the
effect of internal voids on the prediction of the service life.

So, for service life prediction of PBF-LB/M parts, it is essential to distinguish voids
from potential defects. As defects one meant voids whose shape, size, orientation
and/or position in the component can diminish the service life of the component. An
ellipsoidal shaped pore of an equivalent diameter of 100 um might be a negligible
void in a rod of a diameter of 1 cm if the rod is under compression(fig. 5.1a). If the
rod is under tension, then the orientation of the ellipsoidal pore becomes important
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to consider. If the sharp edges of such a pore are oriented perpendicular to the
loading axes, they can serve as crack initiation sites (fig. 5.1b). If its orientation
is parallel to the loading axes it could be a negligible void (fig. 5.1c). Also the
position of voids in the component can differentiate voids from potential defects. A
surface-breaking spherical pore in the bespoken rod is more prone to become a crack
initiator (fig. 5.1d) than the same pore located in the center of the rod (fig. 5.1e).

F F F F F
F F F F F
(a) negligible void (b) potentially (c) negligible void (d) potentially (e) negligible void
harmful void harmful void

Fig. 5.1: General illustration of the influence of shape, orientation and positioning of voids
becoming potential defects respective to external loads

Therefore, due to the reduced material thickness of components made by PBF-LB/M,
it is essential to have a full view on the 3D distribution of voids in a component to
predict its service life. This is only possible using a 3D ex-situ analysis method such
as XCT.

The Process of Void Formation in PBF-LB/M/316L

The results presented in chapter 4.1 show that specimens built using standard
parameters for AISI 316L can be regarded as almost free of voids. Results obtained
from SXCT of a small pin extracted from a wall show a lower limit of voids (based
on the volume of material examined) in this material at a diameter 2.7 um (see
fig. 4.4c). This is an interesting result since one could have expected that the
number of detected voids is only limited by the used resolution. The used voxel size
of 0.438 um enabled the detection of voids of a diameter large than about 800 wm.
The powder particles are mostly spherical as described by Thiede et al. [70]. The
amount of entrapped air in a layer of powder depends on local distribution of
powder particles. A complex interaction of the laser with the powder particles has
been reported by Foroozmehr et al. [44]. Most of the air in a layer escapes from
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the melt pool. The almost perfect spherical shape of voids in the PBF-LB/M/316L
specimens produced with optimised process parameters leads to the conclusion
that these voids are gas-filled pores. It is most likely that these gas filled pores are
keyhole pores. If the process parameters are changed from the optimised values
provided by the machine manufacturer, voids will be induced into the solidified
material on a global scale. In the High-VED tower of specimen DPK002 described in
chapter 4.2 keyhole pores were observed due the unstable melt pool [12] at the large
penetration depth of the laser. The fact that the base section was void-free before
the remelt suggests that the observed spherical pores do not consist of entrapped air.
This observation is important when one considers to locally increase the VED repair
potential irregularities (i.e., melt entrapped unmolten powder) in underlying layers.
The shown results reveal that such measures will require a precise knowledge of size
and position of a irregularity. Also the increase of the VED should be well chosen.
Otherwise the risk of creating more irregularities in the part in form of keyhole pores
is immanent. To solve these issues a more detailed view on the interaction of laser
energy and feedstock material is needed.

The results of the Low-VED tower of specimen DPK002 show that a reduced VED
caused small voids at the intersection of the scan tracks of odd and even layers since
the depth of the melt pool is not sufficient to remelt the subjacent layer and form
a void-free bonding with the current layer of feedstock powder (as depicted in the
bottom half of fig. 4.7 on page 50). Additionally, to these small voids larger LoF
voids form locally as depicted in fig. 4.7. Entrapped unmolten feedstock powder
particles are visible in fig. 4.7. This proves the inability of the laser illumination of
superjacent layers to melt these powder particles because of the reduced melt pool
depth due to the reduced VED.

LoF void formation was studied in a systematic way in specimen DPK003. The VED
was kept at the optimised process parameter values given by the PBF-LB/M machine
manufacturer. In the specimen the thickness of local areas of the layer was varied
to achieve the similar effect of insufficient melt pool depths as in DPK002. The
ability of the laser to melt different multiples of the nominal layer thickness (50 wm)
enabled the analysis of the bond between layers. As described in literature [12, 25,
44], the melt pool does not only melt the current layer of powder but also remelts
several subjacent layers to form a solid bonding. No LoF voids were observed in
the non-illuminated quarters Q1 to Q4. This observation shows that the melt pool
is able to form a sufficient bond between powder particles within a thickness of
five times of the nominal layer thickness. Therefore, it is possible to melt potential
unmolten powder particles of irregularities in subjacent layers even without locally
changing the VED. These process parameter setting intrinsically contain a repair
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function for voids in irregularities in subjacent layers. Also, from the quality aspect
of internal porosity, these results lead to the conclusion that an reduced VED (e.g,
by increasing the illumination velocity) enables the production of void-free parts in
shorter build times.

To discuss the formation of LoF voids in the non-illuminated quarters Q5 to Q9
on-line monitoring signals in terms of thermographic OT is analysed. A comparison
of the OT images of the last fully illuminated layer below Q9 (see fig. 5.2a) and
of the first fully illuminated layer above Q9 (see fig. 5.2b) reveals a significantly
different temperature field at the location of Q9 (see quadrant I in fig. 5.2).
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1400 1400
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800 800
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400 400
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(a) Layer 200 (last fully exposed layer below (b) Layer 209 (first fully exposed layer above
Q9) Q9)

Fig. 5.2: Optical tomography of the laser exposure of the layers below and above the non-
exposed quarter Q9. Images taken from Ulbricht et al. [38]

The lower apparent radiated temperatures above Q9 are surprising, since the feed-
stock powder is usually regarded as an heat insulator [105]. In this case the lower
apparent surface temperature seems to show that the laser energy is transmitted to
the powder particles below the current layer. Foorozmehr et al. [44] simulated the
optical penetration of the light of the laser into 316L powder. In agreement with [43,
46] it is assumed that, aside from absorption, multiple reflections of the beam at
the surfaces of the spheric powder particles occur. So, the interaction between laser
and powder is a complex combination of transmission, scattering and absorption of
the laser energy by particles of the powder within the layer. 94 % of the material in
Q9 was solidified. This high amount of solidification in Q9 illustrates that energy
from the laser was used to melt powder particles throughout the height of Q9. The
deeper penetration of the laser into the powder bed resulted in reduced reflected
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energy at the position of Q9, which consequently led to a lower signal of radiated
temperature observed by the OT camera. Also, voids in the non-exposed quarters
are mainly found at the bottom of the quarters (see fig. 4.13 on page 56) due to the
insufficient illumination by the laser at deepest parts of the non-illuminated quarters.
This result agrees with results from Li et al. [106].
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Fig. 5.3: Combination of the void distribution obtained from XCT and hatching orientation
obtained from OT. The angles were obtained from the analysis of the XCT data.
Images taken from Ulbricht et al. [38]
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The combination of OT and XCT results in terms of an overly enables a better
understanding of the formation mechanisms of the observed LoF voids. The layer-
wise rotation of the scan tracks by 67° created a unique orientation of the scan tracks
for each layer. Therefore, a clear assignment between the orientation of LoF voids
and the orientation of the scan tracks (i.e., the vertical position of this layer) is
possible. As depicted in fig. 5.3 there is a coincidence between the orientation of the
LoF distribution and the orientation of the laser tracks of the first fully illuminated
layer above the quarters. An distinct orientation of LoF voids is observable in the
XCT data of Q6 to Q9. The powder bed in Q6 consists of six times the nominal layer
thickness and one time the nominal thickness of the first fully illuminated layer
above Q6. Therefore, the depth of the melt pool is supposed to be in the range of
the nominal thickness of seven layers, which is about 350 um. This conclusion is
supported by the XCT data of the quarters Q7 to Q9, where the size of orientated
LoF voids increased with the thickness of the non-illuminated powder bed. The fact
that even in Q9 parts of the non-illuminated quarter were completely transformed
into solid material indicates that the melt pool depth is unstable (reaching even
deeper areas in the powder bed), and is able to form a void-free bonding of powder
particles and underlying material even at depths of larger than 350 um. At deeper
regions the melt pool becomes narrower. The combined OT and XCT results shown
in fig. 5.3 lead to the conclusion that the melt pool widths from neighbouring scan
tracks do not overlap. Surface tension effects (e.g., Marangoni effect [25, 107, 108])
combined with solidification shrinkage have created voids between scan tracks.
Surface tension due to the Marangoni effect leads to neighbouring powder particles
to be drawn into the melt pool. This creates free inner surfaces, which increase due
to material shrinkage. Since these LoF voids were not observed in Q1 to Q3 (i.e.,
350 um layer thickness), the overlap of melt pools from neighbouring scan tracks
seems to sufficiently overlap to prevent the formation of LoF voids.

In Q8 and Q9 also a secondary LoF orientation was found to coincide with the
orientation of the second fully illuminated layer above the quarters. This results
supports the conclusion that the powder bed is thicker than the penetration depth
of the melt pool in Q8 and Q9. In addition to the visual agreement of OT and XCT
orientations shown in fig. 5.3 table 5.1 shows the determined hatch orientation of
the two data sets.
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Tab. 5.1: Hatch orientation obtained from XCT and matching OT layer orientation

non- main LoF 2nd LoF  1stlayer 2nd layer
quarter
exposed angle angle above above
number ;
height (XCT) (XCT) (0T) (0T)
Q6 350 um 127° - 127° 59°
Q7 400 pm 162° - 160° 93°
Q8 450 um 14° 121° 13° 127°
Q9 500 um 46° 151° 44° 157°

(a) virtual cut taken 60 um above the bottom (b) virtual cut taken 10 um below the bottom
of Q8 combined with OT data of layer 200 of Q9 combined with OT data of layer 220)

Fig. 5.4: Third orientation of LoF voids obtained from the combination of virtual cuts of the
XCT data and OT images from the last fully illuminated layer below the quarters.
Images taken from Ulbricht et al. [38]

In fig. 5.4 also a third orientation of LoF voids was detected in the Q8 and Q9.
The combination with OT data shows that the hatching orientation of the last layer
illuminated fully before Q8 and Q9 matches the orientation of the voids. The angular
coincidence shows that this third orientation was not caused by the illumination of
subsequent layers. Instead, the surface roughness of the internal surface seems to
have served as seeding points for LoF voids. These small inner surfaces caused by
roughness allow surface effects of the melt pool to draw powder particles into the
melt pool easier and they do not hinder solidification shrinkage. A detailed analysis
of Q9 reveals that the third LoF orientation is mainly found at the bottom of the
quarter and even slightly below. Therefore, one can conclude that changes to the
process parameters which result in smoother surfaces also have the potential to
reduce LoF void formation in the bulk material when applied for every illuminated
layer. Another interesting result from the XCT data was that the slope of the bulk
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surface matches the bottom of the voids found in these quarters. This shows that
these raised ends of the bulk scan tracks were also present in all layers during
the build. As mentioned in section 4.3 the applied scan strategy used sky writing
to prevent changes to the VED at the turn locations of the laser. There, the laser
was turned off until the guiding mirrors were positioned for the next track, so that
deceleration and acceleration effects can be avoided. Yeung et al. [109] reported
that a sudden turning off of the laser causes elevation of the end of scan tracks
followed by a dent. These results were also confirmed by simulations of the build
process by Khairallah et al. [25]. These explanations correspond to the observations
shown in fig. 4.13. Since the hatching orientation was rotated by 67° for each layer
the elevated end-sections formed an elevated ring on the cylinder’s surface.

Residual Stresses in PBF-LB/M/316L

As described in the results section, the spatial distribution of the longitudinal and
transversal stress component look similar in both specimens. In both specimens the
magnitudes of the longitudinal stresses are larger than for their specific transversal
component. Both observations can be explained as an effect of the CSSM. The
lateral stress components and the orientation of the scan tracks are part of the
same plane. The hatches in longitudinal direction are longer than in transversal
direction. The constrained shrinkage of hatches parallel to the longitudinal stress
direction induces larger compressive internal stresses into the material, than the
shrinkage of the shorter hatches along the transversal direction. The effect of this
phenomenon can be observed for both specimens. The spatial distribution of the
normal stress component, which is parallel to the build direction, differs from the
planar distributions in both specimens. The shrinkage of the material in this direction
is not constrained. Therefore, the shape of the distribution is mainly determined by
the TGM.

The difference between the two specimens is the magnitude of the remaining RS
components. In the "~ ¥ ' PtC specimen larger compressive stresses can be observed
than in the " A ' CtP specimen. Interestingly, the tensile stress component near the
surface is quite similar in both specimen. This can be explained by the analysis of
the radiogram and XCT data. In the " ¥ ' PtC specimen voids were detected at the
turning location of the laser. These tend to become larger towards the corner of the
specimens. This indicates that these voids serve as initial zones for stress relieving
crack formation. In the " A ' CtP specimen hardly any gray value difference between
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bulk and the turning location of the laser is observable. Therefore, a much smaller
amount of voids or even the lack of voids can be assumed in this specimen.

To support this conclusion the different thermal distributions of the two prisms
during the build process were analysed. The build process was accompanied with
on-line thermographic imaging by Simon Altenburg of div. 8.7 (Thermographic
Methods) at BAM. Details on the thermographic data acquisition can be found in
Ulbricht et al. [39]. Fig. 5.5a-5.5b show the maximum apparent temperatures at the
mid-height plane. The figures 5.5¢-5.5d display the average of 40 illuminated layers
around the mid-height plane. This corresponds to the used RS gauge volume height
of 2mm. Fig.5.5 illustrates that the centre of the " ¥ ' PtC specimen shows much
higher apparent temperature values than the " A ' CtP specimen. Also the turning
locations of the laser can be deduced from the images.
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Fig. 5.5: Uncalibrated apparent maximum surface temperature obtained from thermog-
raphy data acquired during the build process at the sample’s mid build height.
Each border fill scan started and ended at the bottom right hand. Fig. a) and b)
display the mid-height layer, fig. ¢) and d) display an average of 40 layers at the
mid-height. Images taken from Ulbricht et al. [39]
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The cooling rate -dT/dt of the two specimens is shown in fig. 5.6. Details on
the determination of the cooling rates can be found in [39]. As for the apparent
temperatures fig. 5.6 displays the mid-height plane and averaged values for 2 mm
around the mid-height plane. From the displayed data we can derive that the " v '
PtC specimen in addition to higher apparent temperatures also features lower cooling
rates in the centre. The images of the " A ' CtP specimen show a lower cooling rate
at the edges of the specimen. This indicates that the surrounding metal powder
served as an heat insulator for conduction, as described in literature [110].
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Fig. 5.6: Cooling rates determined by the different between images taken at ¢; = 1 ms and
to = 2ms after an apparent surface temperature of 700 K was observed at. Fig. a)
and b) display the mid-height layer, fig. ¢) and d) display an average of 40 layers
around the middle of the total build height. Images taken from Ulbricht et al. [39]

So, from the on-line monitoring by thermographic cameras, it can clearly be derived
that the two specimens have a different thermal history. The formation of RS by
CSSM results from shrinkage of the illuminated laser tracks due to the solidification
of the melt. In both specimens, scan tracks along the 36 mm long edge parallel to the
y-axes are longer than for the 24 mm long edge parallel to the z-axes (see fig. 3.5 on
page 39). Therefore, the longer scan tracks along the y-axes were more affected by
the CSSM due to their length than the shorter scan tracks along the z-axes. In the
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two prisms the shape of the o7 - and op-distribution looks similar. They differ only
in their magnitude. These similarities between longitudinal and transversal stress
component in the two specimens indicates that the CSSM is the main mechanism
that forms the spatial distribution of these RS components. In the two specimens
the TGM does not seem to have a significant role in the determination of the shape
of the spatial RS distribution. Otherwise, a significant difference in the spatial
distributions of the three RS components would be observable between the two
specimens. However, the magnitudes of the bulk compressive stresses are higher for
the " v ' PtC specimen than for the " A ' CtP specimen. This result suggests that for
these stress components the TGM only changes the magnitude of the RS distribution
without changing the shape of the distribution itself. Mercelis and Kruth [13]
describe the TGM as mechanism that is based on local plastic deformation at high
temperatures, which induce compressive stresses when the plastically deformed
regions cool down. This mechanism does not require melting and is not restricted to
the current top layer. TGM can cause plastic deformation also in subjacent layers

whose material is heated up several times by the illumination of superjacent layers.
Therefore, the TGM can change the magnitude of RS values of the RS distribution.

The results of the RS determination show that for the longitudinal and the transversal
stress components the CSSM is shaping the RS distribution. Since the TGM is based
on local deformations and the CSSM is based to a greater degree on global scan track
shrinkage it is very plausible that the influence of the CSSM on the RS formation is
much higher than the locally applied TGM. The distribution of the RS component
along the z-axes (i.e., parallel to the build direction) shows a completely different
shape than the two other orthogonal directions. The illuminated top surface is
always a free surface. Therefore, solidification shrinkage in the build direction is
not constrained. Hence, the influence of the CSSM on the formation of the oy
component should be very low. As a result, the observed distribution for oy is
suggested to be mainly controlled by the TGM. This assumption can be verified with
the help of the thermography data. In fig. 5.7 an overlay is shown of the contour
plot of the oy distribution and the apparent temperature data obtained during the
build job.
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Fig. 5.7: Normal (i.e., build direction) stress component (contour lines) in MPa (fig. 4.15e-
f) combined with thermography results (fig. 5.5¢-d) to highlight the compressive
stresses at the laser’s turn locations. Images taken from Ulbricht et al. [39]

The figure clearly shows that the shape of the RS distribution is connected to
the turning locations of the laser. At these location the laser decelerates due to
the repositioning of the guiding mirrors, resulting in an increased VED. In both
specimens the increased VED seems to locally induce higher compressive stresses
at the turn locations than at locations of constant VED (i.e., the mids of the scan
tracks). Comparing the oy component of the two specimens shows that the " ¥ ' PtC
specimen features higher magnitudes of compressive RS than the " A ' CtP specimen.
The combination of thermography data and RS data (fig. 5.7) shows that the centre
of the " v ' PtC specimen not only was heated up to higher temperatures than
the A ' CtP specimen, it also cooled down more slowly (see fig. 5.6). Therefore,
thermography data support the assumption that an increased heat input in the centre
induced higher compressive RS values, as indicated for the turning locations of the
laser.

In terms of void formation, the results of XCT and radiography of the specimens
show that voids form at the centre of the " ¥ ' PtC specimen as well as at the laser’s
turning locations. The increased VED at these locations is an indicator for the
formation of keyhole pores [12].

Damage Formation in High Temperature Creep and
Tensile Deformed PBF-LB/M/316L

As described in the result chapter 4.5.2, hot rolled and PBF-LB/M/316L specimens
react differently to the application of external loads. In the case of creep specimens

Chapter 5 Discussion on Defect and Residual Stress Formation



the comparison of an PBF-LB/M/316L specimen (K04) and a hot rolled specimen
revealed that the PBF-LB/M/316L specimen seems behave in a more brittle way
during creep deformation. This is shown by the rather brittle fracture surface
which shows no macroscopic signs of plastic deformation such as necking. The
latter can be observed for the hot rolled specimen. Necking is an indicator for
plastic deformation. The elongation of the specimen results in a reduction of the
specimen’s diameter. In contrast, the PBF-LB/M/316L material response to creep
is a structured network of internal micro cracks. No significant reduction in the
specimen’s diameter was observed. The specimen’s elongation was realised only by
the development of micro cracks. As depicted in these images the distribution of
internal voids is structured in stacked voids. Comparing these voids with optical
microscopy images of the PBF-LB/M/316L microstructure [67] reveals that the size
and shape of these stacked micro cracks corresponds to the morphology of the grains
of PBE-LB/M/316L (see fig. 5.8). Micro cracks occur predominantly along the grain
boundaries perpendicular or up to 45° to the building direction, reflecting the bowl
shaped grain morphology [17, 67].

5.4 Damage Formation in High Temperature Creep and Tensile Deformed
PBF-LB/M/316L
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(b) vertical virtual cut

Fig. 5.8: Combination of XCT images of KO4 and microscopy images of a similar untested
specimen of the same microstructure. The microscopy images of the microstructure
were obtained from a similar PBF-LB/M/316L specimen and were scaled to match
the resolution of the XCT images. The microscopy images were provided by
Konstantin Sommer.

The XCT analysis of the PBF-LB/M/316L creep specimen K04 revealed that larger
cracks in the material are formed by connected networks of micro cracks which are
found close to the fracture surface. The fracture surface itself consists of connected
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micro cracks along the grain boundaries. In the hot rolled material cracks started to
occur on the specimens surface. They grew until the final rupture of the specimen. In
contrast, in the PBF-LB/M/316L specimen it could be shown that macroscopic cracks
develop from clusters of interconnected micro cracks. These macroscopic cracks
form at different locations within the specimen. Therefore, in PBF-LB/M/316L the
formation of macroscopic cracks does not seem to be limited to be initiated from
surface cracks.

To reveal a more detailed picture of the microstructural response of PBF-LB/M/316L
the void distribution of two creep specimens (K01 and K05) was studied by XCT at
three distinct stages of the creep test. No distinct cracks were detected in the vicinity
of previous void locations in the broken specimen that are located far away from
the rupture surface. In contrast to the results of Williams et al. [18] no correlation
between internal porosity and crack growth was found. Due to the low porosity
content and small void size, it was not possible to track the evolution of damage
with respect to the original void population. The observed internal porosity of the
analysed specimens of this work (=~ 0.001 %) was much lower than in Williams et
al. [18] (0.3 % to 0.4 %).

Comparing K01 to KO5 at t( and ¢; similar porosity values are observed. After the
creep test in KO5 a similar structure of stacked micro cracks was observed as in
K01 and K04. The main difference between the two specimens KO1 and KOS5 is the
amount of micro cracks observed in the broken state. In contrast to KO1 the void
distribution in KO5 after the creep test is not localised near the rupture surface.
Instead it is widely distributed along the long axis. In KO1 only a small elongation of
approximately 1.5 mm is observed, whereas in KO5 a elongation of approximately
4mm is observed. The elongation can be attributed to the difference in the spatial
distribution and the amount of micro cracks in the two specimens.

The observed gap after stitching in the centre of the two broken creep specimen
seems to indicate some plastic deformation at the outer regions of the specimens’
cross section. As in KO1 no significant networks of cracks (i.e., macroscopic cracks)
were observed further away from the rupture surface. Therefore, the initial voids
do not seem to have an influence on damage accumulation in neither the specimen
KO1 nor KO5. K01 was on test for 402 h until the final rupture. The interruption
time was at 143 h (35 % of the time to rupture). Although the number of detected
voids increased by this time no significant micro cracks were detectable by XCT.
This can be either interpreted so that cracks started to form at a later stage of the
creep test or that possible existing cracks were closed when unloading the specimen.
The creep test of specimen K05 was interrupted at 29 % of the time to rupture of

5.4 Damage Formation in High Temperature Creep and Tensile Deformed
PBF-LB/M/316L
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155h. Similar elongation and increase of the initial void population than in K01
indicate similar deformation mechanisms in the two specimens until their specific
interruption times ¢;. The two specimens’ broken condition differed significantly.
The accumulated damage of KO5 was larger than of KO1 despite the lesser applied
load (Ry = 175 MPa for KO5 compared to Ry = 200 MPa for KO1). This indicates
that the different testing temperature was the key parameter causing the difference
in accumulated damage.

For conventionally produced AISI 316L Driver et al. [64] have reported that crack
initiation mechanisms “tend to become partially intergranular at 600 °C.” These
mechanisms seems to apply for PBF-LB/M/316L as well. Specimen KO1 was tested
at 600 °C, the temperature were intergranular crack initiation is supposed to start.
Although micro cracks were found at all height of the gauge length of K01, their
population is mainly concentrated near the rupture surface as seen for the hot rolled
specimen. Although the response mechanism of PBF-LB/M/316L to creep is mainly
micro cracking instead of plastic deformation. The testing temperature for specimen
K05 was 50 °C higher than for KO1, and this resulted in a network of micro cracks
which was more evenly distributed along the gauge length of the specimen than
in KO1. This supports the assumption by Driver et al. of intergranular cracking at
temperatures higher than 600 °C.

Interestingly, results from the XCT analysis of a broken tensile specimen draw a
slightly different picture of the materials response to high temperature loads. In the
tensile specimen necking is visible near the rupture surface. Despite the necking,
a similar structured void distribution is observed in the tensile specimen as is for
the creep specimens. This indicates that micro cracks at the grain boundaries are
also the main damage mechanism. The fracture surface of the tensile specimen
shows a different fracture pattern than the creep specimens. In the centre of the
fracture surface the surface pattern looks similar to the fracture surface of the creep
specimens. Closer towards the necked perimeter of the fracture surface a much
more flattened fracture pattern is observed, and the chess-board pattern indicating
intergranular fracture is less visible. This indicates a rather ductile fracture in this
area, and the cup-and-cone fracture surface enhances this conclusion.
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Fig. 5.9: 3D rendering of the void distribution in the longer bottom part of the broken
tensile specimen

To highlight the different shapes of voids in distinct zones voids were virtually
extracted from three positions in the upper half of the broken tensile specimen as
depicted in fig. 5.10.
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Fig. 5.10: Three distinct voids of different shape are marked in the longer bottom part of
the broken tensile specimen

The analysis of the XCT data enables the classification of different zones within
the specimen as depicted in fig. 5.9. The void distribution furthest away from the
fracture surface (z21) consists mainly of plate-shaped voids (see fig. 5.11a). This
zone also shows no necking. In the next zone towards the fracture surface (22) a
reduction of the specimen’s diameter can be observed due to plastic deformation. In
25 also "V" shaped voids (see fig. 5.11b) are observed in addition to the plate shaped
voids. These voids correspond to the grain morphology of PBF-LB/M/316L (see
fig. 5.8b on page 96). Therefore, as observed in the creep specimen, crack initiation
at the horizontal grain boundaries seems to be the underlying damage mechanism.
In the zone next to the rupture surface (z3) cluster of combined micro cracks are
observed (see fig. 5.11c). In this zone the diameter is even more reduced due to
plastic deformation.
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(a) Plate-shaped void (b) “v”-shaped void (c) Cluster of Voids

Fig. 5.11: 3D rendering of the three shapes of voids found in the broken tensile specimen.

Zone z, is the region of the actual rupture surface. At the centre of the rupture
surface the crack’s surface has a shape similar to the rupture surface of the creep
specimen. The rendering of rupture surface at the perimeter of the tensile specimen’s
cross section seems to be much smoother than in the centre. This indicates a ductile
fracture (i.e., shear lip) forming its typical cup-and-cone fracture shape.

5.4 Damage Formation in High Temperature Creep and Tensile Deformed
PBF-LB/M/316L
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6.2

Summary and Concluding
Remarks

There is no such thing as an accident. That’s
what science is all about. [...] There are only
patterns we don'’t yet recognize.

— Tad Williams
(Otherland: City of the Golden Shadow)

Void Formation in PBF-LB/M/316L

The formation of voids in PBF-LB/M/316L has been studied by analysing specimens
with optimised process parameter sets provided by the machine manufacturer and
non-optimised parameter sets using computed tomography. The use of optimised
process parameter sets for PBF-LB/M/316L creates parts without any significant
porosity. Furthermore, it is shown that the melt pool depth of these parameter sets
was able to melt multiples of the layer thickness without creating voids. It is shown
that no additional porosity was observed up to a thickness of 200 um of unexposed
powder (i.e., four standard powder layers).

Residual Stress Formation in PBF-LB/M/316L

Two prismatic AISI 316L specimens using two alternate border fill scan strategy were
produced in order to separate the effect of the temperature gradient mechanism
from the solidification shrinkage mechanism in AM metallic parts produced by
PBE-LB/M/316L. The following conclusions are made: A combination of surface
and bulk residual stress results was needed to characterise the (surface) tensile and
(bulk) compressive regions of the in-plane stress distribution. By comparing the two
samples, it was revealed that the stress distributions observed are broadly similar.
This indicates that constrained solidification shrinkage is the main mechanism
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controlling the shape of the residual stress distribution in these specimens. The
temperature gradient mechanism seems to influence only the magnitude of the
compressive stresses without changing the overall spatial pattern of the stress
distribution. On-line thermography results of the specimen illuminated towards the
perimeter revealed a heat higher accumulation at the centre, which corresponds to
highly localised compressive stresses due to the temperature gradient mechanism.

Damage in PBF-LB/M/316L

Creep and tensile specimens were studied to investigate the interaction of existing
defects with damage accumulated during high temperature tensile and creep defor-
mation. In all broken specimens a structured void distribution was detected, which
was shown to be connected to the shape of the grains of the material. Analysis of
XCT data showed that these micro cracks form as vertically stacked micro cracks.
The micro cracks follow the horizontal grain boundaries and resemble the grins
when they are open. In contrast to hot rolled material the main mechanism of
PBF-LB/M/316L to creep is micro-cracking instead of plastic deformation.

As an addition to classical 2D methods (e.g., destructive metallography), non-
destructive 3D analysis techniques such as XCT enable a three dimensional analysis
to find correlations between the shape of observed defects and the grain morphol-
ogy.The studied specimens were produced using 90° rotating stripe scan strategy,
which results in stacked grains. The present result show that micro cracks occur
mainly at the horizontal grain boundaries.

In comparison to the analysis of PBF-LB/M creep specimens available in literature,
it could be shown that the grain morphology—which results from the applied scan
strategy—determines the internal damage formation. It has also been shown how
damage forms in creep in the near absence of initial internal porosity.

Concluding Remarks

The aim of this work was to analyse defects and residual stresses in specimens
made of PBF-LB/M/316L to improve the understanding of their formation. It was
shown that the use of optimised build process parameters provided by the machine
manufacturer enabled the manufacture of specimens with very low porosity. The
average void size was a fraction of the grain size of the material. The XCT analysis of
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this material revealed that the formation of creep damage at temperatures of600 °C
and above is mainly caused by micro cracking along grain boundaries perpendicular
to the loading axis (i.e., build direction). This result emphases the influence of the
PBF-LB/M/316L microstructure on material performance. Since the microstructure
is determined by build process parameters this work contributes to the discussion
of how to classify additively manufactured metals. The strong dependency of
PBF-LB/M/316L microstructure on specific process parameters—especially on the
hatching pattern—emphasises the assumption that each combination of machine
and process parameters results in a unique variant of PBF-LB/M/316L with different
mechanical properties. It can be concluded that the heat input from a melt pool
based on optimised process parameters for PBF-LB/M/316L on a SLM Solutions
280HM is able to sufficiently melt powder for a thickness of up to four times the
standard thickness of 50 um without the creation of voids. It was also shown that
the melt pool has a sufficient depth to cause fusion of the underlying solid material,
and still enable the escape of entrapped gas pores from the melt. This might enable
further process parameter optimisation to make the process faster (e.g., by increasing
the scan speed). However, the current process of melting powder and re-melting
several solid layers of material renders the build process less prone to irregularities
during the build job (e.g., heterogeneities of the powder re-coating process). The
presented combined results of thermographic on-line inspection of the build process
and XCT have increased the knowledge of the PBF-LB/M process. It was shown that
the surface roughness of the layers can serve as seeding location for LoF voids. The
present results also suggest that healing among layers only occurs, if the orientation
of the scan pattern is changed at each layer. Applying the same scan pattern on each
layer can form voids that are locked into the final part.

In terms of residual stress this work evaluated the influence of the two main con-
tribution mechanisms on the formation of residual stress in PBF-LB/M/316L. It
was shown that changes to the hatch lengths (i.e., a change of the constrained
solidification) determined the spatial distribution of residual stress. Consequently,
well designed hatching patterns could improve the service life of PBF-LB/M/316L
components when the residual stress distribution is modified to accommodate the
expected external load cases of the component. Furthermore, the results of this
work indicate that locations of high void concentration in components (e.g., loca-
tions where the laser turns) can serve as initiation zones for stress relieve by micro
cracking. Therefore, process parameters should adapted to prevent void formation
in component locations where high tensile residual stress can be expected.

6.4 Concluding Remarks
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7.1

Outlook & Future Research

... to boldly go where no one has gone before.

— Gene Roddenberry
(Star Trek)

Advancements in Imaging

The analysis of specimens in this work revealed two interlinked problems common
to the XCT analysis of parts produced by laser powder bed fusion:

1. The size of the most irregularities found in these specimens was very small
(i.e., in the order of magnitude of the material’s grains and below)

2. The size of industrial relevant laser powder bed fused parts does not en-
able inspection by computed tomography at the needed resolution to detect
irregularities.

The combination of on-line monitoring results and computed tomography results
shown in this work can offer possible solutions for these problems. Instead of
scanning a laser powder bed fused part completely, in the future one could perform
a highly resolved scan at a location in the part, which is defined by results from
on-line monitoring techniques. This will require a sophisticated registration of the
two datasets, which covers the deformation history of a specimen from on-line
monitored laser powder bed fusion of specific layers to the stress relieving removal
of the component from the build plate.

Additionally, fusing computed tomography data with data from on-line monitoring
of the build process and/or data from other non-destructive techniques will enable
the analysis of the fused data in a higher dimensional space. Using machine learning
techniques it is possible to detect irregularities in the higher dimensional data set,
which could not be detected when each data set is separately analysed. The main
challenge of the analysis of higher dimensional fused data sets is the complexity
of the data. In contrast to most non-destructive testing techniques, the benefit
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of computed tomography is that it generates visual results, that are intuitive to
the human comprehension. For fused data one is depending on machine learning
techniques to recognise irregularities or patterns in the data. The quality of these
machine learning techniques is depending on the quality of the model’s training.
Creating a sufficient amount of training data is the key to solve problems using
machine learning. Artificial datasets with increased void populations based on the
void distribution of real data could improve the training data aside from forcing the
emergence of voids in specimens by modifying process parameters.

More quantitative studies are required to asses whether the inherent voids of ad-
ditively manufactured components could become a service life threatening defect.
In-situ computed tomography measurements of creep and tensile loaded specimens
could enable the tracking of damage formation throughout the mechanical test.
Currently, such an assessment can only be performed with load rigs small enough to
fit into computed tomography scanners. Therefore, only small test specimens can be
scanned while being tested. Instead of building a load rig that fits into a computed
tomography scanner one could think of the opposite: A gantry-based industrial
computed tomography scanner placed around a mechanical loading rig. This could
lift mechanical testing to a new level: the in-situ three-dimensional assessment of
damage formation. Also, the acquisition times must be reduced drastically to enable
computed tomography scans during mechanical tests. This can be achieved by
implementing image enhancement techniques from medical computed tomography
to the reconstruction of the data. Solutions to enhance the data quality of short
measurements and to compensate the movement of the object during a scan have
been developed for years for medical computed tomography. Implementing these
optimisations into industrial computed tomography scanners could enable the scan
of specimens during a mechanical test with no or very small stoppage time.

Advancements in Residual Stress Analysis

The key component to determine residual stresses accurately is the choice of a
stress-free reference specimen. Unreleased residual stresses which remain in the
reference specimen will offset the calculated values of the stresses of the inspected
part. The neutron diffraction community is still in need of an in-depth study of how
the thermal history of laser powder bed fusion influences the local lattice spacing
within the part. The use of a global stress-free reference is based on the assumption
that the stress-free lattice spacing is constant within the part, such that there are no

Chapter 7 Outlook & Future Research



chemical gradients on the length-scale over which the stresses are determined. This
is an assumption which has to be verified.

Even if this assumption is valid, the major problem remains: How can one assure
that the stress-free reference’s microstructure represents the actual microstructure
of the analysed object?

Simulations could offer a possible solution to this problem—at least for some use
cases. A stress and moment balance requires all residual stress components and
moments to sum up to zero over the volume whole part. If at least one full internal
plane is analysed, a stress-free lattice spacing could be derived from solving the
stress balance of the studied part itself, making the neutron diffraction technique
fully non-destructive. I developed a simplified stress balance algorithm but the
quality of such an approach is determined by the density of the data. The subsurface
tensile components of the residual stress distribution in laser powder bed fused parts
are difficult to determine using non-destructive techniques. It needs to be verified
whether the gap of information from these locations is detrimental to the quality of
the stress balance. A possible approach could be the determination of residual stress
of this internal plane by different residual stress analysis methods, as such as the
contour method. Further materials and geometries need to be tested to ensure the
robustness of the stress balance approach.

7.2 Advancements in Residual Stress Analysis
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