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Sammendrag

To versjoner av en nikkelbasert superlegering ble produsert med additiv tilvirkning og karak-
terisert etter sigetesting med SEM og atomprobetomografi. De to legeringene ble kalt CB og
C da hovedforskjellen i mellom dem var at CB legeringen inneholdt bor og karbon, mens C
legeringen inneholdt bare karbon. Disse legeringene ble studert for å se effekten av bor på ko-
rngrensesegregering og oppsprekking under siging. C legeringen ble undersøkt med et elektron-
mikroskop med sekundære elektroner, tilbakespredte elektroner og diffraksjon av tilbakespredte
elektroner (EBSD). Denne legeringen hadde få sprekker som hadde propagert intergranulært.
Dette kommer mest sannsynlig av at det manglet styrking av korngrensene. Det ble også funnet
en del oksider inne i sprekkene som indikerer at sprekkene ble forsprøet under siging. Volum-
fraksjonen av γ ′ ble beregnet for begge legeringene og det ble funnet at volumfraksjonen var
omtrent de samme for legeringene. Dette tilsier at den store forskjellen i sigemotstand kommer
av tilførselen av bor i den ene legeringen og ikke volumfraksjonen av γ ′. Atomprobeprøver fra
CB og C legeringen ble preparert med en fokusert ionestråleetser med mål om å inkludere en
korngrense i prøvene. Bare en av prøvene fra CB legeringen virket å inneholde en mulig korn-
grense i rekonstruksjonen. Denne korngrensen var omringet av en opphoping av dislokasjoner
hvor både korngrense og dislokasjoner virker å ha segregering av bor. Det var også et karbid
tilstede i rekonstruksjonen. Denne korngrensen var delt opp i to deler, en del som gikk langs
karbidoverflaten og en del over karbidet. Konsentrasjonen av bor var lav på delen av korn-
grensen over karbidet. Dette var diskutert å kunne være på grunn av dislokasjonene da disse
muligens kunne ha redusert den totale korngrensesegregeringen. Det kan også ha vært et resul-
tat av bor som ble konsumert under formeringen av karbidet. Den siste muligheten er at denne
delen består av dislokasjoner og ikke er en del av korngrensen. Det ble også funnet områder
med høye konsenrasjoner av bor i flere rekonstruksjoner som var antatt å være bor som var seg-
regert på dislokasjoner. Konsentrasjonen av bor var lav på korngrensen, noe som var diskutert å
kunne være på grunn av dislokasjonene eller partikkelen i nærheten av korngrensen. Det er også
diskutert at desegregering av korngrenser kan ha hendt under siging som kan ha gjort at korn-
grensene har mistet segregeringen av bor og derfor ikke er synlige i rekonstruksjonene. Dette
kan også forklare hvorfor CB legeringen sprakk opp intergranulært da mindre segregering av
bor gjorde at korngrensene ble svakere. Det er derfor anbefalt å bruke korrelativ TEM/APT i
fremtidige studier for å skille korngrenser og andre fenomener med mindre usikkerheter.
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Abstract

Two versions of a nickel-based superalloy produced by additive manufacturing were character-
ized after creep testing with SEM and atom probe tomography. The two alloys were named CB
and C as the main difference was that the CB alloy had significant amounts of carbon and boron
while the C alloy only had carbon. These alloys were studied to see the effects of boron on the
grain boundary segregation and cracking during creep. The C alloy was investigated in the SEM
with secondary electrons, backscattered electrons and EBSD. It contained a few cracks which
had propagated intergranularly most likely as a result of the lack of grain boundary strength-
ening. It was also found a significant amount of oxides inside the cracks indicating that the
grain boundaries had been embrittled during creep. The volume fraction of γ ′ was calculated
for both alloys resulting in around the same value, thus indicating that the wast differences
in creep resistance are a result of boron and not the volume fraction of γ ′. Atom probe sam-
ples from C and CB were prepared with a focused ion beam with the goal of including grain
boundaries in the samples. Only one of the samples from the CB alloy seemed to contain a
grain boundary in the reconstruction. This grain boundary was surrounded by dislocations in
a dislocation pile-up, where both dislocations and grain boundary seem to be segregated with
boron. There was also a carbide present in the reconstruction. There were two parts of the grain
boundary. One part that went along the carbide surface and one above the surface. The boron
concentration of the grain boundary part above the carbide surface was low. This was discussed
to possibly be a result of for example the surrounding dislocations as the overall segregation
on grain boundaries were lowered. It could also be a result of the carbide consuming boron
during formation or coarsening. The last possibility is that this part is made up of dislocations
from the pile-up and is not part of the grain boundary. It was also found boron enrichments
in multiple reconstructions which were assumed to be boron segregated at dislocations. It is
discussed that desegregation of grain boundaries might have occurred during creep which could
have resulted in grain boundaries losing the boron segregation and therefore not be visible in the
reconstructions. This could also explain why the CB alloy cracked intergranulary as less boron
segregation caused weakening of the grain boundaries. The desegregated boron could then for
example segregated at dislocations. It is therefore recommended to use correlative TEM/APT in
further studies to distinguish grain boundaries and other phenomenons with less uncertainties.
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Abbreviations

AM Additive manufacturing
SLM Selective laser melting
HAZ Heat Affected Zone
APT Atom probe tomography
DDC Ductility-dip cracking
SAGBO Stress-assisted grain boundary oxidation
FCC Face-centered cubic
HCP Hexagonal-centered cubic
HV High voltage
FIB Focused-ion beam
BD Building direction
SEM Scanning electron microscope
TEM Transmission electron microscope
WD Working distance
SE Secondary electrons
BSE Backscattered electrons
EBSD Electron backscatter diffraction
IPF Inverse pole figure
ROI Region of interest
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1. Introduction

Additive manufacturing (AM) is a production method that has recently grown in popularity as
it is able to produce geometrically complex parts in a short time. These parts would otherwise
have been a lot more challenging to manufacture with traditional methods and would also pro-
duce more waste material. Some geometries might even be impossible to produce with other
methods [1, 2]. Additive manufacturing includes a hand full of different methods depending on
the material and the desired properties of the manufactured part [2]. Additive manufacturing
of nickel-based superalloys has been of interest in multiple industries including the aerospace,
automotive, power production and medical industries. There are however some concerns in
the industry regarding the negative properties of parts produced with additive manufacturing
including defects and anisotropy. These aspects could be detrimental to components for critical
applications, such as in aero-engines [2, 3, 4]. There are still a lot unknown aspects regarding
additive manufacturing of superalloys as there is a complex relation between process parame-
ters and resulting microstructure [2, 4]. Some additive manufacturing methods as for example
selective laser melting (SLM) is also able to be used for repairs as well as production. This
method could be used to for example repair a turbine blade which has experienced material loss
during use. AM methods used for repair are of great interest as replacing parts of nickel-based
superalloys is very expensive. The goal of repairing with AM is to restore the microstructure
and geometry of the damaged component instead of replacing it [5, 6, 7]. It is also proposed
that AM might provide the chance for remote repairs. This could be utilized in areas where
repairs are demanding, as for example in the sea or in space [4].

The majority of superalloys produced by AM are polycrystalline. The grain boundaries of an
alloy influence multiple properties of the alloy. By adding solutes that segregate at grain bound-
aries such as boron and carbon, cohesion, mobility energy, structure and more may be changed
as a result of the solutes. This can be used to design alloys with desired properties for a given
application [8]. Atom probe tomography (APT) is able to clearly resolve segregation around
material defects and grain boundaries which can prove useful in studies of the given material
for both the solute distribution and the defect itself. Atom probe tomography is able to present
data in three-dimensional maps with a resolution on the atomic scale. This gives information
about the chemical composition and the atomic structure which can be of a high value. APT has
therefore become a recognized characterization technique with growing usage worldwide. Es-
pecially in the field of materials science and engineering where APT has provided information
of the properties of materials [9].
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This thesis studies the grain boundaries and microstructure of an additively manufactured super-
alloy with atom probe tomography after creep. This technique enables the possibility of study-
ing the alloy with a high resolution to see how different solutes and defects interact with each
other and is affected by the environment. This defines the properties of this alloy in demand-
ing environments as for example inside a jet engine. The important factor for grain boundary
strengthening is the addition of boron, which is why two alloys with and without boron are stud-
ied to compare the effects of boron and its interaction on the grain boundaries. Both alloys are
studied in a SEM and with APT to see how the creep resistance of this alloys is affected by seg-
regation of boron on grain boundaries and other crystal defects. This thesis aims to contribute
with findings to learn how additive manufacturing and creep affect and change the properties of
the alloys. Knowledge of this will be important for implementing additive manufacturing for
production and maintenance of components made by nickel-based superalloys, which hopefully
will contribute to a more environmentally friendly use of these materials.

2



2. Theory and Literature

2.1 Nickel-based superalloys
Nickel-based superalloys are materials designed for applications at high temperatures and high
loads. Superalloys are heavily used in gas turbines as the operating temperatures can exceed
800 °C. Superalloys outclass ceramics in these applications as they have higher ductility and
toughness combined with a high creep and oxidation resistance. Superalloys are classed as
high-temperature materials meaning they can maintain their mechanical properties at high tem-
peratures. Superalloys are also able to operate under extreme conditions with challenging en-
vironments because of their high oxidation and corrosion resistance. This is important in for
example a turbine driven by coal where the hot gasses generated from the coal can be highly
corrosive due to the sulfur content inside the coal [10].

Superalloys are alloyed with multiple alloying elements where the main elements include Fe,
Co, Cr, W, Mo, Ta, Nb, Ti and Al [11]. B and C are often added in polycrystalline alloys for
grain boundary strengthening [12, 13]. Each element alters the properties of the superalloys.
Cr is for example added to increase the corrosion resistance of the alloy, Ta increases creep and
oxidation resistance and reduce the amount of casting defects, Co has a positive effect on the
stacking fault energy, W strengthens the γ matrix and Al and Ti are added to precipitate the
γ ′ phase [14]. Elements that have a similar atomic radius compared to nickel often reside in
the γ matrix. These elements include Co, Fe, Cr, Ru, Mo, Re and W. Elements such as Al, Ti,
Nb and Ta rather form γ ′ phase as these elements have a greater radius than nickel. Smaller
elements such as B, C and Zr usually reside on grain boundaries inside the γ matrix [10]. The
most important alloying elements for nickel-based superalloys, the phases they reside in and the
placement of each element in the periodic table is given in Figure 2.1.
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Figure 2.1: The main alloying elements in nickel-based superalloys and the phases or areas the
elements reside inside the alloy [15].

Nickel-based superalloys derive their great mechanical properties at high temperatures by the
phase called γ ′, which consists of Ni3Al. The atomic structure of γ ′ and γ is given in Figure 2.2.
The strengthening effect of these precipitates depends on the size and shape of the γ ′ phase [16,
17, 18]. An example of a typical polycrystalline microstructure for a γ ′-strengthened superalloy
is presented in Figure 2.3 imaged with secondary electrons. a) and b) shows the microstructure
of two different samples with some variation in composition.

Figure 2.2: Illustration of the atomic structure of a) γ and b) γ ′ [19].
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Figure 2.3: Microstructure of a nickel-based superalloy with γ and γ ′ phases imaged with a
SEM [20].

The creep resistance of a γ ′-strengthened nickel-based superalloy is said to increase with in-
creasing volume fraction of fine γ ′ precipitates [21]. Increasing the amount of γ ′-formers as Al
and Ti therefore increases the γ ′ volume fraction in the superalloy [22]. The γ ′ coarsens during
service at high temperatures, where the γ/γ ′ microstructure eventually ends up with the γ ′ phase
as the matrix resulting in drastically lower mechanical properties [16, 17, 18].
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Blades in gas turbines were originally polycrystalline nickel-based superalloys with an equiaxed
grain structure. These alloys had a low creep resistance as the grain boundaries experienced
cracking at high temperatures. These alloys were therefore replaced by directionally solidified
alloys that had columnar grains. This meant that all the grain boundaries in the alloy could
be aligned parallel with the stress direction to reduce grain boundary cracking. An even better
solution was later to use single-crystal superalloys to remove all grain boundaries and thereby
eliminate the possibility of grain boundary cracking. When the alloys no longer had any grain
boundaries they were no longer alloyed with grain boundary strengtheners as B, C, Hf and Zr
or alloyed with much lower amounts than the polycrystalline alloys, as these had little effect.
In Figure 2.4 equiaxed, columnar and single-crystal turbine blades are showcased in the as-cast
state [22].

Figure 2.4: Equiaxed, columnar and single crystal as-cast high-pressure turbine blades showing
visible grain boundaries inside the blades [22].

Some disadvantages with single crystal superalloys are that they are expensive compared to
directionally solidified superalloys [23]. Blades with equiaxed or columnar grains are used in
gas turbines in areas with low or intermediate pressures. These areas also often have moderate to
low temperatures. Single crystal blades are used in areas with high pressures and temperatures
up to 1150 °C [22].
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2.1.1 Additive manufacturing of nickel-based superalloys
Additive manufacturing (AM) of nickel-based superalloys gives the opportunity for producing
components of high complexity in small batch sizes. AM therefore has the possibility to ne-
glecting challenges from traditional production methods with producing complex components
as well as the high production costs [24]. AM of superalloys have shown promising results,
where the alloy produced with AM in some cases shows properties equal or even enhanced
compared to traditional production methods [25, 26]. It does however seem difficult to produce
some nickel-based superalloys with AM without production defects. Especially on alloys with
high amounts of Al and Ti which are classified as non-weldable alloys [27, 28, 29]. These de-
fects include microstructural anisotropy, porosity, residual stresses and cracking [29].

Cracking is one of the main problems of additive manufacturing of γ ′-strengthened nickel-
based superalloys. These cracks occur during the additive manufacturing and the post process-
ing [29, 30]. An example of a crack occurring during deposition is presented in Figure 2.5.
Cracks during AM can occur as solidification cracks, postweld heat treatment cracks/strain-age
cracks, ductility-dip cracks and liquation cracks [29]. These cracks are a result of the thermal
cycles induced on the material during manufacturing. Ductility-dip cracking (DDC) can occur
when carbides are formed at the grain boundaries of the alloy which reduces the ductility of
the material. This type of cracking occurs at intermediate temperatures defined as temperatures
between 40 and 70% of the melting temperature of the material.

Figure 2.5: Crack formed during additive manufacturing [31].
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Liquation cracking is a result of phases around grain boundaries that melts at lower temperatures
than the bulk material. Liquation cracking then occurs as the liquid of these phases penetrates
the grain boundary and weakens it [29]. In nickel-based superalloys these phases could for
example be some types of carbides. These cracks occur at high angle grain boundaries and
with laser methods this type of cracking occurs during reheating of the material from the laser
during manufacturing [30]. It is however stated that liquation cracking does not occur in com-
ponents produced with selective laser melting (SLM). This is because this method supposedly
does not produce phases with low melting temperatures along grain boundaries which could
have resulted in liquation cracking [26, 30, 32]. Solidification cracks also appear at high angled
grain boundaries. These cracks do however appear at the last stage of solidification [30]. A high
γ ′-fraction in the superalloy also increases the chance for strain-age cracking during post-weld
treatment [29]. This cracking is a result of a reduced local ductility which gives cracking at
grain boundaries during the post-weld treatment [30]. Solidification cracks are a result of liquid
regions being trapped between solid regions during rapid cooling of the material when it solid-
ifies. These mixed regions of liquid and solid material then result in cracking in combination
with stress. Larger components are often more susceptible to solidification cracking as larger
volumes result in greater thermal gradients [29]. Different parameters during additive manu-
facturing often has a significant effect on the defects in the final product. An example is given
in Figure 2.6 where liquation cracking in the heat-affected zone (HAZ) was studied on Inconel
718 produced with laser additive manufacturing. It was found that the total crack length during
manufacturing increased with either increased heat input or scanning rate [33].

Figure 2.6: The effect of a) scanning rate and b) heat input on total crack length of liquation
cracks of laser additive manufactured nickel-based superalloy [33].
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Porosity can also occur in additively manufactured superalloys and seems to be a result of the
production process with little variation between different alloy compositions. The porosity of
the powder feedstock used during AM can however affect the porosity of the manufactured
component. Imperfect melting of the powder may result in internal porosity. This could come
from for example an uneven spread of the powder or because the energy applied was too low.
A high energy density during AM will therefore decrease the porosity in the material. A very
high energy density might however result in keyholed-induced porosity. This kind of porosity
occurs when the high energy causes evaporation of the material which then is trapped inside the
material. The formation of a keyhole pore is shown in Figure 2.7 in a titanium alloy. Nickel-
based superalloys contain numerous alloying elements which can increase the melting range of
the material. That is why keyhole porosity is usual in nickel-based superalloys. If the inert gas
shielding is lacking during AM this might cause the superalloy to oxidize during manufacturing.
This oxidation can then increase the surface tension resulting in ”balling” [29].

Figure 2.7: Formation of a keyhole pore in a titanium alloy shown with dynamic x-rays images.
This formation happens during manufacturing with laser powder-bed fusion [34].

The concept of additive manufacturing is to build components layer by layer upon a substrate.
This often results in anisotropy in the microstructure of the alloy as the method gives a columnar
grain structure. With powder bed and directed energy deposition methods the microstructure
gives epitaxial growth as a result of rapid solidification combined with heat loss in the specific
direction of the substrate. The challenges this anisotropy gives depends however on the area of
usage for the component produced with additive manufacturing [29].

There is often a need for post-processing and heat treatment of components of nickel-based
superalloys produced with additive manufacturing. One reason for this is that the as-built mi-
crostructure can contain undesirable phases from the rapid solidification. Heat treatment is often
also necessary for the correct high-temperature properties as the treatment controls the size and
fraction of γ ′ precipitates. The as-built components often show lacking properties in mechan-
ical properties compared to components manufactured with traditional routes. Post-processing
and heat treatments has however shown to strengthen the additively manufactured superalloys
to be able to reach equal or even increased mechanical properties compared to traditional meth-
ods. Heat treatment is however not able to affect the anisotropic mechanical properties from
the additive manufacturing. These required processing steps do however add additional costs to
the production of components with AM [29]. Defects as residual stress, pores and cracks may
be removed or mitigated by the help of heat treatment. Heat treatments used with traditional
manufacturing methods may not always be applicable for components produced with AM. Heat
treatments that are specified for AM is therefore required and may need more research [2].
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Repairs with additive manufacturing

Repairing with additive manufacturing of damaged components has been of great interest in
multiple industries. If the repair is able to restore the microstructure and geometry of the origi-
nal component it could save a lot of expenses [5, 6, 7]. One alloy which is often used to repair
damaged gas turbine blades and vanes of nickel-based superalloys are the 625 alloy. This is
a solid-solution strengthened nickel-based superalloy and is frequently used as this alloy has
a high weldability combined with good mechanical and chemical properties [35, 36, 37, 38].
One of the methods used for repairs is laser wire deposition which is said to be able to repair
complex parts with little distortion and dilution [39]. This method is growing popular for re-
pairing components for gas turbines [38]. There are however complications with using AM for
repairs as the base material of γ ′-hardened superalloys might experience cracking. This could
for example be solidification cracking [40, 41] and strain-age cracks [38, 41] which is explained
earlier in this section. Boron has shown to have positive effect on repairs with 625 and being
able to prevent solidification cracking. It is also said that boron can increase the amount of het-
erogeneous nucleation sites during the AM process which can result in equiaxed grain growth
instead of columnar growth. It is found that this is the case for some areas, while the overall
grain growth is mostly columnar [38]. Figure 2.8 shows how a die core is repaired with a hybrid
AM solution combing AM and machining to get the desired properties. These solutions have
shown to give desirable properties to the repaired components [31].

Figure 2.8: Hybrid repair technique of a damaged die (a) by combining additive manufacturing
(b) and machining (c) [31].
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2.2 Grain boundary strengthening of nickel-based superal-
loys

Solid-solution strengthening of alloys is when solvent atoms are added to a lattice which strength-
ens the material. If these solute atoms are much smaller than the metal atoms in the lattice they
can occupy interstitial positions. Some of the more common interstitial alloying elements are
carbon, boron, nitrogen and hydrogen [42].

2.2.1 Carbon
Carbon is added in nickel-based superalloys to improve grain-boundary strengthening of the
alloy. This strengthening effect is said to be a result of mainly carbides precipitating at grain
boundaries. These carbides give a higher resistance to grain boundary sliding which strengthens
the alloy [13, 43]. The strengthening effect from carbides may depend on the distribution and
the size of the particles. Fine and uniformly distributed carbides might give increased creep
resistance while coarser carbides can act as crack initiation sites [44, 45, 46]. It is also found
that some carbides may give an increased creep resistance by greatly reducing common crack
initiation sites as for example casting pores [13].

Carbon can also reside at grain boundaries in solid solution in polycrystalline superalloys [47].
It is agreed that carbon and other minor alloying elements that segregate at the grain boundaries
increases the creep resistance of the alloy [12, 48] It is observed that carbon segregates at grain
boundaries even at small concentrations as 0.006 wt% [47]. Another effect is that carbon gives
higher strength to the superalloy at high temperatures and increase the hardenability of the al-
loy. Alloying with carbon might however also reduce the corrosion resistance. Since carbon is a
grain boundary strengthener it is usually a lower amount or not present at all in single-crystal al-
loys [11]. There are however cases of carbon being used in single-crystal superalloys to reduce
the amount of solidification defects and oxide scales after casting [49, 50].

2.2.2 Boron
Boron is a minor alloying element in nickel-based superalloys which supposedly increases the
strength of the grain boundaries. Boron is also able to form secondary phases inside the γ

matrix [13]. It is suggested that boron may increase creep strength by decreasing the chance
for damage initiation at grain boundaries as for example micro-cracks and cavities [51, 52].
Boron tends to reside on grain boundaries in nickel-based superalloys either in solid solution or
as borides [53, 54, 55, 56]. In a study from [55] it was found enrichment of boron at carbide
interfaces while it was not found any enrichment at γ/γ ′ interfaces. It was stated that this was
similar to findings in other atom probe experiments on nickel-based superalloys alloyed with
boron [56, 57]. In the article from Sijbrandij it was theorized that segregation of boron at γ/γ ′

interfaces could increase creep strength as the boron would increase the resistance of γ ′ growth.
This was however not the case here as they did not find any boron at the precipitate interfaces
[57]. There are however other atom probe studies that show segregation of boron at γ/γ ′ in-
terfaces as [12, 58]. Boron in solid solution occupies interstitial positions and is one of the
smaller elements that provide the highest strengthening effect [59]. One of the most supported
theories for this is that boron increases cohesion between grain boundaries [60]. In alloys with
higher amounts of boron the alloy may crack transgranulary instead of intergranulary at high
temperatures as a result of boron increasing cohesion and stabilization of the grain boundaries.
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A material might experience stress and strain concentrations around grain boundaries either as
a result of the misorientation between the grains or because the material has few slip systems.
This may then lead to either intergranular or transgranular cracking depending on the grain
boundary cohesion compared with the bulk material. The strengthening effect from boron may
then result in an alloy cracking transgranulary instead of intergranulary [52, 61].

The increased cohesion of grain boundaries might be the result of multiple mechanisms. One
of these mechanisms include boron interacting with the dislocations to lower the movement of
dislocations [52]. It is however also discussed that boron might increase the dislocation motion
in grain boundaries which then decreases the chance for crack nucleation as the stresses from
dislocation pile-ups decreases [62]. Some elements may weaken bonding between metal atoms
by drawing charge from them. This embrittles the material. Boron however forms covalent
bonds at grain boundaries which then strengthens the grain boundaries [63, 64, 65]. Another
mechanism is that boron fills vacancies around grain boundaries [62, 66, 67]. Other mechanisms
include boron decreasing the grain boundary diffusivity resulting in a lower void formation rate
[60, 68], the fact that boron is soluble in (Ni3Al) [69, 70, 71] and that boron prevents elements as
S and H from diffusing to grain boundaries and weakening them [72, 73]. All these mechanisms
depend on boron being present at grain boundaries to strengthen the alloy. Boron is attracted
to grain boundaries as it has low solubility in the bulk material. The lower bulk solubility an
alloying element has, the higher the grain boundary segregation is [8, 67]. It is also speculated
that boron has an effect on carbides along the grain boundary which can result in initiation of
cracks. The theory is that boron decreases the clustering of M23C6 at the grain boundaries and
therefore prevent crack initiation [55, 74]. Studies with APT have shown that boron tends to
segregate along grain boundaries. In these experiments carbon has also been present. Carbon
have however shown to segregate in smaller concentrations than boron. It is speculated that
these elements compete where boron has a higher driving force [75]. Boron has a higher mobil-
ity than carbon inside the γ matrix. This may result in carbides having a high amount of boron
[55]. While boron improves creep strength of a superalloy it may also decrease the weldabil-
ity of the alloy. However if carbon is present in the same alloy the weldability may be higher
combined with increased mechanical properties. With APT it was observed that carbon reduced
the segregation of boron around grain boundaries drastically which may be why the weldability
of the alloy increased. It was proposed that this was a result of carbon changing the diffusion
behavior of boron inside the bulk material. The presence of carbon may also decrease clus-
tering of boron and other interstitial elements inside the bulk of the alloy. This was proposed
after studying areas with APT which were not grain boundaries [47]. During some studies of
nickel-based superalloys produced with additive manufacturing it is found boron segregated to
grain boundaries in the as-built state before heat treatment [12, 76].

12



2.3 Grain-boundary cracking in nickel-based superalloys
The strength of the grain boundaries is one of the most important factors in a polycrystalline su-
peralloy [14]. Grain boundaries are especially important during high-temperature deformation
as intergranular cavitation, void nucleation and grain boundary sliding can occur at the grain
boundaries during creep, resulting in fracture [77].

2.3.1 Grain-boundary embrittlement
Nickel-based superalloys have seen a lot of use in the aircraft and power industry because of
the alloys mechanical strength, corrosion and oxidation resistance [10]. The oxidation resis-
tance at high temperatures comes from the formation of oxide layers on the surface of the alloy.
This oxide layer can consist of aluminium, chromium and silicon oxides which prevents further
oxidation of the alloy [78]. The environmental effect on alloys increases with increasing tem-
peratures which may result in the alloy failing. An example of this is shown in Figure 2.9 with
fracture surfaces of samples tested at increasing temperature. It is evident that the amount of
oxides at the surface increase with increasing temperature. These areas cracked intergranulary
[79]. Crack nucleation and especially propagation can be affected by the environment. This
may result in decreased life of components. By changing the microstructure of an alloy one can
affect the environmental affect on crack growth drastically [80].

Figure 2.9: Optical microscopy images presenting fracture surfaces tested at different tempera-
tures. An increasing amount of oxides is detected at the samples tested at higher temperatures
[79].

The grain boundaries of polycrystalline superalloys are also affected by the environment and
can reduce the strength of the material when reacting with oxygen at elevated temperatures.
Cracking as a result of the material reacting with the environment is one of the largest chal-
lenges for superalloys used in jet engines and power production. Higher operating temperatures
are required for an increased fuel efficiency. This also increases the chance for environmentally
induced damage [79]. Turbine discs in modern jet engines are exposed to high temperatures
combined with stress and an oxidizing environment which could result in time-dependent in-
tergranular cracking [81]. There are multiple explanations for what causes environmentally-
assisted cracking in polycrystalline superalloys. Some argue that the reason might be oxygen
or other oxidizing elements that diffuse ahead of the crack tip resulting in dynamic embrittle-
ment [82, 83, 84]. The oxygen is said to decrease the cohesion between grains resulting in
intergranular cracking when subjected to stress [85]. Others believe the cracking is a result of
stress-assisted grain boundary oxidation (SAGBO) [81, 85, 86].

13



A study from Nemeth et al. [79] states that the crack tip of an intergranular crack was studied
with various methods. These were methods of high spatial resolution including transmission
electron microscopy and atom probe tomography. It is stated that these methods gave results
indicating a formation of layered oxides along the grain boundaries of the γ-phase in front of
the crack tip. They therefore state that this seems similar to the SAGBO mechanisms [79]. The
SAGBO mechanism is described as the grain boundary ahead of a crack being oxidized before
fracture. This means that the crack propagates through brittle oxides at the grain boundary [85].
The oxides ahead of the crack grow from increased diffusion of oxygen through the oxides as
a result of the applied stress. The stress may also change the boundary conditions of diffusion
at the end of the oxide or the crack tip [86]. During oxidation of the surface of a nickel-based
superalloy, NiO is the first oxide to form at the surface as this is a fast-growing oxide. This
reaction can then lower the oxygen partial pressure close to the surface which promotes the
formation of oxides from alloying elements as for example Cr, Ti and Al. These elements form
their own layer of oxide at the surface. It is discussed that the same layered structure occurs
ahead of the crack tip during environmentally-assisted cracking. This is however not confirmed
to be the case as these oxides also could form after cracking [81]. Figure 2.10 shows an APT
reconstruction of oxides present ahead of a crack tip.

Figure 2.10: APT reconstruction of oxides found close to a crack tip. Each colour represents
different oxides. The green layer is closest to the crack and represents a nickel-rich oxide, the
blue is a nickel and iron-rich oxide, the red is a chromium-rich oxide and the grey is chromium
inside the alloy [85].
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Dynamic embrittlement was a term first used by Liu and White to describe the cracking they
observed in their experiment [40]. The strength of the material and the type of elements causing
embrittlement affects the susceptibility to dynamic embrittlement, where an increased strength
increases the sensitivity. Grain boundaries with low diffusivity are more resistant to dynamic
embrittlement which means that the effects of dynamic embrittlement may be lowered by pro-
cessing or alloying. Alloying with elements that segregate at the grain boundaries decreases
diffusion by decreasing the amount of free volume around the grain boundaries. Stress is the
driving force for diffusion of atoms absorbed at the surface of the material during dynamic em-
brittlement. These atoms are then often diffused along grain boundaries. This is different from
the role stress has in SAGBO where it is connected with the volume expansion by formation of
oxides [82]. An example of an intergranular fracture from dynamic embrittlement is shown in
Figure 2.11. Dynamic embrittlement of nickel-based superalloys occurs at temperatures above
500°C [87]. Dynamic embrittlemnt starts with oxygen diffusing along the grain boundaries
ahead of the crack tip. This diffusion is driven by the high temperature and stresses. Then
grain boundary decohesion occurs as a result of oxygen embrittling the grain boundary. These
embrittled grain boundaries are then cracked by stress [84]. Often when the same tests are per-
formed in vacuum and a given environment the samples fracture transgranulary in vacuum and
intergranular in the given environment [87]. It is proposed that alloying with carbon and boron
in nickel-based superalloys might result in a lower oxidation resistance. This does however
require more studies [88].

Figure 2.11: Intergranular fracture in a superalloys as a result of dynamic embrittlement [82].
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2.3.2 Segregation of solute atoms at crystal defects in nickel-based super-
alloys

When nickel-based superalloys experience plastic deformation during elevated temperatures so-
lutes might be redistributed inside the crystal lattice during deformation. The segregations then
tend to segregate around crystal defects inside the lattice. The segregation depends on the type
of crystal defect and also the composition of the alloy and the magnitude of the temperature
and stresses. These crystal defects could for example be different kinds of stacking faults or
dislocations. The interactions between the defects and solute atoms result in a change in the
microstructure of the alloy and may also give altered properties [89] as for example increased
creep properties [20]. It is observed segregation of multiple elements in nickel-based superal-
loys including Co, Cr, W, Mo, Nb, Ti and Ta. The elements that segregated around the defects
varied between different alloys and different types of defects [89, 90, 91]. Interactions between
crystal defects and solute atoms has also been found in Co-based superalloys and titanium alloys
[89]. There are observed multiple atoms that can segregate to dislocations inside nickel-based
superalloys. One example is from [92] where they observed segregation of Co,Cr, Mo and Re
around dislocations inside the γ ′ phase. This was for a single crystal superalloy after creep de-
formation. These elements are known as γ stabilizers [92]. It is stated that interstitial atoms as
boron, carbon and nitrogen can diffuse into dislocation cores in BCC or FCC alloys as steels,
aluminium alloys and nickel-based superalloys. The interstitial atoms then slow down disloca-
tion movement [93, 94, 95, 96]. In an article from [97] it was discussed that carbon can form
Cottrell atmospheres around moving dislocations in nickel alloys. The carbon would however
diffuse to γ ′ precipitates. This diffusion then decreased the strengthening from the atmosphere
as it had less restrictions on dislocation movement [97]. In an article from [98] they studied a
solid-solution strengthened titanium alloy with APT. This alloy was strengthened with carbon.
In their results they found that carbon was mostly homogeneously distributed apart from some
areas with high carbon concentrations. The reasons for these concentrations were discussed to
be carbon surrounding dislocations in a Cottrell atmosphere [98]. It is suggested that the driving
force for solute atoms to segregate at dislocations are the stress fields created by the disloca-
tions. These solutes then segregate along the dislocation line and create an enriched area of
solute atoms called Cottrell atmospheres. At higher temperatures new atmospheres may appear
during deformation which can slow down newly created dislocations. This is called dynamic
strain aging [94].

16



2.3.3 The Suzuki effect
The Suzuki effect is when solute atoms interact with stacking faults in the crystal structure of a
FCC alloy. These solute atoms segregate around the stacking fault [99, 100]. Stacking faults oc-
curs in most metals that have experienced plastic deformation. Slip in a specific plane in a FCC
structure will result in deformation stacking fault where a section will have a HCP structure
instead of FCC. This HCP region will then have a higher free energy than the FCC structure.
The stacking fault has two partial dislocations at each end. These partial dislocations repel
each other while the surface tension pulls them against each other. If a stacking fault has a low
stacking fault energy it will result in a wide stacking fault with a large separation between the
partial dislocations. A high stacking fault gives a narrow fault with a low distance between the
dislocations. The interstitial atoms also need to be soluble in the HCP structure of the stacking
fault for the Suzuki effect to happen. The energy of the stacking fault decreases with increased
concentrations of solutes which again increases the separation of the partial dislocations of the
stacking fault. This strengthens the alloy as this reduces the mobility of the dislocation and
as it requires more work to draw in the partial dislocations [42]. Suzuki segregation affects
the deformation mechanisms of an alloy as twinning and cross-slip of dislocations are affected
by the segregations. When compared with segregations at grain boundaries and Cottrell atmo-
spheres around dislocations, the suzuki segregation should theoretically be weaker. This is a
result of the atomic structure around the stacking faults being almost the same as in the bulk
material [101]. Metals with a low stacking-fault energy are often used for high-temperature
applications. This is because the low stacking-fault energy results in increased resistance for
cross-slipping of the partial dislocations which increases the creep resistance of the alloy. The
stacking fault energy decreases with increasing solute valence. Solid-solution can increase the
strength of the alloy by multiple mechanisms including the Suzuki effect, interactions with va-
cancies and jogs, elastic interactions with dislocations and segregation at grain boundaries by
influencing grain-boundary sliding and migration [42].
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2.4 Quantification of grain boundary segregation of light el-
ements

Characterization techniques such as electron beam microscopy are not able to perform precise
composition measurements of light elements such as B, C and N. One reason for this is that the
contrast is very dependent on the atomic number, which means light elements are challenging
to image as these have little electron scatter compared to other elements. This is however not
the case for atom probe tomography (APT) as the 3D data on the atomic level is well suited
to for example study interactions between solutes. APT is generally better for studying light
elements and small features [102]. This is the reasoning for using APT in this thesis as boron
and carbon are the main interests. Only APT is able to quantify the amount of these solutes in
the microstructure in 3D.

In atom probe tomography (APT) atom by atom is removed from the specimen needle tip by
field evaporation, which then is detected by a detector and used to reconstruct the analyzed
volume in 3D. Field evaporation is a combination between desorption and ionization, which
evaporates atom by atom and atomic layer by atomic layer. This ionization is a result of an
electric field and applied pulses from either a laser or high voltage at the surface atoms. The
atoms are removed by the lattice with an intense electric field during field evaporation that po-
larises the surface atoms and decreases the energy barrier for an atom to escape the surface.
With a strong enough field the atoms can be removed from the surface while leaving an electron
in the surface of the material. The required field is often around 10-50 V/nm depending on the
element. Nickel for example requires around 35 V/nm for evaporation [9]. Field evaporation
only occurs at the surface of the specimen as a result of the electric field only penetrating small
depths, even smaller than an atom for metallic materials. The evaporated atoms are then accel-
erated by an electric field into a detector. The strength of the electric field needs to be increased
through the experiment to field evaporate the atoms because the radius of the specimens in-
creases throughout the atom probe experiment [9]. The electric field at the specimen surface is
related to the radius of curvature at the specimen needle tip given by Equation 2.1.

F =V/k f R (2.1)

Here F is the electric field, R is the radius of curvature, V is the voltage and k f is the field
factor. This factor is to account for the specimen being shaped like a needle and often has a
value between three and eight. The specimen is shaped like a needle to achieve a high electric
field at the specimen surface, high enough to evaporate atoms with field evaporation [9].
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2.4.1 Experimental structure of the atom probe
The specimen in an atom probe experiment is mounted on a stage that can move in all three
dimensions. The specimen is placed in front of a counter electrode where the specimen is con-
nected to a High-voltage (HV) power supply to generate the electric field. The specimen is
cooled inside the ultra-high vacuum chamber to around 20-100 K, depending on the material.
The pressure inside the vacuum chamber is below the base pressure of 10−8 Pa. A high-voltage
pulser is connected to the counter electrode which sends out high-voltage pulses onto the sam-
ple lasting only a few nanoseconds. This method of evaporation is only possible for electrically
conductive materials. If a laser is instead used a pulsating laser is focused on the specimen tip.
When using a laser source in the atom probe, field evaporation occurs by thermal activation
where light from the laser is absorbed by the specimen and increases the surface temperature.
The laser-pulsing techniques still result in a high spatial resolution and make the atom probe
applicable for non-metallic materials which are not conducting [9]. An illustration of the exper-
imental setup for atom probe tomography is presented in Figure 2.12.

Figure 2.12: Illustration of the experimental setup of atom probe tomography. Each component
of the setup is marked in the figure [9].

The introduction of position-sensitive detectors resulted in atom probe tomography with the
possibility of reconstructing the analyzed volume in a three-dimensional space. This combined
with the detection of the time-of-flight results in the characterization and placement in a three-
dimensional space of each atom. The impact of an ion is transferred to an electrical signal that
is then translated to the coordinates of the atom. The detectors do however struggle to detect
multiple impacts close to each other as the detector might believe it is one single ion [9].
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2.4.2 Experimental procedure for atom probe experiments
An atom probe experiment starts with specimen alignment where the position of the specimen
needle tip is compared to the counter electrode. The specimen is first centered relative to the
counter electrode before the specimen is moved closer to the counter electrode for a better
field of view during the experiment. When the experiment has started the analysis of each ion
starts with recording the time-of-flight which is later translated to the mass-to-charge ratio to
determine the element of each ion. The data of every ion is then used to construct a model in
three-dimensional space. There is a so called “detection window” from when a pulse is applied
to a signal is detected. This is how time-of-flight is measured. When a signal is detected, it is
assumed that this is an ion that is generated from the pulse at the start of the detection window.
There is a chance that a pulse does not end up generating an ion or that it generates multiple ions
at once. The average number of atoms that are detected per pulse is referred to as the detection
rate. The voltage is often adjusted during an experiment to try to achieve a constant detection
rate. Heavy and complex ions can be problematic as these could have a long time-of-flight. It
is even possible that this time exceeds that of the detection window [9].

The time-of-flight of each ion is translated into the mass-to-charge state which is combined
for all ions to create a mass spectrum. This mass spectrum explains the elemental composition
of the specimen [9]. The natural isotopic occurrences of each ion are also included to char-
acterize each peak in the mass spectrum [103]. The temperature of the specimen in an atom
probe experiment decides the electric field required for field evaporation. This is an important
parameter because one does not want atoms to evaporate in between voltage or laser pulses.
This can happen if the sample contains different elements with different critical field strengths
for field evaporation. This would again result in the collision of ions into the detector outside
of the detection window. It is therefore required to apply a low field to avoid field evaporation
between pulses. This field is generally lower during laser pulsing compared to high voltage
pulsing [9].

2.4.3 Fracture of APT specimens
In some cases the APT specimen might fracture during an atom probe experiment. To achieve
field evaporation a strong electrostatic field is applied which can result in fracture of the speci-
men. This is most likely because of the pressure from the applied field [9]. When using a laser
the specimen is only exposed to a constant mechanical stress from the electric field. This is a
contrast from using high voltage pulses where cyclic stresses also are applied on the specimen.
The overall voltage is also reduced during laser pulsing [104]. Small fractures called micro-
fractures might occur. During these events the shape of the needle tip might recover and end
up in its equilibrium form and give feasible results. This is however not possible if the fracture
is too severe. During these fractures the atom probe does not detect any ions and increases the
voltage trying to correct this. This ends up in results that clearly show a fracture, as for exam-
ple the mass spectrum contains mostly noise. Using laser-pulses instead of high-voltage pulses
might be a good solution for brittle materials because of the electrostatic stress during high-
voltage pulsing. Laser often results in more successive experiments compared to high voltage
[9].
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2.4.4 Sample preparation
The samples used in the atom probe are shaped like a needle where the area of interest should
be located at the tip. The sample preparation for the atom probe is essential and demanding.
Electrochemical polishing is a popular method for sample preparation for APT. This method
does however have the drawback that it is impossible to prepare a needle containing a specific
area at the apex of the specimen. So when specific microstructural features need to be analyzed,
a focused ion beam microscope (FIB) is used for sample preparation [9].

There are multiple requirements for samples used in the atom probe. The specimen needs
to be needle shaped to attain the required field strength for field evaporation and to achieve a
sufficiently uniform field. The tip of the needle is required to have a radius lower than 50 nm.
A too large radius will result in a requirement of a too high voltage of what the microscope
can handle. The farther away the area of interest is from the needle tip the larger the recorded
dataset needs to be. It is therefore recommended to have the area of interest within 100 nm
of the needle tip. Another sample requirement is also that the sample is smooth and free from
grooves and cracks as this could affect the reconstructed data and could act as stress concentra-
tions which could break the sample under the applied field [9]. The requirement of a circular
and smooth cross-section of the specimen is to make it easier to reconstruct the specimen accu-
rately. The quality and robustness of the specimen used in the atom probe have a high affection
on the results of the experiment [103].

FIB-based methods for preparing needle samples are often selected if the material cannot be
electropolished or if the specimen needs to be prepared from a specific location. One category
of FIB-methods used for sample preparation is called lift-out methods. These methods consist
of cutting a small portion of the sample free from the surface with the FIB. This section is then
lifted out with micromanipulators before it is shaped into a needle [9].
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3. Experimental procedures

3.1 Samples

The studied alloy was the γ ′-hardened AD730 which was additively manufactured and creep
tested. Two versions of this alloy were studied. These were named CB and C as the main dif-
ference between these alloys were the addition of boron in the CB alloy. The C alloy contained
negligible amounts of boron and only had significant levels of carbon, while the CB alloy had
significant values of carbon and boron. These versions were compared to find the effects boron
have on this alloy during additive manufacturing and creep. This was performed by studying
the grain boundaries of the alloy. The composition of each alloy is presented in Table 3.1. The
CB alloy was also studied in [105]. Both samples were produced with laser powder bed fusion
with an EOS M290 machine at the university of Grenoble.

Table 3.1: Composition of the alloys named CB and C in weight percent. ”-” means that the
content is below 0.001 % of the alloying element [12].

Sample Ni Al Ti Cr Fe Co Nb Mo W B C

CB bal. 2.3 3.1 16.5 4.1 8.5 0.5 3.1 3.1 0.004 0.038
C bal. 2.2 3.6 16.2 3.6 8.1 1 3.0 3.1 - 0.010

The alloys were heat-treated at 1080 °C for 4 hours and aged at 760 °C for 16 hours after
manufacturing. This heat treatment is a standard for this alloy. Creep samples were produced
from each sample with a diameter of 4.5 mm and 22.5 mm in length. The creep tests were
conducted with a loading direction perpendicular to the building direction with a load of 690
MPa at 650 °C. The creep resistance of each sample after heat treatment is given in Figure 3.1.
The blue dots indicate the results for the C alloy and the green dot indicates the CB alloy. The
alloy giving the red dots were not included in this experiment. The creep resistance is plotted
using their Larson-Miller parameter. It is shown that the creep resistance of the CB alloy is at
the level as that of the same alloy if it was cast and wrought. The C alloy does however have
lacking creep resistance compared to the CB alloy and the cast and wrought alloy. For the creep
tests the CB alloy survived for over 2000 hours while the C alloy only lasted around an hour
or less. For more information about the manufacturing, heat treatment and creep test of these
alloys see [12].
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Figure 3.1: Creep resistance for the samples produced with AM compared with the same alloy
cast and wrought. The creep resistance is plotted with the Larson-Miller parameter [12].

3.2 Scanning electron microscopy
Both samples were cut, grinded and polished with a colloidal finish of 1 µm with OPS-Nondry.
The samples were cut perpendicular to the fracture surface as seen in Figure 3.2. The samples
were then analyzed in a Zeiss Ultra 55 scanning electron microscope (SEM) with secondary
electrons (SE), backscattered electrons (BSE) and electron backscatter diffraction (EBSD).
These imaging techniques were used to study cracks at the polished sample surfaces to ob-
serve how the samples fractured during the creep test. The sample was mounted and tilted 70
degrees for the EBSD analysis. The program used for the analysis is called Nordif 3.2. TSL
OM Data Collection 7 and TSL OM analysis were used for the data analysis. Table 3.2 shows
the values of the parameters used for the EBSD analysis.

Figure 3.2: Images of the samples from the CB (left) and C (right) alloys after polishing.
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Table 3.2: Parameters used at the SEM with each imaging technique.

Parameter Value

Acceleration voltage (SE/BSE) 10 kV
Acceleration voltage (EBSD) 20 kV

Working distance (WD) (SE/BSE) 8 mm
Working distance (WD) (EBSD) 25 mm

Aperture (SE/BSE) 60 µm
Aperture (EBSD) 120 µm

3.3 APT sample preparation
Grain boundaries in the alloys were the main interest to see the effects of boron, as it was ex-
pected to find segregation of boron at the grain boundaries in the CB alloy. All cracks found
with the SEM was found to go along grain boundaries which highlights the importance of the
grain boundary chemistry during creep. It was therefore necessary to use a sample preparation
method able to prepare APT samples containing grain boundaries. All samples used in the atom
probe experiments were therefore prepared with a FEI Helios Nanolab Dual Beam FIB (focused
ion beam) located at the NTNU Nanolab. Samples were prepared from grain boundaries ob-
served at the polished sample surface. These grain boundaries were ahead of or close to a crack
from the creep test. The sample preparation consisted of multiple steps that were followed,
where the first step was to tilt the stage with the sample to 52° and find the Eucentric point.
Different beam currents for the ion beam was used for different steps during the preparation.
These are listed for each step in Table 3.3 combined with the stage tilt. Images from the sample
preparation with the FIB is given in Figure 3.3 for multiple stages in the preparation.

Figure 3.3: Collage of images from the sample preparation with the FIB imaged with secondary
electrons or ions. a) Deposited Pt layer on top of the region of interest. b) Cantilever beam after
milling of trenches and clean-cuts. c) Cantilever beam after cantilever cut, right before lift-out.
d) Lift-out of cantilever and placement on micro post. e) Sample welded on top of a post before
sharpening. f) Finished needle after sharpening and low-kV cleaning.
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First a Pt layer was deposited at the area of interest as seen in Figure 3.3 a). This Pt layer was
deposited to protect the area of interest. This protective layer was deposited as a rectangle with
the rectangle pattern in the software. When grain boundaries were studied the Pt layer was
deposited so the grain boundary laid in the middle of the rectangle. This rectangle varied in
size depending on the grain boundary. Typical dimensions were 10µm x2.50µmx0.3µm. Then
two trenches were milled at each side of the Pt layer at 30° with respect to the surface normal.
Each trench was milled above the Pt layer while the stage was tilted 22°. The stage was rotated
180° before the next trench was milled. This resulted in the trenches meeting and giving a can-
tilever beam with a triangle cross-section. The trenches were also milled as rectangles with a
width of 4-5µm wider than the Pt layer. The trenches were always milled at a depth of 3-5µm.
The trenches were milled around one micrometer from the Pt layer to save space for the clean
cuts. These cuts were performed on both sides of the Pt rectangle between the rectangle and the
trenches. Cleaning cross-section were used for this at the edge of the protective layer with the
cut ending close to the protective layer. Figure 3.3 b) shows the cantilever beam after clean-cuts
and trenches.

After the cleaning-cuts the beam was cut out as seen in Figure 3.3 c). First the right side of
the beam was cut from the sample with a rectangle cut. A lift-out needle was then placed at the
same end as the cut and welded together with the beam. Pt was used for this weld with a rect-
angle pattern wide enough to cover both the cantilever and lift-out needle. Lastly, the beam was
cut free at the other end of the lift-out needle. The beam was then transported to a Si coupon
and welded onto microtip posts inside the vacuum chamber of the FIB. The end opposite of the
lift-out needle was placed carefully at the post before it was welded to the post and cut free.
This is shown in Figure 3.3 d) and e). This was done for the whole length of the beam until the
whole beam length was placed at posts. Lastly, the sample stage was rotated 180° to weld at
the opposite side of the microtip posts. All samples were placed at the same side of the coupon.
This was because the laser-pulsing mode was used during the atom probe experiments.
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The last step of the sample preparation was the milling to shape the cut beam into needles.
This step consisted of multiple millings and a final low-voltage clean-up. Before the milling
the sample on each needle was rotated to check for grain boundaries at the surface. The milling
was performed to try to center the grain boundaries inside the needle tip. A small circle was
deposited on top of the sample to mark the grain boundary from above. The first milling step
was used to remove the bulk of the material and to push down the needle at least 10 µm from
the apex of the specimen to prevent secondary spikes at the sample. These spikes could give
inaccurate results from the atom probe experiment. The sample was milled until the whole
sample had a diameter equal to the inner diameter of the milling. All millings were performed
with a circular pattern with defined inner and outer diameters to shape the needles. The inner
diameter was decreased for each milling. The next milling steps were used to shape the sample
into a needle by shaping the tip. This was done until the tip was small enough without reducing
the shank angle too much. The last milling step was then done with the smallest inner diameters
to give the final tip shape of the needle. The radius of the needle tip was reduced until it was
lower than ca. 100 nm. This gave the final needle shape used in the atom probe experiments. It
was also done a clean-up of the sample surface performed at a low voltage. This stage cleans up
damage from the Ga source of the FIB after the millings. The clean-up was done with a voltage
of 5 kV. Figure 3.3 f) shows a finished needle after sharpening and low-kV cleaning.

Table 3.3: Parameters used at the FIB during each step of the sample preparation.

Preparation step Stage tilt Beam current Pattern

Deposition of protective layer 52° 0.28 nA Rectangle
Milling of trenches 22° 6.5 nA Rectangle

Clean cut 52° 0.28 nA Cleaning cross-section
Cantilever cut 52° 6.5 nA Rectangle

Welding prope to cantilever 0° 28 pA Rectangle
Cutting free the cantilever 0° 0.28 nA Rectangle

Welding cantilever onto microtip post 0° 28 pA Rectangle
Removal of cantilever from micropost 0° 0.28 nA Rectangle

First milling 52° 0.46 nA Circle
Second milling 52° 0.28 nA Circle
Third milling 52° 0.28 nA Circle
Fourth milling 52° 93 pA Circle
Fifth milling 52° 93 pA Circle
Sixth milling 52° 48 pA Circle

Low kV clean-up 52° 47 pA Circle
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Figure 3.4 shows a sample welded on top of a post after lift-out and before sharpening. In
this image a grain boundary is visible in the sample. The sharpening for each sample was then
conducted to try to get this grain boundary inside the needle tip which required a radius of
around 50 nm. This was challenging as it was easy to mill the grain boundary away. It was
often also difficult to see the grain boundary on the sample, especially after some milling steps
during the sharpening. It is also clear in the image that the grain boundary is not completely
straight, making it even more difficult to place the grain boundary inside the needle tip.

Figure 3.4: Sample after lift-out before sharpening to a needle taken with secondary electrons
in the FIB. A grain boundary is present in the sample marked with a red arrow.
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3.4 Atom probe tomography
The coupon with samples was placed inside the vacuum sample the day before or earlier the
APT experiment was conducted. All experiments were conducted using pulsating-laser mode
as the samples were brittle due to stresses after creep deformation. Using voltage mode would
apply high stresses to the sample which might fracture it. All experiments started with moving
the laser to the correct post on the coupon and specimen alignment. This specimen alignment
was conducted to find the apex of the sample to make sure the laser was applied correctly at the
sample. This calibration was done with 200 kHz pulses and 40% detection rate. The voltage
was increased manually during the calibrations. These parameters were then changed before the
experiment started. During the APT experiments the pulse rate was set to 125 kHz, the detection
rate to 1%, the temperature to 45 K and a pulse energy at 35-50 pJ. This usually resulted in
APT datasets containing at least 80 million impacts, which was providing statistically enough
information. Since the presence of boron in the microstructure was one of the main objectives,
mainly the CB alloy was investigated by collecting seven APT datasets, while one was collected
for the C alloy. Of the eight data sets only five are included in this thesis, while the rest were
showing the same result. The samples that were studied with APT were eight out of a total of
around 20 samples. The samples chosen were those without defects from the sample preparation
and which were believed to most likely contain a grain boundary.

3.4.1 3D reconstruction and data treatment
The IVAS 3.8.10 software from Cameca was used for data analysis and 3D reconstructions.
The APT experiment resulted in a HIT file with an APT data set which was uploaded to the
program. A SEM image of the sample tip was used to specify the tip radius of the specimen
needle used for the experiment. The ion sequence range and detector ROI (region of interest)
was also specified in the program. Then the peaks in the mass spectra were identified with the
known alloying elements and possible impurities. Elements as hydrogen, hydroxides and water
was not included as these are decontaminations from the sample surface and vacuum. Gallium
was included and is from the sample preparation with the focused ion beam. Some elements
had overlapping values which complicated the process. These peaks were classified as one of
the elements if it seemed like the occurrence of that element dominated in that peak. These
peaks were later decomposed for composition analyses.

When the sample was reconstructed in 3D the sample was analyzed. Using different alloy-
ing elements with different colours to highlight for example different phases, grain boundary
segregations and enrichments. Chromium was frequently used to highlight the γ phase while ti-
tanium and aluminium were used to highlight the γ ′ phase. Boron and carbon were the elements
of interest in this study and was therefore highlighted and studied in each sample. Iso-surfaces
were also used often to highlight surfaces and to easier see for example the presence of boron
and carbon. Concentration profiles and proxigrams was also constructed at specific areas to
showcase variations in composition around for example different phases and grain boundaries.
It was also conducted calculations for the volume fraction γ ′ with the lever rule method.
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4. Results

The main part of the experiments was conducted on the CB alloy to see the effect of boron on
the microstructure. This includes investigations of a grain boundary, boron enrichments and a
particle found in various APT reconstructions. The C alloy was mainly used to compare results
with the CB alloy. Results from the C alloy include cracks on the polished sample surface to
compare with the results found for the CB alloy given in the specialization project [105], and to
compare the γ/γ ′ microstructure and the volume fraction of γ ′ between the alloys.

4.1 Intergranular cracking during creep
The C alloy was investigated using secondary electrons, backscattered electrons and electron
backscatter diffraction to study the crack propagation. Here, cracks were the main interest to
see how these had propagated during creep. It was only found cracks close to the fracture
surface, compared to the CB alloy where it was found cracks close to the fracture surface and
around 1-3 mm away. The results from the CB alloy is presented in [105] and some results can
also be found in Appendix A in this thesis. The CB alloy had interesting phenomenons that not
were observed at the C alloy including cracks transitioning from intergranular to transgranular
propagation and cracks consisting of cavities along grain boundaries. Two cracks close to the
fracture surface were studied at the C alloy. The misorientation of grain boundaries close to
the cracks were measured. These areas are marked in its respective figure. Figure 4.1 shows a
crack from the sample taken with secondary electrons. The red dashed box indicates the area in
Figure 4.3 where EBSD was performed. The blue dashed box indicates the area in Figure 4.2.
The loading direction is also marked in the figure. The alloy and parameters for the creep test
are given in the top left corners of each SEM image. This crack seem to have propagated 45°
compared to the fracture surface.
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Figure 4.1: Crack found close to the fracture surface of the C alloy imaged with secondary
electrons. The red dashed box indicates the area of the IPF-map in Figure 4.3 and the blue box
indicates the area of Figure 4.2.

Figure 4.2 shows the same crack as Figure 4.1 taken with backscattered electrons. In this figure
oxides seem to be present inside the crack as the oxides have a color contrast from the nickel.

Figure 4.2: The same crack as in Figure 4.1 imaged with backscattered electrons.
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Figure 4.3 shows an IPF-X map of the same crack as Figure 4.1 and 4.2, where one can see
that the crack seems to have propagated intergranulary. The misorientation between grains was
measured at three areas marked with a red line and a letter for each area. Grain boundaries with
an angle of 15° or more are defined as high angle grain boundaries and marked with black in
the IPF map. The values for misorientation is presented in Table 4.1. The crack is marked with
red arrows. The black unidentified areas seem to be the crack and oxides inside and around the
crack. It could possibly also be areas with high deformation.

Figure 4.3: IPF-X map of the crack presented in Figure 4.1 and 4.2. The crack is marked with
red arrows. The red lines a)-c) indicates where the misorientation was measured.

Figure 4.4 shows another crack found close to the fracture surface of the C alloy. This image is
captured with secondary electrons. This crack also seem to have propagated at around 45° with
respect to the fracture surface.

Figure 4.4: Another crack found close to the fracture surface of the C alloy. This image is taken
with the secondary electron mode.
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Figure 4.5 shows the same crack as in Figure 4.4 with backscattered electrons. Oxides also
seem to be present inside this crack.

Figure 4.5: The same crack as in Figure 4.4 taken with backscattered electrons.

An IPF-X map of the crack in Figure 4.4 and 4.5 is given in Figure 4.6. This crack also seem to
have propagated along a high angle grain boundary. The misorientation of three grain bound-
aries were measured in this IPF-map and is presented in Table 4.1.

Figure 4.6: IPF-X map of the crack given in Figure 4.4 and 4.5. The crack is marked with red
arrows and the red lines a)-c) indicated where the angle of misorientation was measured.
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Table 4.1 presents measured angle of misorientation from each IPF-map of both cracks.

Table 4.1: Angle of misorientation from measured areas in Figure 4.3 and 4.6.

Figure Letter Angle of misorientation

4.3 a 58.5°
4.3 b 36.6°
4.3 c 27.7°
4.6 a 46.9°
4.6 b 34.7°
4.6 c 57.3°

4.2 γ/γ ′ microstructure and volume fraction of γ ′

Multiple lift-outs were prepared for both alloys and several APT samples were sharpened and
analyzed. The sections below show the collected volumes by APT, alongside composition pro-
files and proxigrams of particular features that are necessary. The first reconstruction in Fig-
ure 4.7 shows an atom probe reconstruction of the CB alloy showcasing the γ and γ ′ phases. The
γ ′ phase is marked with blue aluminium atoms while the γ is marked with chromium atoms in
pink. The interfaces between the phases are marked with a pink iso-surface of chromium with
an iso-value of 17.05at.%. An iso-surface is a visualization tool that highlights areas with a high
concentration or density of the chosen elements by coloring the space in between each atom.
Iso-surfaces can be used to highlight different phases, grain boundaries and precipitates. The
red γ ′ symbol indicates an iso-surface where the proxigram in Figure 4.8 and 4.9 is measured.
This reconstruction was used as a comparison to the C alloy to compare the γ/γ ′ microstructure.

Figure 4.7: Atom probe reconstruction from CB. Each phase is marked with its corresponding
symbol and the interfaces are marked with a pink iso-surface of chromium. The chromium
atoms are in pink and aluminium atoms are in blue.
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Figure 4.8 is a proxigram at the marked iso-surface in Figure 4.7 showcasing the difference in
composition between the γ and γ ′ phases. A proxigram or proximity histogram, is an elemental
composition profile measured as a function of distance from the chosen interface. The compo-
sition of γ ′ is given on the left and the composition of γ is given on the right. Each element
and its corresponding curve are also given in the figure. The used bin size was 0.5 nm with a
maximum distance of 10 nm. It is clear that Cr, Co and Fe mostly reside in γ , while Al and Ti
reside in γ ′. It seems as it is a higher nickel content in the γ ′ phase with 70 atomic% compared
to γ with around 50 atomic%.

Figure 4.8: Proxigram from an iso-surface in the CB alloy. This figure shows the partition of
solutes in γ and γ ′. Error bars correspond to the 2σ counting error.
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Figure 4.9 shows how the C and B composition varies in γ and γ ′. Boron seems to mostly reside
in γ compared to γ ′. There is however an increased concentration on what might be the γ/γ ′

surface which reaches a value in the same range as the highest concentration in γ . Carbon does
not seem to vary much between γ and γ ′.

Figure 4.9: Proxigram from a γ/γ ′ iso-surface with the concentration of B and C in each phase.
Each element is named at its respective curve. Error bars correspond to the 2σ counting error.

The lever rule method was used to calculate the volume fraction of γ ′ of the alloy. This was done
by extracting the composition of each phase from the atom probe reconstruction by placing a
squared region of interest (ROI) inside each phase without it touching the interfaces between
the phases. The composition of each phase was then extracted by decomposing the peaks in the
mass spectrum. These values are given in Table 4.2 with the atomic% of each element inside
the phases and bulk material. The values for the bulk material are the same values given in
Table 3.1 but with atomic%. This table also includes the atomic error percent for each phase
and element. Only the elements that were found in both phases were used for the calculations.
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Table 4.2: Table listing each alloying element and the atomic% of these inside each phase and
the bulk material of CB. The composition of each phase is calculated from peak decomposition.

Ion Atomic% - Bulk Atomic% - γ Atomic% - γ ′

Nb 0,3 0,03 ±0,002 0,56 ±0,011
W 1 0,24 ±0,006 0,33 ±0,009
Mo 1,8 2,21 ±0,014 0,28 ±0,009
Al 4,9 0,57 ±0,013 13 ±0,040
Ti 3,7 0,16 ±0,006 13,50 ±0,037
Cr 18,1 30,9 ±0,045 0,94 ±0,015
Fe 4,2 6,91 ±0,026 0,59 ±0,019
Co 8,3 13,49 ±0,034 3,02 ±0,028
Ni 57,7 45,32 ±0,045 67,52 ±0,064

The values in Table 4.2 were then used to plot the curve given in Figure 4.10. The values on
the x-axis are from calculating the composition of each element in γ ′ minus the composition in
γ . The y-axis is the composition of the bulk material minus the composition in γ . When each
element was plotted a linear regression line was plotted afterward. The slope of this regression
line is equal to the volume fraction of γ ′ inside the CB alloy. In this case it was calculated to be
around 44%. Each element is marked in the graph.

Figure 4.10: Curve used to calculate the volume fraction of γ ′ with the lever rule method. Each
element is marked in the figure.

36



The main reason for studying the C alloy was to measure the composition of γ and γ ′ of the alloy
in order to calculate the volume fraction of γ ′ and compare this with the results from the CB
alloy. This could have an effect on the creep properties of the alloys as γ ′ is what often provides
the strength to the alloys. If both alloys have a similar volume fraction of γ ′ the difference in
creep resistance is most likely a result of the boron addition. Figure 4.11 presents an atom probe
reconstruction from the C alloy. γ and γ ′ are marked in the reconstruction. The red symbols and
line indicate the iso-surfaces where proxigrams were created. The chromium iso-surface and
atoms are colored in pink and aluminium atoms are in blue. The chromium iso-surface has an
iso-value of 5.05at.%. The lower part of the figure contains a large γ ′ with γ particles inside.

Figure 4.11: APT reconstruction of the C alloy with each phase indicated by its respective
symbol. The red symbols, numbers and line indicate where the proxigrams in Figure 4.12 and
4.13 was measured.
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Figure 4.12 is a proxigram from the large chromium iso-surface at the lower part of Figure 4.11
marked with a red line and (1. The area of γ is given on the right and for γ ′ on the left. Each
element is marked in the figure in the area of the corresponding curve. γ seems to contain
mostly Cr, Co and Fe while γ ′ seems to be mostly Al and Ti of the given elements. The nickel
content in γ seems to be around 46-50 atomic% compared to around 70 atomic% in γ ′. The
maximum distance for this proxigram was at 10 nm with a bin size of 0.5. It was not observed
any carbon in the C alloy with APT. This might be a result of the carbon being mostly around
the grain boundaries in the sample.

Figure 4.12: Proxigram of the γ/γ ′ transition in the C alloy with the concentration of five se-
lected elements. Error bars correspond to the 2σ counting error.
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Figure 4.13 presents a proxigram from the chromium iso-surface marked in the middle of the
reconstruction in Figure 4.11 with (2. This proxigram showcases the concentration of Al, Ti,
Co, Fe and Cr in γ ′ given on the left and γ on the right. The content of nickel seems to be almost
identical to the values in Figure 4.12. The maximum distance for this proxigram was at 10 nm
with a bin size of 0.5. Each element is named in proximity to its respective curve.

Figure 4.13: Proxigram of γ and γ ′ with the composition of given elements. Error bars corre-
spond to the 2σ counting error.

Table 4.3 presents measured compositions in the bulk material and in γ and γ ′ from cubic ROIs.
Each element is listed in atomic% including the atomic% error. These values were used to
calculate the volume fraction of γ ′ in the C alloy. These are all elements that were identified in
both phases.

Table 4.3: Table listing each alloying element and the atomic% of these inside each phase and
the bulk material of C. The composition of each phase is calculated from peak decomposition.

Ion Atomic% - Bulk Atomic% - Gamma Atomic% - Prime

Nb 0,6 0,05 ±0,003 0,97±0,009
W 1 0,3 ±0,007 0,19 ±0,005
Mo 1,8 1,44 ±0,013 0,30 ±0,005
Al 4,9 0,66 ±0,011 11,5 ±0,027
Ti 4,3 0,25 ±0,006 12,3 ±0,028
Cr 17,9 30,9 ±0,037 1,2 ±0,011
Fe 3,8 6,42 ±0,024 0,69 ±0,015
Co 7,9 12,3 ±0,031 2,46 ±0,018
Ni 57,8 47,5 ±0,051 70,3 ±0,044
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The calculated values from Table 4.3 was used to construct the curve in Figure 4.14. Each
element is plotted in the graph with a linear regression line constructed from all the points. The
slope of this line gave a volume fraction of ca. 43% of γ ′ in the C alloy, which is around the
same value as for the CB alloy. The values on the x-axis are from calculating the composition
of each element in γ ′ minus the composition in γ . The y-axis is the composition in the bulk
material minus the composition in γ . The composition of γ ′ was measured inside the large
γ ′ precipitate seen in Figure 4.11. The volume fraction was also calculated using one of the
smaller γ ′ precipitates. These gave a minimal difference in volume fraction.

Figure 4.14: Curve used to calculate the volume fraction of γ ′ in the C alloy with the lever rule
method. Each element is plotted by calculating the differential between the composition in γ

and in γ ′ and the bulk material.

40



4.3 Grain boundary segregation

The volume fraction of γ ′ in the CB and C alloys was shown to be almost identical, meaning
the great variation in creep resistance between the alloys is a result of the boron in the CB al-
loy. Boron is said to increase the creep resistance of alloys by segregating at grain boundaries
which is why the main interest in the CB alloy was boron and its segregation in the microstruc-
ture. A possible grain boundary was only found in one of the reconstruction volumes. This
reconstruction did however include a lot of interesting features as seen in Figure 4.15 which
shows an iso-surface of boron marking the grain boundary in the CB alloy. This reconstruction
also includes other interesting aspects as possible dislocations around the grain boundary and
a particle surface. This particle is shown later in Figure 4.29 and 4.30 and is assumed to be a
carbide. The boron iso-surface has an iso-value of 0.3at.%. Aluminium iso-surfaces and atoms
are marked in blue while pink atoms are chromium atoms. The volume inside the red dashed
boxes is presented in Figure 4.16. a) shows the reconstruction without any boron iso-surfaces.
In b) only boron iso-surfaces are shown to better highlight the grain boundary in the reconstruc-
tion, as the aluminium iso-surfaces would obscure the boundary. The location of some γ and γ ′

phases is also marked in this figure.

Figure 4.15: Reconstruction from the CB alloy showcasing a possible grain boundary. a) shows
the microstructure without any boron and b) only has boron iso-surfaces to show the shape of
the grain boundary.
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A cut-out of the reconstructions with the grain boundary is presented in Figure 4.16. a) and b)
shows the iso-surfaces without the aluminium iso-surfaces to highlight the shape of the possible
grain boundary. The grain boundary is marked with green dashed lines in b). Multiple boron
iso-surfaces are shown in a), which could be a mix of grain boundary and dislocations. In b) it
is a red arrow marked with (1). This arrow indicates the direction and location of the cylindrical
ROI used to plot the concentration profiles given in Figure 4.17 and 4.18. The other red arrow
marked with (2) marks where Figure 4.19 was measured.

Figure 4.16: Atom probe reconstruction from the CB alloy showcasing a possible grain bound-
ary in a) and b). The grain boundary is shown with a boron iso-surface. This figure shows the
boron iso-surface without other iso-surfaces to better highlight the shape of the grain boundary.
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Figure 4.17 is a composition profile showcasing the composition of the grain boundary given
in Figure 4.15 and 4.16. A composition profile is a one-dimensional plot of the composition
along a specified region of interest. This composition profile is made by using a cylindrical
ROI perpendicular to the grain boundary. This composition profile showcases the concentration
of boron and carbon at the grain boundary. It seems to be mostly boron with a peak value of
around 0.4 at.%. Multiple measurements were done at the boron iso-surfaces above the carbide
surface. Most peak values landed around the same maximum values with varying ROI size,
angle and placements.

Figure 4.17: Composition profile showcasing the concentration of boron and carbon in a chosen
area of the possible grain boundary. This area is marked as (1) in Figure 4.16. Error bars
correspond to the 2σ counting error.
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The composition profile in Figure 4.18 also shows the concentration of molybdenum in the grain
boundary, as Mo also seems to have an increased value at the boundary. The concentration of
Mo seem to peak at around 2.5 at.%.

Figure 4.18: Composition profile including the concentration of molybdenum in the possible
grain boundary Error bars correspond to the 2σ counting error..

Figure 4.19 shows a composition profile measured at the red arrow marked as (2) in Figure 4.16.
This composition profile presents the concentration of boron at the carbide interface with a
maximum value of ca. 8 at.%.

Figure 4.19: Composition profile with the boron concentration in the carbide surface. Error
bars correspond to the 2σ counting error.
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4.4 Segregation on dislocations
Multiple attempts of trying to include a grain boundary in the APT samples gave some very
interesting observations despite of no grain boundaries observed in the reconstructions. These
reconstructions had instead small boron enrichments as shown in Figure 4.20. This figure shows
an atom probe reconstructions from the CB alloy with an enrichment of boron marked with a red
arrow and an iso-surface in dark blue. This enrichment can potentially correspond to segregation
of boron to a dislocation. The boron iso-surface has an iso-value of 0.22at.%. Aluminium is
marked with a lighter blue color and chromium is marked with pink atoms. It is also an iso-
surface of chromium present with a value of 17.05at.%. a) and b) is the same reconstruction
with a 90°rotation. An enlarged area with the enrichment is shown in Figure 4.21 indicated by
the red dashed box.

Figure 4.20: Atom probe reconstruction from the CB alloy with an iso-surface of boron show-
casing a boron enrichment. The iso-surface of boron is in a dark blue and the iso-surface of
chromium is in pink. The aluminium atoms are in light blue and chromium is in pink. a) and b)
is from the same reconstruction with a 90°rotation to show the shape of the enrichment.
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Figure 4.21: Iso-surface of a boron enrichment from the CB alloy. The iso-surface of boron is
in a dark blue while aluminium atoms are in light blue and the chromium atoms and iso-surface
is in pink. a) and b) is from the same reconstruction with a different angle.

A composition profile of the boron enrichment in Figure 4.21 is given in Figure 4.22. The
highest amount of boron is in the middle of the profile with a value of around 0.7 atomic%. The
concentration of carbon does not seem to peak anywhere in the profile. Mo seems to have an
increased concentration in the same area as B. It also seems to be a depletion of Al in this area.
The distance of the composition profile is of 10 nm with a bin size of 0.5 nm.

Figure 4.22: Composition profile from the CB alloy showcasing the concentration changes of
B, C, Mo and Al around the B concentration found in the reconstruction. Error bars correspond
to the 2σ counting error.
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The boron enrichment found in the last reconstruction was not expected and it was not found
anything similar in the literature. These enrichments were therefore studied further by studying
more samples with the same observations to have statistically enough observations of these
enrichments. Another example is therefore given in Figure 4.23 where the observed enrichment
is marked with red arrows. This boron enrichment is marked with an iso-surface in a dark
blue and has an iso-value of 0.22at.%. Aluminium is marked with a lighter blue color and
chromium is marked with pink atoms and a pink iso-surface with an iso-value of 12.3at.%. This
reconstruction consisted of large γ ′ precipitates. The red dashed boxes indicate the areas in
Figure 4.24.

Figure 4.23: Boron enrichment spotted in an atom probe reconstruction in CB. The iso-surface
of boron is in a dark blue. Aluminium atoms are colored in light blue and chromium atoms are
in pink.
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Figure 4.24: Zoom-in on the reconstruction given in Figure 4.23. Aluminium atoms are colored
in blue and chromium atoms are colored pink. The iso-surface for chromium is in pink and the
iso-surface for boron is in a darker blue.

Figure 4.25 shows a composition profile of the boron enrichment given in Figure 4.23 and 4.24.
The composition is measured over a distance of 10 nm with a bin size of 0.5. The largest
measured value of boron is ca. 1at.% for this boron enrichment. The Mo concentration seems
to increase with increasing B concentrations with a maximum concentration of around 6at.%.
The concentration of carbon does not seem to have any peaks present. The aluminium content
was not included in this proxigram as it showed no clear depletion. This might be a result of
few aluminium ions being in this area of the reconstruction.

Figure 4.25: CB alloy composition profile of a boron enrichment showcasing the variation in
concentration of B, C, and Mo. Error bars correspond to the 2σ counting error.
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Figure 4.26 shows the final atom probe reconstruction from CB where an enrichment was spot-
ted. The location of this enrichment is marked with red arrows. The iso-surface of boron is
however obstructed from the chromium iso-surfaces. Later figures will therefore help in show-
casing this boron enrichment. The boron iso-surface is in a darker blue with an iso-value of
0.002at.%. The chromium iso-surfaces are in pink and have a value of 15.74at.%. The red
dashed boxes indicate the area showcased in later figures. Aluminium atoms are colored in blue
while chromium atoms are in pink. a) and b) is from the same reconstruction with a 90°rotation.

Figure 4.26: APT reconstruction from the CB alloy with a boron enrichment. This reconstruc-
tion includes pink chromium atoms and aluminium atoms with also pink chromium iso-surfaces.
The boron enrichment is in a darker blue.
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Cut-outs from the reconstruction given in Figure 4.26 is presented in Figure 4.27. a) and b)
shows the reconstruction from the side from different angles while c) and d) show it from the
top and underneath. The boron enrichment is marked with a blue iso-surface. This is the longest
boron enrichment spotted in the CB alloy. The enrichment seems to reside on the γ/γ ′ surface
with some parts inside each phase.

Figure 4.27: Cut outs of the reconstruction with the third boron enrichment found in the CB
alloy. The dark blue iso-surface is of boron and the pink iso-surfaces are chromium. a)-d)
shows the same boron enrichment in the reconstruction from four different angles.
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Figure 4.28 shows a composition profile of the boron enrichment found in the reconstruction.
This profile covers a distance of 10 nm with a bin size of 0.5. The highest concentration value
for boron seems to be around 1.2 atomic%. Note that all composition profiles show different
maximum values of boron for each enrichment. This could for example be a result of the
enrichments being boron segregating at different types of dislocations.

Figure 4.28: Concentration of B, C and Mo plotted in a concentration profile from the CB alloy.
Both Mo and B have a peak between 4 and 6 nm in distance. Error bars correspond to the 2σ

counting error.
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4.5 Intergranular particle
The reconstruction in Figure 4.15 contained a lot of interesting features including a particle
found at the bottom of the reconstruction. This particle is assumed to be a carbide, and could
have big implications on the microstructure around it including the grain boundary that is above
it and seems to go along the particle surface. This particle is presented in Figure 4.29 with a
red iso-surface of carbon with an iso-value of 2.03at.%. Aluminium atoms and iso-surface is
marked in blue and chromium atoms are in pink. The aluminium iso-surface has an iso-value
of 5.35at.%. Both a) and b) given in Figure 4.29 shows the same reconstruction from different
angles. The red dashed box indicates the volume of the reconstruction given in Figure 4.30,
which shows images closer to the carbide.

Figure 4.29: APT reconstruction from a sample milled out of the CB superalloy sample. Each
phase and a carbide are marked in this figure. Aluminium atoms and iso-surfaces are colored
blue and chromium in pink. Finally, the carbide is marked with a red iso-surface.

Figure 4.30: Cut out of the reconstruction in Figure 4.29 showcasing the carbide surface from
two different angles in a) and b). c) showcases the carbide from above.
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Multiple proxigrams were created from the particle iso-surface to find the chemical composition
of the particle. The first proxigram given in Figure 4.31 include elements that have a drastic
change in their value when analyzing outside and inside the particle volume. The volume of the
particle is given on the right side of the proxigram. It is clear that it is a depletion of chromium
and iron inside the particle volume. The values for carbon and titanium increase drastically
inside the particle volume however, indicating that this particle might be a titanium carbide.

Figure 4.31: Proxigram with elements changing drastically in concentration when moving from
outside to inside the carbide volume. Error bars correspond to the 2σ counting error.
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The other proxigrams showcase the composition of the carbide surface as shown in Figure 4.32.
The elements used in this proxigram are elements that seem to increase in value at the particle
surface. Note that it also is a grain boundary present at the carbide surface. This proxigram
has a maximum distance of 10 nm and a bin size of 0.5. Each element is named close to its
respective curve.

Figure 4.32: Proxigram with elements that show a higher concentration at the carbide surface.
In this proxigram molybdenum is not included to better highlight the shape of the curves for the
other elements. Error bars correspond to the 2σ counting error.
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Figure 4.33 is the same proxigram as Figure 4.32 showcasing the Mo concentration of the
carbide surface. The separate curve of Mo is to better highlight the shape of the curves for the
other elements in Figure 4.32.

Figure 4.33: Proxigram from the carbide surface showcasing the change in composition of Mo.
Error bars correspond to the 2σ counting error.
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5. Discussion

Intergranular cracking and embrittlement of the C alloy

The C alloy showed significantly lower creep properties compared to the CB alloy according
to Figure 3.1. It was found fewer cracks on the polished surface of the C alloy with the SEM
compared to the CB alloy. The CB alloy had multiple cracks both close and some millimeters
away from the fracture surface with varying sizes. All cracks found on the C alloy seem to have
propagated to long cracks as both cracks in Figure 4.1 and 4.4 are longer than 30 µm. The
absence of boron might have resulted in the lower creep properties of the sample as cracks eas-
ily propagated along grain boundaries, which might explain why all cracks were intergranular.
Without the beneficial effects of boron the grain boundaries have shown little creep resistance
with the lack of grain boundary strengthening. Other effects could also be related to grain
boundary embrittlement. Figure 4.2 and 4.5 shows both cracks imaged with backscattered elec-
trons. Oxides seem to be present in both cracks as these have a high contrast compared to the
base material with BSE as seen in Figure 4.2 and 4.5. There are a lot more oxides present in
the C alloy compared to the CB alloy indicating that the C alloy is more susceptible to grain
boundary embrittlement. It is said that boron decreases diffusion along grain boundaries which
might mean that boron decreases diffusion of oxygen along grain boundaries, which results in
less grain boundary embrittlement. One of the reasons boron might increase creep properties
could be that the boron decreases the grain boundary embrittlement in addition to the strength-
ening effects. The oxides present inside the cracks also hint to these cracks being a result of
creep, as the cracks had access to oxygen which would be provided during fracture of the sam-
ple. These cracks do therefore not seem to be a result of the additive manufacturing process,
as one would expect less oxides present inside these cracks. There were also not observed any
cracks similar to what was named internal cracks in [105], which were small cracks consist-
ing of cavities along grain boundaries. This could also indicate that this alloy suffered mainly
from grain boundary embrittlement. The EBSD results show that both cracks have propagated
intergranulary along high angle grain boundaries. The cracks seem to have propagated 45°with
respect to the fracture surface. This was discussed in [105] to indicate that the cracks are related
to creep deformation.
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Comparison of composition for the CB and C alloy with APT

The atom probe reconstruction from CB given in Figure 4.7 shows a typical reconstruction of a
nickel-based superalloy with γ ′ precipitates inside the γ matrix. This is also seen in Figure 4.11.
The composition of both the CB alloy in Figure 4.8 and for the C alloy in Figure 4.12 and 4.13
seems to be quite similar with almost identical shape of the graphs. The atomic percent for the
given alloying elements and nickel seems to be around the same range for both samples in both
γ and γ ′. It was not observed any carbon in the C alloy with APT. This might be a result of
the carbon being mostly at the grain boundaries in the sample. When boron is not present the
carbon is no longer in the losing battle of occupying sites around grain boundaries and might
achieve a higher grain boundary segregation. In the literature as mentioned earlier segregation
is observed of carbon around grain boundaries with APT, even in alloys with a low amount
of carbon. Presence of carbon and boron was observed in the bulk of the CB alloy as shown
in Figure 4.9. From this proxigram it seems as most of the boron reside on the γ/γ ′ interface
in the bulk material or in γ when a grain boundary is not present. It seems as it is an overall
higher amount of boron in γ compared to γ ′. The reason carbon and boron are detected in CB
might be because of the two elements competing, as the combination of these elements reduces
the overall segregation. The grain boundaries might be already occupied with boron or carbon,
resulting in a higher concentration of these elements in γ and γ ′. The addition of carbon might
reduce the grain boundary segregation of boron which results in a higher boron concentration
in the bulk material.

The lever rule was used for both the CB and C alloys resulting in a similar volume fraction
of γ ′ of 43-44%. γ ′ is what provides the strength and mechanical properties of this alloy, where
one often wants to increase the volume fraction of γ ′ to increase the strength of the material.
This means that the large deviation in creep resistance measured from these alloys does not
originate from a difference in the volume fraction of γ ′. The most likely explanation is there-
fore that boron is the reason for CB having a superior creep resistance compared to C as seen
in Figure 3.1. This is further backed by the observation that the proxigrams from both sam-
ples seen in Figure 4.8 and 4.12 almost look identical with around the same concentration for
each element. Both samples are very similar in composition, with boron being the main differ-
ence. This highlights the criticality of alloying with boron to increase the creep strength. The
grain boundaries are still the weakest points of the alloys as both of them crack intergranulary,
showing the importance of grain boundary strengthening.
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Boron segregation at grain boundaries

The large boron enrichment that might possibly be a grain boundary is located along a large γ/γ ′

surface as seen in Figure 4.15 and 4.16. This is the part of the grain boundary above the carbide
surface which is marked with (1. The boron iso-surfaces indicating the boron enrichments are
inside both γ and γ ′ close to the interface. It was observed in Figure 4.9 that there was an in-
creased concentration of boron on the γ/γ ′ interface. An interesting angle on this could be that
the boron iso-surfaces in Figure 4.16 are very high boron enrichment on the interface. In other
words, the boron has segregated at the interfaces and not a grain boundary. It is shown in Fig-
ure 4.17 that the boron concentration in the possible grain boundary is low. One might expect
to find a higher concentration of boron at a grain boundary as for example the concentration in
[12] was between 2-7% on a similar alloy. These grain boundaries did however not have any
carbides present in the reconstruction.

In a previous study [106], it was found that borides formed progressively through building
with additive manufacturing of the nickel-based superalloy. When the borides formed, solutes
around the boride were depleted and consumed by the boride. This means that the presence of
an intermetallic particle could decrease the overall concentration of boron at the grain bound-
aries as a result of boron diffusing to the particle present in the material. No borides or carbides
were observed in this alloy with SEM, given the resolution of an SEM [105]. It was however
found a carbide in the reconstruction in Figure 4.29 which is right underneath the possible grain
boundary. This then seems to indicate that there are carbides present in the CB alloy. The re-
sults in Figure 4.31 shows that the carbon and titanium content increases drastically inside the
particle volume, indicating that this might be a titanium carbide.

It is shown in Figure 4.32 that the boron concentration increases to around 2.5% at the sur-
face of the carbide. Figure 4.19 show that the boron concentration is almost at 8% on the
carbide surface. This amount of boron is what is expected at a grain boundary. The high boron
concentration found in Figure 4.19 and Figure 4.32 therefore indicates that the grain bound-
ary goes along the carbide surface, as there are only high amounts of boron at the surface and
not inside the carbide volume. This is also clear in Figure 4.15 where the carbide surface is
indicated with a boron iso-surface. The grain boundary might therefore go along the carbide
surface and then follow the green line shown in Figure 4.16. The part of the grain boundary
which is above the carbide might have a decreased concentration of boron since it is so close to
the carbide which would consume a lot of boron. It was found in [106] that the portion of the
grain boundary closest to an intermetallic particle had a lower concentration compared to a part
further away. It might be that a part of the grain boundary further away from the carbide, which
was not included in the reconstruction had a higher boron concentration.
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The boron iso-surfaces in Figure 4.16 c) seem to consist of a grain boundary and boron en-
richments. Some of these iso-surfaces look similar to the boron enrichments presented in other
reconstructions which were discussed to perhaps be dislocations. It might be that some of these
iso-surfaces are dislocations close to the grain boundary. For example from a dislocation pile-up
where multiple dislocations would be present in the proximity of the grain boundary. The pile-
up would be a result of the deformation that happened during the creep test of the sample, which
could explain why the grain boundaries found in [12] look different from the grain boundary
found here. In the article from Tytko [55] it was observed titanium carbides at the grain bound-
ary in a polycrystalline superalloy. It was argued that these carbides also had negative effects as
a result of the carbides being incoherent with the matrix which gave a high dislocation density.
The dislocation density could then lead to increased creep rates in the material. It might be that
that this high dislocation density is what is seen in Figure 4.16. It could also be that the grain
boundary only goes along the carbide surface and that all the boron enrichments above the car-
bide surface are dislocations from the pile-up. This could for example explain the differences in
boron concentration between the possible grain boundary part above the carbide and the grain
boundary part along the carbide surface. To be certain when analyzing grain boundaries in the
future, correlative TEM/APT (transmission electron microscope) should be used to make sure
that a grain boundary is present in the sample before it is run in the APT. This would remove a
lot of uncertainties and help to distinguish grain boundaries, dislocations and other phenomena.
An example is presented in Figure 5.1 where one can observe the grain boundary in a) with
TEM before the sample is run in the APT. The results are then shown in b) and c) where one is
certain that there is a grain boundary present in the sample.

Figure 5.1: APT sample analyzed with TEM in a) and with the final reconstruction in b) where
a grain boundary is analyzed [55].

It might be that the concentration profile in Figure 4.17 shows the boron concentration in a
dislocation or an array of dislocations, and not a grain boundary above the carbide surface. If
there are both dislocations and a grain boundary present above the carbide surface in this re-
construction, it might seem as both have around the same boron concentration. All attempts
of measuring the concentration profile seemed to result in approximately the same values no
matter the size and placement of the ROI. This value is lower than all composition profiles
for the boron enrichments in Figure 4.22, 4.25 and 4.28. One reason for the low boron con-
centration on the grain boundary could be that there are a lot more points where boron could
segregate as there is a grain boundary and multiple dislocations present. It could also be because
of the carbide that is present, reducing the boron concentration in the area around itself. This
further proves the value of correlative TEM/APT for dividing grain boundaries and dislocations.
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Molybdenum segregates at both dislocations and grain boundaries as seen in the literature for
other superalloys. The molybdenum peak in Figure 4.18 might indicate that the measured area is
simply not just a boron enrichment on an interface, but a dislocation or grain boundary. Carbon
showed little variation in concentration between the composition profiles for the boron enrich-
ments, with no outstanding peak. The amount of carbon inside the enrichments seems to be
generally low. This is visible in for example Figure 4.22 where carbon does not have any peak
in concentration present. It was then assumed that carbon does not segregate to dislocations in
this alloy, which could for example be a result of competing sites with boron and the slower
diffusion of carbon. In Figure 4.17 it does however seem as carbon has a peak in concentration
at the same location as boron which could indicate that this is a grain boundary. In this figure
the carbon content is almost 0.1% lower at the highest concentration of boron while for the
rest the carbon concentration is almost equal or even higher in some areas. This is a contrast
to the composition profiles for the enrichments, where the carbon concentration was quite low
compared to the boron.

Segregation of boron on dislocations

Some unexpected results from the CB alloy were the boron enrichments which were found in
multiple reconstructions. The enrichment found in Figure 4.27 seems to extend over a larger
area than the enrichments found in the other reconstructions. All boron enrichments seem to
be located close to a γ/γ ′ surface and to have roughly the same boron concentrations as seen in
Figure 4.22, 4.25 and 4.28, and vary between ca. 0.7 and 1.9 at.%. These enrichments might
correspond to boron segregating at dislocations or at least parts of dislocations. The boron en-
richments might be a result of Cottrell atmospheres that have formed around the dislocations
giving the enrichments the linear shape. If boron segregates at dislocations inside this superal-
loy this might give a strengthening effect as the atmospheres slow down dislocation movement.
This might also increase the creep strength of the alloy as moving dislocations during creep
are slowed down by the formation of these atmospheres. An interesting angle could however
be that these atmospheres indirectly weaken the grain boundaries of the superalloy by trap-
ping the boron on the dislocations and thereby hindering the boron from segregating to the
grain boundaries. In other words, this might result in an overall decreased amount of grain
boundary segregation of boron. This could explain the lower boron concentration found on the
possible grain boundary. If the grain boundary is surrounded by multiple dislocations from a
pile-up this might mean that there are a lot of available sites for the boron to segregate at. If
boron then segregates at the dislocations instead of the grain boundary, it might decrease the
maximum possible grain boundary segregation. Most cracks found on the CB alloy were inter-
granular meaning the grain boundaries are the weakest link of the alloy. Weakening of the grain
boundaries would therefore mean an overall weaker alloy. It was found in [105] that some in-
tergranular cracks transitioned to transgranular cracks during propagation. This was discussed
to be a result of boron segregating at the grain boundaries. Less boron segregated at the grain
boundaries might therefore lower the chance for this transition during crack propagation. It is
shown in Figure 3.1 that the CB alloy has similar creep strength to an alloy that is produced with
traditional routes. If boron did not segregate at dislocations then perhaps this alloy produced
with AM would be able to even transcend some mechanical properties of the alloys which were
cast and wrought. This has been observed in other cases with other nickel-based superalloys. It
is shown in Figure 4.22, 4.25 and 4.28 that the concentration of molybdenum increases in the
areas of high boron concentrations. This seems to correlate well with other findings, where Mo
have segregated at dislocations [92, 107]. This further backs the possibility of the boron enrich-
ments being dislocations instead of random enrichments as Mo is known as a typical element
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to segregate at dislocations.

Desegregation of grain boundaries

Multiple attempts to analyze a grain boundary with the APT were unsuccessful as it is chal-
lenging to prepare the samples to get a grain boundary inside the sample tip. Out of eight APT
experiments it was only found a possible grain boundary in one of the samples. In previous
studies, boron clearly decorates grain boundaries as observed by APT. It was expected to iden-
tify the grain boundary in a similar way here. However if this segregation is not present it would
be difficult to observe the grain boundary. Desegregation of grain boundaries is a phenomenon
where boron or other elements that have segregated at the boundaries diffuse away from the
grain boundary. These solutes usually diffuse into grain boundary precipitates as carbides or
borides and usually occur after heat treatment [53, 108, 109, 110]. Segregation of boron at
grain boundaries usually occurs as nonequilibrium segregation. This type of segregation tends
to happen during cooling from high temperatures. At high temperatures a high amount of va-
cancies are created inside the grains. During cooling the grains become supersaturated with
vacancies causing the vacancies to diffuse towards the grain boundary. If these vacancies meet
a boron atom on the way to the grain boundary it might drag the boron atom with it to the grain
boundary. This then causes segregation of boron at the grain boundary. Desegregation of grain
boundaries may only occur at grain boundaries enriched from nonequilibrium segregation. The
degree of desegregation depends on the temperature and cooling rate as enough time is neces-
sary to achieve desegregation [111].

In the atom probe experiments in [12] the CB alloy was analyzed after heat treatment where
grain boundary segregation of boron was observed. However for the sample called C+B+Zr
where zirconium also was added to the alloy, the Zr was no longer present at the grain boundary
after heat treatment. It was instead found a high concentration of Zr inside the γ ′ phase. After
heat treatment the CB alloy was creep tested at 650 °C for almost 2500 hours until the sample
ruptured. An interesting possibility could be that desegregation of the sample occurred during
creep testing. The sample was exposed to a high temperature for a significantly long amount of
time. It might therefore be that the boron diffused into the grain interior during creep. The de-
segregation of boron from the grain boundaries may then have weakened the grain boundaries
causing the sample to fracture intergranulary as described in [105]. This would then explain
why almost all cracks in the CB alloy propagated intergranulary and why so few grain bound-
aries with boron segregation were observed during this thesis. The weakening of the grain
boundaries would have a detrimental effect on the creep properties of the alloy as the lack of
boron segregation would severely weaken the alloy. This is observed for the C alloy which
showed significantly lower creep resistance compared to the CB alloy as seen in Figure 3.1. In
this case the boron might have acted similar to what zirconium already has shown in a similar
alloy. However if the CB alloy fractured as a result of boron desegregating one might expect to
observe a larger amount of oxides present in the cracks as seen for the C alloy in Figure 4.2 and
4.5. Since no boron grain boundary segregation was found in most APT samples one would ex-
pect that most of the boron would have desegregated. This would also imply that grain boundary
embrittlement could be possible as boron was discussed to be the reason for CB experiencing
less embrittlement than the C alloy. This could therefore imply that boron should be present
at the grain boundaries and that no grain boundaries were present in these samples. An idea
could also be that desegregation happen gradually through the creep test. Then the intergranu-
lar crack propagation might have occurred when the grain boundaries had a low enough boron
concentration from desegregation. It could however be that there was some boron still present
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preventing grain boundary embrittlement, but not sufficient enough to prevent cracking. This
would then lead to the cracks being a result of creep, while perhaps the cracks in the C alloy are
more affected by grain boundary embrittlement. This would explain the difference in oxides in
the cracks from each alloy.

While most observations of desegregation are of boron diffusing to grain boundary precipitates,
the article from [111] defines desegregation as atoms diffusing away from the grain boundary
and back to the grain interior. If boron has desegregated from the grain boundaries it should
be present somewhere else in the microstructure. Four different scenarios will therefore be
discussed. These scenarios are boron desegregating to:

• i) The grain bulk

• ii) Dislocations

• iii) The γ/γ ′ interfaces

• iv) Intergranular particles as borides and carbides

These scenarios will also be illustrated in simplified schematics for visualization purposes. Note
that if desegregation occurs multiple events might occur and not necessarily only one of them.
Figure 5.2 is a schematic of a grain boundary segregated with boron before desegregation occurs
and therefore has a significant amount of boron segregation. This is also the case for the part of
the grain boundary that goes along the carbide. A γ ′ precipitate is also present in this figure.

Figure 5.2: Schematic of a grain boundary, carbide and γ/γ ′ before desegregation. The grain
boundary has a significant amount of boron segregation.
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Segregation at dislocations

Boron enrichment was observed in multiple samples from the CB alloy. It is discussed that
these enrichments might be dislocations where boron has segregated. These dislocations seem
to be mostly present in the γ phase and close to the γ/γ ′ interface as seen in Figure 4.21, 4.24
and 4.27. One can observe in Figure 4.9 that these are the areas that generally have the highest
concentration of boron present. A possibility might therefore be that boron desegregates from
the grain boundaries and into the grain bulk as illustrated in Figure 5.3. Note that there is less
boron on the part of the grain boundary above the carbide in the schematic after desegregation,
compared to the part of the grain boundary that goes along the carbide surface. It might stay
inside the bulk which explains the higher amount of boron in γ , or if a dislocation is present it
could diffuse from the grain bulk to the dislocation as illustrated in Figure 5.4. This scenario
would therefore mean that the segregation of boron on dislocations occurs during the creep test
and is not present before this. This agrees with the presented theory which said that carbon and
other elements could segregate to moving dislocations. One would expect this to be the case
during creep while the material is deforming. If most of the boron in the sample was segregated
at grain boundaries before the creep test and then desegregated from the grain boundaries, it
would mean a significant boron concentration would be present in the bulk material. If the boron
atoms then segregate at dislocations it could explain why the boron enrichments were found so
frequently in the CB alloys. It would also explain the high amount of boron concentration found
in each enrichment with peak values around 1-2 at.%.

Figure 5.3: Schematic of desegregation of boron to the bulk material. The grain boundary has a
reduced amount of boron segregation at the part above the carbide.

Figure 5.4: Schematic of boron segregated at a dislocation in the alloy after desegregation.
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Segregation at γ/γ ′ interfaces

If no dislocations are present in the vicinity of the desegregated boron another possibility might
be that the boron diffuses to the γ/γ ′ interfaces as shown in Figure 5.5. It is seen in Figure 4.9 that
there is a high amount of boron on these interfaces. Note that all boron enrichments that were
observed were in close proximity of γ/γ ′ interfaces. If these enrichments are not dislocations it
might be the interfaces that are the reason for the boron enrichments. These interfaces might
then have attracted the boron in the bulk material if these interfaces are more preferential for
the boron compared to the bulk material.

Figure 5.5: Schematic of boron segregated at a γ/γ ′ interface as a result of desegregation of a
grain boundary.
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Formation of intermetallic particles

The final event that might occur is that the boron has led to the formation of intermetallic
particles or been consumed during coarsening of existing particles leading to grain boundary
desegregation. A carbide that has consumed boron is illustrated in Figure 5.6. Most reviewed
literature writing about boron desegregation observed boron partitioning to particles. In an
article from Kurban [112] the segregation of boron was studied in an austenitic stainless steel.
It was found that boron had a tendency to desegregate from grain boundaries during annealing
at 800 °C with increasing annealing time. The boron then desegregated into carbides which
precipitated at the grain boundaries. It was then discussed that boron has a higher affinity to
carbides compared to grain boundaries. This could be connected with the earlier discussion of
the grain boundary carbide consuming boron.

Figure 5.6: Schematic of a carbide having increased amounts of boron from formation, causing
a reduced amount of boron segregation at the grain boundary.

If the boron enrichments above the carbide in Figure 4.15 and 4.16 is a grain boundary and there
is desegregation of boron during creep the next question then might be how a grain boundary
this close to a carbide still has segregation of boron? If there are grain boundaries present in the
other reconstructions with boron fully desegregated then one would expect a grain boundary
this close to a carbide to be fully desegregated too. This could therefore be an indication of
desegregation not being the case in this alloy. Another reason might perhaps be that desegre-
gation does not occur for all grain boundaries. This would mean that the grain boundary found
here did not have any desegregation, while other reconstructions had fully desegregated grain
boundaries. For example as a result of the carbide present in the same reconstruction as the
grain boundary. If desegregation did occur during creep then perhaps boron desegregating from
other grain boundaries collided with the grain boundary in Figure 4.30 on its way to the carbide
and therefore segregated to this grain boundary instead. If desegregation occurred one would
expect that all boron segregated at this grain boundary before creep would have been consumed
by the carbide during desegregation. This would therefore mean that this grain boundary would
be fully desegregated of boron before the diffusing boron from another grain boundary hit this
boundary close to the carbide. This would again mean that there would be a lot of empty sites
for boron to occupy at the grain boundary. Desegregation to particles is mainly observed after
heat treatment in the literature, meaning higher temperatures and shorter time. More specifically
during cooling where the temperature is decreasing and not constant as during this creep test.
This could perhaps change up the desegregation behavior meaning for example desegregation
to dislocations occur more frequently, or that desegregation to carbides occurs less as a result of
the lower temperature. This discussion around desegregation shows why the use of correlative
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TEM/APT could be important. This would give a definite answer to the question regarding if
grain boundaries are present, regardless of boron being segregated at the grain boundaries or not.

It is also worth noting that all analyzed samples were attempts of studying grain boundaries,
meaning all analyzed volumes at least are in the vicinity of a grain boundary. As all lift-outs
were from grain boundaries as mentioned earlier. This means that for example all dislocations,
bulk material and γ/γ ′ interfaces were close to the grain boundaries where desegregation might
have occurred. This could for example mean that dislocations inside the grain bulk a long
distance away from grain boundaries will not have any boron segregated. If the boron atoms
actually are able to reach dislocations and other points of interest most likely depend on the dif-
fusion process during creep. Boron diffuses fast [106], and with the creep test lasting over 2000
hours it might therefore be able to diffuse the necessary distance if the temperature is sufficient.
Further research of multiple grain boundaries is required for this sample to determine the chem-
istry of the grain boundaries and to study if desegregation of boron does occur during creep.
This would also highlight differences between different grain boundaries which would explain
if desegregation and segregation of boron happens to only some or most of the grain boundaries
in the sample. Analyzes of dislocations inside the grain bulk would help to determine if the
boron enrichments are a result of desegregation from grain boundaries.
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6. Conclusion

Two versions of the AD730 alloy named CB and C were studied to investigate grain bound-
ary segregation and cracking after additive manufacturing and creep testing. The alloys were
produced with laser powder bed fusion and were creep tested with the loading direction perpen-
dicular to the building direction with a load of 690 MPa at 650 °C. Both alloys were investigated
with atom probe tomography, as this characterization technique allows us to study boron segre-
gation on crystal defects.

• All cracks found at the C alloy had propagated intergranulary. This indicates that the al-
loy fractured during creep as a result of lacking grain boundary strengthening. It was also
observed significant amounts of oxides in the cracks which could mean the grain bound-
aries experienced embrittlement during creep. This was not observed for the CB alloy
which could mean that boron segregating at the grain boundaries hinders embrittlement
by for example hindering diffusion of oxygen along the boundaries.

• The calculated volume fraction of γ ′ was almost identical for both alloys. This indicates
that the great deviation in creep strength is a result of the lack of boron in the C alloy.
This is also backed by the fact that the composition of both alloys is almost identical.

• A grain boundary was found in a reconstruction from the CB alloy. This grain boundary
had one part that seemed to go along a carbide surface and one part above the carbide.
This grain boundary seemed to be surrounded by dislocations in a dislocation pile-up.
The part along the carbide was assumed to be a grain boundary since it had a very high
boron concentration.

• The boron concentration of the grain boundary part above the carbide was lower than
expected. One reason for this could be that boron segregating at dislocations decreases
the overall segregation at the grain boundaries. Which then indirectly weakens the grain
boundary. Another possibility is that boron was consumed during formation or coarsening
of the nearby carbide. It is also possible that the part above the carbide are dislocations
from the pile-up and not part of the grain boundary.

• Multiple boron enrichments were found in the CB alloy which could correspond to boron
segregation at dislocations. Increased amounts of of molybdenum was also found in
the same regions. This segregation could strengthen the alloy by decreasing dislocation
movement.
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• Desegregation was also discussed as few grain boundaries were found in the reconstruc-
tion volumes. It is documented that desegregation of grain boundaries can happen for
boron during heat treatment and it was also observed for zirconium in a similar alloy.
Desegregation could be connected to the intergranular cracking as the grain boundary
segregation would decrease during desegregation. The boron could then segregate at for
example dislocations, γ/γ ′ interfaces or particles in the vicinity of the grain boundary.
This would explain why the boron enrichments were found so frequently in the CB alloy.
Desegregation might however not happen for all grain boundaries as it was found a grain
boundary with boron segregation. It is also possible that desegregation did not occur at
all.
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7. Further studies

A lot is still unknown regarding the segregation behavior of boron after additive manufactur-
ing and creep. More grain boundaries from the CB alloy should be analyzed to have more
examples to compare with. This would make it easier to find the relationship between inter-
metallic particles, segregation, creep and manufacturing. This thesis relies on one reconstruc-
tion with multiple elements including dislocations, a grain boundary and a carbide which could
have multiple interactions with each other. Having for example a grain boundary without any
carbide present would help to divide effects from different sources when comparing with the
results from this thesis. APT analyzes from the grain bulk would help to identify if segregation
on dislocations occurs further away from grain boundaries and would also make it possible to
compare the boron concentration in the grain bulk with what is found here. Correlative TEM
and APT seems to be a powerful combination of characterization tools. This would be of great
value to distinguish grain boundaries and dislocations and also to see if there are grain bound-
aries that are fully desegregated present. It could also be interesting to study grain boundaries
in the C alloy to see how the composition of the grain boundaries changes when boron is ab-
sent. It could also be valuable to heat treat similar alloys at the same parameters as the creep
test without applying stress. This would make it possible to identify what effect stress has on
the segregations in the alloys. More studies on what effect creep and additive manufacturing
has on grain boundary segregations could be interesting and valuable in future alloy design for
high-temperature applications.
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[24] E. Chauvet, P. Kontis, E. A. Jägle, B. Gault, D. Raabe, C. Tassin, J.-J. Blandin,
R. Dendievel, B. Vayre, S. Abed, G. Martin, Hot cracking mechanism affecting a non-
weldable Ni-based superalloy produced by selective electron Beam Melting, Acta Mate-
rialia 142 (2018) 82–94.

[25] D. Bürger, A. Parsa, M. Ramsperger, C. Körner, G. Eggeler, Creep properties of single
crystal Ni-base superalloys (SX): A comparison between conventionally cast and additive
manufactured CMSX-4 materials, Materials Science and Engineering: A 762 (2019)
138098.

71
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A. Results from project thesis
Some results from the project thesis [105] are attached to help the reader. These results are
already examined and should not be evaluated for this thesis. These results are from the alloy
named CB, including images taken with SE, BSE and EBSD. Figure 7.1 shows an intergranular
crack close to the fracture surface of the CB alloy.

Figure 7.1: Example of a crack found close to the fracture surface of the sample. This image
is taken with secondary electrons. The red dashed box marks where the EBSD analysis was
applied in Figure 7.2.

Figure 7.2 shows the crack in Figure 7.1 from the area in the red dashed box with EBSD.

Figure 7.2: IPF-X map corresponding to the area denoted by the red dashed box in Figure 7.1.
The crack is marked with red arrows.
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A transition from intergranular to transgranular propagation is shown in Figure 7.3 with sec-
ondary electrons.

Figure 7.3: Image of a crack close to the fracture surface taken with secondary electrons. This
is the same crack as in Figure 7.4.

Figure 7.4 shows an IPF-X map of the propagation transition in the crack from Figure 7.3.

Figure 7.4: IPF-X map of the crack in Figure 7.3. This crack is marked with a red arrow. The
red dashed box marks the area for Figure 7.3. The blue dashed box marks the area of Figure 7.5.
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Figure 7.5 shows oxides present in the crack from Figure 7.3 with backscattered electrons.

Figure 7.5: Image of a crack close to the fracture surface taken with backscattered electrons.
This is the same crack as in Figure 7.4.

Multiple cracks are presented with secondary electrons in Figure 7.6.

Figure 7.6: Image of cracks close to the fracture surface taken with secondary electrons. The
red dashed box marks where the EBSD analysis in Figure 7.7 was performed. The blue dashed
box indicates the area in Figure 7.8.
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Figure 7.7 is an IPF-X map of the cracks given in Figure 7.6.

Figure 7.7: IPF-X map of cracks found close to the fracture surface given in Figure 7.6. Some
of the cracks are indicated with red arrows. The points a)-d) are areas where misorientation was
measured.

Figure 7.8 is an image taken with backscattered electrons of the cracks in Figure 7.6.

Figure 7.8: Image of cracks close to the fracture surface taken with backscattered electrons in
the area marked with a blue dashed box in Figure 7.6.
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