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Abstract
Hydrogen embrittlement (HE) of high-strength low-alloy (HSLA) steels is a big
problem. Several options are known to prevent/delay the embrittlement of the
steels. One option is to trap the hydrogen at or inside the carbides. This could
be interpreted as an energetic interaction, as the nano-sized carbides contribute to
the mechanical strength of the material. This work investigates three different low
alloyed steels, named in the thesis Steel-1, Ti-steel and V-steel. For the electrochem-
ical D loading process, a 0.1 M NaOH in D2O is used. The specimens are transferred
at room temperature (RT) to the atom probe (AP). Crystallographic calibration
was carried out for all measurements. For Steel-1 in the quenched state, no trapping
can be seen. For the annealed specimens, the trapping capability can be argued.
The Ti- and V-steel show D trapping. Besides the standard measurement, a room
temperature degassing experiment was carried out for the Ti- and V-steel to get a
qualitative insight into the strength of the traps.

Keywords: Atom Probe Tomography, Hydrogen Embrittlement, High-strength low-
alloy steel, Hydrogen traps, Carbides
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1
Introduction and Aim

The utilization of (green) hydrogen increases to create a more sustainable industry
and achieve global sustainability goals [1–3]. To use hydrogen economically, the
hydrogen needs to be transported in a cost-effective way. One possibility is to use
the existing natural gas infrastructure. The problem of transporting hydrogen in
steel pipelines is the hydrogen-induced/mediated embrittlement of the material [4].
It is important for the growing usage of hydrogen in daily life to have more resistant
materials against hydrogen embrittlement (HE). One option to achieve this is to
trap the diffusible hydrogen. For a suitable trapping, the traps should provide
sufficient trapping sites and should be strong enough to prevent the diffusion of
hydrogen to critical areas in the material. High-strength low-alloy (HSLA) steel
is a promising and cost-effective class of materials. The nano-sized carbides are
present in a high number and providing a high surface area. To analyze them, a
microscope with high chemical and spatial resolution is required. The atom probe
tomography (APT) fulfills the required conditions at that length-scale.
The aim of the thesis is to investigate the hydrogen trapping capability of different
carbides in different types of low-alloyed steels using APT.
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2
Background

2.1 Hydrogen Embrittlement
HE is a reduction in the ductility and strength of a material caused by the indiffusion
of atomic hydrogen into the crystalline lattice of the metal [5]. Some catastrophic
failures in the past are connected to HE, like the failure of a high number of anchor
rods of the San Francisco-Oakland Bay Bridge in the year 2013 [6]. To prevent such
failures, it’s important to know how to increase the resistance of steels to HE.

2.1.1 Hydrogen Uptake
In general, different types of HE are known. The different mechanisms have in
common that hydrogen has a detrimental effect on material properties and causes
premature failure [7]. Hydrogen diffuses as an atomic species into the material [5].
Three possible absorption mechanisms are shown below.

The first mechanism is called pressurized charging. The mechanism is shown in
Figure 2.1. First, the molecular hydrogen is adsorbed on the metal surface. The
cleavage in two hydrogen atoms occurs on the surface, continued by the absorption
into the material [8].
The second mechanism is called electrolytic hydrogen charging and is connected to
corrosion in an acidic environment. Equation 2.1 shows the reduction reaction of
the process. The needed electron for the process is supplied by the oxidation of the
metal [8].

H+ + e− −−→ Had ←−→ Hab (2.1)

The last mechanism is called cathodic charging, the chemical reaction is shown in
Equation 2.2. An external potential forces the cleavage of water molecules on the
metal surface and create atomic hydrogen [8].

H2O + e− −−→ Had + OH− (2.2)

The cathodic charging is later used to load the investigated samples with deuterium.
See Section 3.3.
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2. Background

Figure 2.1: Mechanism for the hydrogen absorption directly from the gas phase.
Based on [9].

2.1.2 Embrittlement Mechanisms
The absorbed hydrogen diffuses as atoms through the lattice. Sites with increased
residence time for the hydrogen atoms are called traps. Figure 2.2 shows the possible
trapping sites for the atomic as well as for the recombined molecular hydrogen at
an atomic and a macroscopic scale [5, 7].

Figure 2.2: Locations for hydrogen inside of materials at an atomic (a) and a
macroscopic scale (b). Reprinted from [7],with permission from Elsevier.

HE can be characterized by the origin of the hydrogen. For internal hydrogen
embrittlement (IHE), the hydrogen comes from the production process. The hy-
drogen is then mainly located in regions of high hydrostatic stress in the material,
and the cracks occur well below the yield stress. For hydrogen environment em-
brittlement (HEE), the hydrogen mainly comes from the use of the material in
hydrogen-containing environments. There the hydrogen mainly causes sub-critical
crack growth and brittle hydride formation at and ahead of the crack tip.

4



2. Background

The hydrogen atoms can also recombine in voids or other free volumes to high-
pressure molecular hydrogen. This process can induce plastic deformation in the
surrounding matrix and lead to crack formation at the interface. This phenomenon
is known as blistering and can also be seen in Figure 2.2 [7].
The main variables for HE are the affected material itself in terms of composition,
microstructure, impurity level and the strength of the material as well as external
stresses, hydrogen content, temperature and strain rate [7]. In the following, four
possible mechanisms are discussed.

First, the hydride formation and fracture theory. The theory is based on the for-
mation of brittle hydrates at crack tips followed by their fracture. Important for
this mechanism is the correct temperature at which the hydrogen diffusivity is high
enough to reach the crack tip, and the formed metal-hydrides need to be stable [7,
10].
The hydrogen-enhanced decohesion (HEDE) theory is based on the weakening of in-
teratomic bonds through electronic interactions. It is proposed that a high hydrogen
concentration is needed for sufficient weakening and cleavage of the bonds. Besides
the hydrogen, impurities inside the material can also weaken the matrix bonds [7,
11].
The hydrogen-enhanced localised plasticity (HELP) theory describes the plastifi-
cation of the material due to hydrogen incorporation. The hydrogen near crack
tips increases the mobility of dislocations locally, which supports sub-critical crack
growth [7, 12].
The adsorption-induced dislocation emission (AIDE) theory describes the nucleation
of dislocations at surfaces that have adsorbed hydrogen, combined with the weak-
ening of atomic bonds. The theory also takes the nucleation and crack growth steps
into account [7].
Plenty of variables influence the material behavior towards hydrogen. Also, a combi-
nation of the described theories can occur and lead to embrittlement of the material
[7, 13].

2.1.3 Prevention of Hydrogen Embrittlement
Different techniques are known to prevent or slow down HE. All the methods are
based on the principle that they slow down the diffusion rate or prevent the diffusion
into the steel at all.
One option is to use a low hydrogen annealing step at 200 ◦C to reduce the concentra-
tion of hydrogen before using the material, but that only prevents the material from
pre-existing hydrogen and not from hydrogen uptake during service, for example, in
gas pipelines [4, 14, 15].
To prevent the material from HE during service, especially using steel pipelines for
hydrogen transportation, it is possible to add a small amount, around 1 %, of other
passivating gaseous elements to the hydrogen, but this leads to an extra purification
step before using the hydrogen gas [16, 17]. The usable gases also have drawbacks:
oxygen in combination with hydrogen leads to an explosive mixture. Carbon monox-
ide and chlorotrifluoroethylene are toxic; sulfur dioxide and carbon monoxide react

5



2. Background

with water to acidic solutions. The mentioned drawbacks and chemical compounds
are only a selection [18].
Coatings can also prevent hydrogen diffusion into the steel [13, 19]. One option
is to coat the material with a µm-range thick black oxide (Fe3O4) layer [19, 20].
Also, Ni, Cd, Al or Al–Ni complex films can protect the material by reducing the
accessibility for hydrogen [13]. Hard coatings like TiC, Al2O3, TiO2 or Si3N4 can be
used as a diffusion barrier for hydrogen as the diffusion coefficient is at least seven
orders of magnitude lower than for ferrite [19]. Figure 2.3 shows the temperature
dependency of the diffusion coefficients of the mentioned coatings as well as for the
iron substrate.

Figure 2.3: Diffusion coefficient over temperature for several hard coatings and γ-
and α-iron. The area of the diffusion coefficient of α-iron containing traps is also
shown. Reproduced from [19] © 2016 The Iron and Steel Institute of Japan.

Besides using a hard coating, the steel surface can be modified by nitriding or
shot peening, both decreases the susceptibility for HE [13]. Nitriding stabilizes the
austenitic phase at the surface, leading to a decrease in hydrogen diffusion into
the material, especially if the surface layer is thicker than the diffusion length of
hydrogen into the material [21]. Shot peening induces some compressive stress,
reducing the hydrogen diffusivity into the material. The dislocation density near
the surface is also increased. Dislocations are one possible option to trap hydrogen
inside of the material. Before the hydrogen can diffuse into the core of the steel,
the dislocations are filled with hydrogen. So, the effective diffusion into the core is
slowed down, resulting in a higher resistance against HE [13, 22].
Besides the already mentioned dislocations, other structural elements in the material
can trap the hydrogen, and the immobilization reduces the risk of damaging the
material [23]. The strength of the trap depends on the energy level of it. Figure 2.4
shows the matrix diffusion energy Ediff, the trap activation energy Et, the binding
energy Eb and the detrappping energy Ed [24]. The notations of the energies are
intermixed between different publications, so it is important to know what was
measured [13, 25].
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Figure 2.4: Schematic of the diffusion and trapping energy levels inside of trap
containing matrix. Reproduced from [24], with permission from Springer Nature.

Depending on the strength of the trap, they can be classified as reversible or ir-
reversible. Examples of reversible traps are interstitial sites, dislocations, grain
boundaries, and coherent precipitates. Incoherent precipitates, on the other hand,
are considered as irreversible traps [13].
It seems like in carbon steels, the predominant trapping sites are dislocations, but
also GBs can trap hydrogen [26–28]. By adding carbide-forming metals, like Ti or
V, the resistivity against HE increases because the potential misfit at the surface
between the carbide and the matrix acts also as an additional hydrogen trap [26].
Besides the surface of the carbide, internal carbon vacancies can also act as hydrogen
traps. For some carbides the activation energy for entering the carbide core is too
high to trap hydrogen inside the carbides at ambient temperature [26, 29]. To
increase the trapping capability of TiC against hydrogen, Mo can be added to the
steel as an additional alloying element. Mo decreases the activation energy for
entering the carbide and creates some additional carbon vacancies inside of it [17].
Besides the already mentioned carbides, also, niobium- or chromium carbides can
trap hydrogen [26, 30].
A high-resolution microscopy technique is required to analyze the carbides in terms
of composition and localization inside the steel, as well as the localization of the
trapped hydrogen (deuterium). That high chemical and lateral resolution is provi-
dent by the APT [31].

2.2 Atom Probe Tomography

The atom probe tomography is a microscopy technique based on the field evaporation
of atoms from a surface. The instrument is based on the 1951 from Müller invented
field ion microscope (FIM). A positively charged emitter ionizes an imaging gas,
the ions are then accelerated to an screen and form there a magnified image of
the emitter-tip [32]. By cooling the FIM, in the year 1955, the world’s first image
with atomic resolution was produced [33]. In 1967, the first prototype of an atom
probe (AP) was built by Mülller, Panitz and McLane [34, 35].
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2.2.1 Working Principle
To overcome the energy barrier for the field evaporation process, a high electrostatic
field E is required. As Equation 2.3 shows, a combination of specimens having a
small apex radius R <100 nm combined with a high voltage V is needed. The field
factor k is a constant, taking into account the deviation from a spherical surface as
well as the electrostatic environment of the specimen. Sharp tips fulfill the require-
ments and are used as specimens [36, 37].

E = V

kR
. (2.3)

The analysis chamber of the AP is a ultra high vacuum (UHV)-chamber at a pressure
<10−10 Torr. The remaining gas inside of the analysis chamber is mainly hydrogen.
In order to differentiate between the trapped hydrogen from the specimen and the
field evaporated hydrogen that originates from the residual gas within the UHV-
chamber, the specimens are loaded with deuterium instead of hydrogen [30, 38]. To
reduce the thermal vibration of the atom to increase the spatial resolution, reduce
unwanted evaporation processes and increasing the vacuum level the specimen is
cooled with an He-cryostat [39]. Figure 2.5 shows a schematic structure of the AP.

Figure 2.5: Schematic structure of the AP inside of the UHV-chamber. Repro-
duced from [40], with permission from Springer Nature.

Figure 2.5 indicates already the two possible working modes. The specimen is sub-
jected to a positive base voltage VDC. The field evaporation is then introduced with
negative voltage pules Vp at the counter-electrode or a laser pulse focused on the
specimen tip. The ionized atoms are desorbed and repelled from the surface and
flying through the ring shaped counter electrode in the direction of the detector.
The trajectory is drawn as a red line [36, 37]. In this thesis only the voltage mode is
used, so the following description is based on that. The advantage of the laser mode
is the reduced mechanical stress to the specimen [41]. The drawback of the laser
mode is the appearance of hydrogen peaks at 1 Da, 2 Da and 3 Da (H+, H2

+, H3
+),

so the 2 Da hydrogen peak would overlap with the deuterium peak [42, 43]. Addi-
tional computational analysis is required to deconvolute the peak, which is essential
for determining the accurate concentration of deuterium within the specimen.
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The evaporated ions first hit a microchannel plate in a chevron configuration to
get secondary electrons and a signal amplification. A crossed delay line detector
system measures the impact position on the detector. To increase the measurement
accuracy, if multiple ions hit the detector simultaneously, a third delay line at 45◦

can be added or three are used in a 60◦ arrangement [37, 44].
The voltage pulse starts a time measurement to determine the chemical identity of
the evaporated ion and the impact position on the detector. The electrons generated
in the microchannel plate induce an electrical signal inside the wires of the delay line
detector. From the measured times the impact positions (XD, YD) can be calculated
according to:

XD = Lx
Tx2 − Tx1

2Tpx
, (2.4)

where Lx is the length of the detector wire and Tpx is the total propagation time of
an electronic signal through the wire system [37]. The calculation for YD is done in
the same way.
Some geometrical considerations need to be made to calculate the position of the
ion from the detector position. Figure 2.6 shows the trajectory of an evaporate ion.
The apex radius of the tip is indicated as R, θ is the real crystallographic and θ′ is
the observed angle on the detector screen. The image compression factor (ICF) ξ
describes the compression between the real and observed angel and can be calculated
for small angels in the following way:

ξ = θcrystal

θobserved
[37] . (2.5)

The magnification M is defined as:

M = D

d
[37]. (2.6)

The original position xtip of the ion is calculated according to:

xtip = XD

M
[37]

= XD
R sin (ξθobserved)√

X2
D + Y 2

D

.
(2.7)

The calculation for YD is done in the same way.
The z coordinate of the ion is calculated based on the assumption that the atoms
are evaporated layer-by-layer. The z value is continuously increased, so after one
layer is evaporated, the change in z corresponds to one atomic volume [37].
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Figure 2.6: Trajectory of an evaporated ion based on the point-projection model.
Reproduced from [37], with permission from Springer Nature.

The chemical identity can be determined by equating the potential and kinetic
energy before and after the evaporation process, shown in Equation 2.8, where n
is the charge of the ion, e is the elementary charge, U is the desorption voltage
(UDC + Up), m is the mass of the ion and v its velocity [34, 37].

neU = 1
2mv2. (2.8)

Additionally, the time of flight of the ion is required, which is calculated using the
following formula:

t = Tx1 + Tx2 + Ty1 + Ty2

4 [44]. (2.9)

By rearranging Equation 2.8 and replacing the velocity by the time of flight t and
the distance between sample and detector (flight length) L, the mass-to-charge ratio
M can be calculated according to:

M = m

n
= 2eU

(
t

L

)2
(2.10)

For the reconstruction, the time of flight and the voltage are corrected, so the used
algorithm is slightly different, but it is based on the described formulas [39].
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2.3 High-Strength Low-Alloy Steel
One option to increase the strength of steels is to use additional (micro)alloying
elements like B, Cr, Cu, Mn, Mo, Nb, Si, Ti and V. Some of these elements form
precipitates during thermomechanical treatments. The precipitates or the dispersed
elements in the matrix hinder the movement of dislocations or GBs. Additionally,
the grain growth is suppressed [45, 46]. If the yield strength reaches a minimum
of 560 MPa in combination with the before mentioned microalloying, the steel is
classified as a HSLA steel [45]. High-strength steels are quite susceptible for HE [7].
But the carbides of the additional (micro)elements can act as traps for the hydrogen
and so increase the resistance against HE.
In the orthorhombic cementite (Fe3C), the surface area plays a key role in trapping
hydrogen. The trapping capability is directly proportional to the surface area [47,
48]. The NaCl-type vanadium carbide, which likely occurs as V4C3 in steels, has
an ordered C-vacancy in its structure. In additon to this structure, a lower C-
vacancy structure exists where one sixth of the C lattice sites is unoccupied (V6C5).
These C-vacancies can act as trapping sites and also reduce the activation energy
to trap hydrogen [29, 49]. Titanium carbide exhibits a broad composition range,
represented as TiC1–x , where 0 ≤ x ≤ 0.66. This carbide has also a rock salt
structure but no ordered C-vacancies [50]. The surface coherency is the primary
factor determining the trapping capability. For lager incoherent precipitates its
unlikely to trap hydrogen via cathodic charging at room temperature (RT). However
as motioned in 2.1.3, Mo can decrease the trap activation energy [17, 51].
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3
Experimental

3.1 Material
In the thesis, three different HSLA steels are investigated. The composition of
the first steel (called in the thesis Steel-1) can be seen in Table 3.1. The steel is
investigated in the quenched state: austenitized, hot rolled and water quenched , as
well as in a lab-aged state at 600 ◦C for 4 h. The material was already investigated
in a previous publication from Thuvander et al. [46].

Table 3.1: Chemical composition in wt.% of steel-1. Fe in balance [46].

C Si Mn Cr Mo V
0.16 0.3 1.3 0.15 0.4 0.04

The second and third steel are studied as received. The second steel contains Fe, C,
Si, Mn, Mo, Al, Nb and V. The steel is called in the thesis V-steel. The third steel
contains additionally Ti, it is called Ti-steel in the thesis.

3.2 Specimen Preparation
As described in Section 2.2.1, tip-shaped specimens are needed for an APT mea-
surement.
Preparation starts with mechanical cutting and grinding, followed by a sequential
two-step electropolishing process. A low-speed saw with a rotating diamond blade
is used to cut 500 µm thick plates with dimensions of 15 mm to 20 mm length and
5 mm to 10 mm width from the bulk steel sample. The plates are mechanically
thinned down to ∼300 µm by SiC grinding paper and cut with the low-speed saw
into 300 µm × 300 µm squared cross section and 15 mm to 20 mm long rods. The
deburred rods are clamped into an aluminum handle.
The first step of the electropolishing is done with a thin layer of 10 % perchloric acid
in 20 % glycerol and 70 % ethanol floating on Galden®. The experimental setup is
shown in Figure 3.1a. A voltage of 18 V is used to etch a broad neck into the rod.
The immersion depth must be changed during polishing to get the desired shape.
Before the sample breaks into two pieces, the process is stopped. The sample and
the electrode are cleaned with ethanol.
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The second polishing step uses 2 % perchloric acid in 2-butoxyethanol. A voltage
of 18 V is applied with a self-interrupting power supply. The experimental setup is
shown in Figure 3.1b. The power supply monitors the current and stops it after
the sample breaks. After the breakage, the specimen and the counter-electrode are
cleaned with ethanol. The second part of the rod can be used as another APT
specimen and is rinsed in ethanol and clamped into an aluminum handle.
A pulse generator, using 18 V, is used for final polishing. The 2 % perchloric acid
in 2-butoxyethanol is again used as the electrolyte. The immersion depth must
be between the tip’s front and the aluminum cylinder. A sequence of 5, 3, 2 and
1 ms pulse-length with three pulses each is used for the polishing. The specimen is
cleaned with ethanol and dried in flowing nitrogen gas.

(a) (b)

Figure 3.1: Experimental setup for the two electrochemical polishing steps for
preparing the AP samples: (a) to create a broad neck on the sample, and (b) for
etching the sample until fracture. Based on [37].

3.3 Electrochemical Deuterium Loading
Deuterium is used for electrochemical loading to differentiate it from the residual
hydrogen present in the UHV analysis chamber of the AP [30, 38]. For the loading,
a 0.1 M NaOH solution in heavy water (D2O) is used. A voltage of −2.2 V is applied
for 30 s or 180 s. The polarity is changed compared to the preparation steps as
the minus sign indicates. The experimental setup is shown in Figure 3.2. After
loading, the specimen is cleaned with ethanol and dried in a nitrogen flow. The
loaded specimens are transferred trough the load-lock and the buffer chamber to the
cryogenically cooled stage in the analysis chamber within ∼15 min.

14



3. Experimental

Figure 3.2: Experimental setup for the electrochemical loading with deuterium of
the AP samples.

3.4 Atom Probe Measurement and Reconstruc-
tion

3.4.1 Acquisition Parameters
The LEAP® 6000 XR from CAMECA Instruments is used in this study. The mea-
surements are done in voltage mode. If nothing else is mentioned, the following
parameters are used in the experiment.

Table 3.2: Standard parameters for the APT measurement.

Parameter Value
Temperature T 70 K

Detection rate (DR) 0.3 %
Pulse fraction (PF) 20 %

Pulse rate (PR) 200 kHz

3.4.2 Room Temperature Degassing
To give a more qualitative statement about the strength of the hydrogen traps, a
RT degassing experiment is carried out. Specimens from the V- and Ti-steel are
loaded with deuterium and measured. The measurement is stopped after a couple
of million atoms. The specimen is transferred back to the buffer chamber and stored
there at RT followed by measuring the specimen again. That approach is done for
the same specimen with two storing periods of 2 h and 4 h.
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3.4.3 Calibration of Reconstruction Parameters
The software AP Suite version 6.3.1.110 from CAMECA is used for the reconstruc-
tion. The shape of the reconstruction is determined by the ICF and k-factor. Both
parameters can be calibrated if the crystallography of the sample is known and
visible on the detector hit map.
To find the correct ICF ξ, a stereographic projection of ferrite is laid over the
visible crystallographic poles on the detector hit map. To produce the hit map, the
MATLAB code from Breen et al. is used. The stereographic projection is created
by the WinWULFF software version 1.6.0 from Weber [52, 53]. Figure 3.3 shows
an image of the overlaid hit map. Due to distortions at the edges, the computed
stereographic projection does not completely match the visible poles on the detector
hit map.

Figure 3.3: Overlaid detector hit map with the calculated stereographic projection
of ferrite.

To find a proper k-factor, a spatial distribution map of iron at one pole position
is plotted. The theoretical spacing of the atoms at a pole is known. By adjusting
the value of k, the spacing is tuned to fit the theoretical value. Figure 3.4 shows
an image of the ordered iron atoms as well as the spatial distribution map in the
z-direction after tuning the k-factor. The images are produced at a (110)-pole. The
theoretical spacing for an α-iron (110)-pole is 0.202 nm.
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Figure 3.4: Ordered iron structure (a) and the corresponding spatial distribution
map (b) after tuning the k-factor at an α-iron (110)-pole. The ICF is determined
to be 1.53 and the k-factor is determined to be 4.7.
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4
Results and Discussion

Reference measurements in the unloaded state were conducted for all three materials.
The datasets corresponding to these reference measurements are not included in this
thesis. To illustrate the difference between a specimen in the unloaded and loaded
state, Figure 4.1 provides an example of a background corrected mass spectrum, for
a Ti-Steel specimen in both the unloaded and D loaded state. An additional peak
at 2 Da, corresponding to D+, is evident in the loaded specimen depicted in Figure
4.1b.
In the reconstructions only a fraction of the total measured iron atoms are shown,
with the objective of visualizing the shape of the specimen. All proxigrams are
generated with a bin width of 0.1 nm.

(a)

(b)

Figure 4.1: Illustration of the background corrected mass spectra of Ti-steel spec-
imens up to 7 Da, comparing the unloaded state (a) and the D loaded state (b).
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4.1 Steel-1
The Steel-1 is investigated in the quenched (Section 4.1.1) and heat treated (Section
4.1.2) state.

4.1.1 Steel-1 Quenched
Two measurements were carried out for the quenched Steel-1. The shown results
are based on a measurement with ∼23 million detected ions. Figure 4.2 shows
the background corrected mass spectrum up to 7 Da. The mass spectrum already
indicates that the loading was unsuccessful, as no 2 Da peak from the deuterium is
visible.

Figure 4.2: Background corrected mass spectrum of a quenched specimen of Steel-1
up to 7 Da.

The complete mass spectrum from the measurement is shown in the Appendix Figure
A.1. A second measurement can be found in Appendix Figure A.2 to A.5 confirming
the results. The second measurement was done with different conditions: the loading
time was increased from 30 s to 180 s and the PR was decreased from 200 kHz to
125 kHz.
Figure 4.3 shows the reconstructed first measurement. Figure 4.3a shows the iron
atoms in pink and the two different kinds of carbides inside the specimen. The two
carbides are shown as isosurfaces, one with a combined concentration of (C, Mo,
V) >3.4 at.%, depicted in orange. The second has a concentration of C >8.0 at.%,
shown in dark red. Figure 4.3b and Figure 4.3c show the measured carbon atoms,
the two arrows beside each image indicate a GB inside the specimen. Three detector
hit maps are shown in Figure 4.4 to confirm the presence of different grains.
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Figure 4.3: Overview of a quenched Steel-1 specimen. Showing in a) the measured
Fe atoms in pink. The isosurfaces with a combined concentration of (C, Mo, V)
>3.4 at.% are shown in orange. The isosurfaces with a concentration of C >8.0 at.%
are shown in dark red. b) and c) are rotated views of the measured C atoms with
arrows indicating the GBs
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(a) (b) (c)

Figure 4.4: Three indexed Detector hit maps of different depths to indicate the
presence of different grains inside a quenched specimen of Steel-1: (a) first grain,
(b) second grain, and (c) third grain.

The possible H traps inside the specimen are discussed in more detail to prove that
the loading was unsuccessful.
The specimen has two types of traps: the carbides and the GBs. To investigate the
trapping capability of the carbides, a proxigram of each isosurface type is created.
Only the concentrations of C and D are shown for the carbides, as the other alloying
elements showed no difference in concentration between the matrix and the carbide.
Figure 4.5 shows the proxigram of the isosurfaces with a C concentration >8.0 at.%.
It is visible that the C concentration increases continuously with increasing depth.
When the carbide core is reached, the curve flattens out, with the maximum con-
centration reaching ∼25 at.%. Based on the C concentration, the carbide can be
identified as cementite (Fe3C). Based on the data, D trapping does not seem to
occur.
Figure 4.6 shows the proxigram of the isosurface with a combined concentration of
(C, Mo, V) >3.4 at.%. For that carbide, no matching chemical formula can be found.
It is visible that the C concentration continuously increases while going deeper into
the carbide. It reaches a maximum of 9 at.% in a depth of 1.3 nm. Based on the
data, D trapping does not seem to occur.
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Figure 4.5: Proxigram of the isosurfaces with a C concentration >8.0 at.%, showing
the concentration of C and D as a function of the distance to the isosurface of a
quenched Steel-1 specimen.

Figure 4.6: Proxigram of the isosurfaces with a combined concentration of (C, Mo,
V) >3.4 at.%, showing the concentration of C and D as a function of the distance
to the isosurface of a quenched Steel-1 specimen.
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A cylinder is positioned through each GB to characterize their trapping capability.
The cylinder, through the first GB, has a length of 12.5 nm, with semi-axis lengths of
25.7 nm and 26.7 nm. The cylinder, through the second GB, has a length of 26.6 nm,
with semi-axis lengths of 25.2 nm and 39.0 nm. 1D-concentration profiles with a bin
width of 0.2 nm are generated with the atoms inside the cylinder. Figure 4.7 shows
the 1D-concentration profile of C and D of the first GB and Figure 4.8 of the second
one. The other elements are not shown because no segregation was visible. In terms
of the trapping capability, both GBs show the same behavior, of trapping no D.
The C concentration is with 3 at.% for the second GB only half as high as for the
first GB. Generating an isosurface specific to the GB could not be achieved, as no
element or combination of elements would produce a smooth surface.

Figure 4.7: 1D-concentration profile of a cylinder trough the first GB in a quenched
Steel-1 specimen, showing the concentration of C and D as a function of the distance.
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Figure 4.8: 1D-concentration profile of a cylinder trough the second GB in a
quenched Steel-1 specimen, showing the concentration of C and D as a function of
the distance.

As the evaluation shows, the D loading was unsuccessful. However, the proxi-
grams/1D-concentration profiles are created with the 2 Da events to ensure that the
D was not trapped by the carbides or the GBs. Since there is no visible concentra-
tion increase, the proxigrams/1D-concentration profiles only show the measurement
background. To investigate the weak traps, the specimens need to be immediately
cooled to cryogenic temperatures after loading and transferred under cryogenic con-
ditions into the AP [54].

4.1.2 Steel-1 Heat treated
To increase the size of the carbides, the quenched Steel-1 was heat treated at 600 ◦C
for 4 h. In total, four successful measurements of the loaded material were carried
out. In the thesis, one data set is discussed in more detail and one is added in the
Appendix to confirm the results; Figure A.7 to A.10.
The discussed data set comprises ∼20.1 million detected ions, with the PR set to
125 kHz. For the data shown in the Appendix, the loading time was increased from
30 s to 180 s. The measurement was conducted at a PR of 125 kHz as well. The
complete mass spectrum of the measurement can be seen in the Appendix Figure
A.6. Figure 4.9 shows the background corrected mass spectrum up to 7 Da. In hand
with the mass spectrum, deuterium should be present in the specimen. Figure 4.10
shows the Fe atoms in pink and the isosurfaces of the two different types of carbides
inside the specimen. In orange, a combined concentration surface of (C, Mo, V)
>3.4 at.% and in dark red, a concentration surface C >8.0 at.% is shown.
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Figure 4.9: Background corrected mass spectrum of a heat treated Steel-1 speci-
men up to 7 Da.

Figure 4.10: Overview of a heat treated Steel-1 specimen, showing the measured
Fe atoms in pink. The isosurfaces with a combined concentration of (C, Mo, V)
>3.4 at.% are shown in orange. The isosurfaces with a concentration of C >8.0 at.%
are shown in dark red.
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To investigate the hydrogen trapping capability of the carbides, proxigrams for each
type of carbide are generated. Figure 4.11 shows the proxigrams of the isosurface
with a C concentration >8.0 at.%. The C concentration increases while going deeper
into the carbide and flattens in the core of the carbide. The concentration reaches
a value of ∼25 at.%. Based on the maximum concentration in the carbide core, it is
identified as cementite. The other alloying elements enrich inside the carbide, except
for Si. Remarkable is the enrichment of Mn from 12 at.% to 16 at.% in the core. The
proxigram analysis reveals that there is no observable increase in the concentration
of D within the carbide. This suggests that trapping of hydrogen does not occur.

(a)

(b)

Figure 4.11: Proxigrams of the isosurfaces with a concentration of C >8.0 at.%,
showing the concentration as a function of the distance to the isosurface of a heat
treated Steel-1 specimen: (a) concentration of C and D, and (b) concentration of
Cr, Mo, Mn, V, Si, and Fe.
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In Figure 4.12, the proxigrams of the isosurfaces with a combined concentration (C,
Mo, V) >3.4 at.% are shown. The C concentration increases while going deeper into
the carbide. The other alloying elements enrich inside the carbide, except for Si.
The trapping capability of the carbide can be argued as the data points for 1.25 nm
to 1.45 nm are not zero but the error bar reaches zero for the first two points. For
the last point the minimum concentration reaches 0.05 at.% which is close to the
matrix concentration. However the mass spectrum shows a 2 Da peak, indicating
some D is inside of the specimen. It may be possible that the carbides act as weak
traps and hence slow down diffusion through the matrix.
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(a)

(b)

Figure 4.12: Proxigrams of the isosurfaces with a combined concentration of (C,
Mo, V) >3.4 at.%, showing the concentration as a function of the distance to the
isosurface of a heat treated Steel-1 specimen: (a) concentration of C and D, and (b)
concentration of Cr, Mo, Mn, V, Si, and Fe.
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4.2 V-Steel
In total, three successful measurements of loaded specimens were carried out. In the
thesis, one data set is discussed in more detail and one is added in the Appendix to
confirm the results; Figure A.13 to A.16.
The discussed data set comprises ∼3.3 million detected ions and was obtained with
a DR of 0.5 %. The complete mass spectrum of the measurement can be found in the
Appendix Figure A.12. Figure 4.13 shows the background corrected mass spectrum
of a V-steel specimen up to 7 Da. A significant 2 Da peak from D+ is visible.

Figure 4.13: Background corrected mass spectrum of a V-steel specimen up to
7 Da.

Figure 4.14 shows the reconstructed specimen, in a) the Fe atoms in pink and the
isosurfaces with a combined concentration of (C, Mo, V) >3.4 at.% are shown. The
arrows indicate the “big” precipitates. The others are characterized as “small” ones.
In b), the measured V and D are shown, c) and d) are showing 10 nm thick slices in
higher magnification to visualize the trapping sites of the carbides.
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Figure 4.14: Overview of the V-steel sample. Showing in a) the measured Fe atoms
in pink. The isosurfaces of a combined concentration of (C, Mo, V) >3.4 at.% are
shown in brown. In b), the V (pink) and D (red) atoms of the measurement are
shown. c) and d) show details from 10 nm thick slices.

The magnified parts from the specimen and the mass spectrum indicated that trap-
ping occurs inside the “big” carbides. To investigate the trapping capability of the
carbides in more detail, proxigrams of the “big” and “small” carbides were created,
shown in Figure 4.15 and 4.16.
Based on the V to C ratio for the “big” carbides in the core, the carbide is identified
as V4C3, which is the more likely carbide modification in steels [29]. The V and C
concentration increases while going deeper into the carbide. The maximum value
differs between the two size classes, but the values are similar when looking at the
same distances from the isosurface. The same applies for the D concentration.
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No D is detected in the core region of the larger precipitates. This is consistent with
other publications. They claim that additional C vacancies are more likely between
the surface and the core, and those C vacancies act as the trapping sites for the D
[29, 49, 55]. In contrast to that, Chen et al. measured that D also gets trapped
inside the core of the carbide, without additional D trapping on/near the surface
[56]. For the in the Appendix shown measurement (Figure A.16a), it looks like the
trapping also takes place in the core of the carbides but the length scale is different,
2.0 nm compared with 2.5 nm. The peak value is reached at 2 nm for the in Figure
4.15a shown measurement, so both measurements show the same behavior. The
other alloying elements have an increased concentration inside the carbide, except
for Si.
Based on the calculations from Ivanchenko et al., it is clear that the measured Fe
concentration inside the carbide is way too high, as the solubility of Fe in the carbide
is quite low [57]. The increased iron concentration observed within the carbide is a
consequence of a measurement artifact known as local magnification. This is due to
the higher evaporation field of the carbide in comparison to the matrix. The carbides
are depicted larger in the reconstruction, reflecting not their actual size. The result
is an overlap between matrix and carbide. This effect is less pronounced for larger
precipitates, as the carbide covers a larger surface area, and the evaporation field
becomes more equal [37, 39, 44, 58] .
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(a)

(b)

Figure 4.15: Proxigrams of the isosurfaces for the “big” carbides with a combined
concentration of (C, Mo, V) >3.4 at.%, showing the concentration as a function of
the distance to the isosurface of a V-steel specimen: (a) concentration of C, V, and
D, and (b) concentration of Cr, Mo, Mn, Nb, Si, and Fe.
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(a)

(b)

Figure 4.16: Proxigrams of the isosurfaces for the “small” carbides with a combined
concentration of (C, Mo, V) >3.4 at.%, showing the concentration as a function of
the distance to the isosurface of a V-steel specimen: (a) concentration of C, V, and
D, and (b) concentration of Cr, Mo, Mn, Nb, Si, and Fe.
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4.3 Ti-Steel
In total, three successful measurements of the loaded material were carried out. In
the thesis, one data set is discussed in more detail and one is added in the Appendix
to confirm the results;Figure A.18 to A.21.
The discussed data set comprises ∼11.2 million detected ions. The complete mass
spectrum of the measurement can be found in the Appendix Figure A.17. Figure
4.17 shows the background corrected mass spectrum of a Ti-steel specimen up to
7 Da.

Figure 4.17: Background corrected mass spectrum of a Ti-steel specimen up to
7 Da.

Figure 4.18 shows the reconstructed specimen, in a) the Fe atoms and the isosurfaces
with the concentration of Ti >2.0 at.% are shown. In b), the measured Ti and D
atoms are visualized, and c) shows a 10 nm slice in higher magnification.
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Figure 4.18: Overview of a Ti-steel specimen. Showing in a) the measured Fe
atoms in pink. The isosurfaces with a Ti-concentration >2.0 at.% are shown in dark
green. In b), the Ti (dark green) and D (red) atoms are visualized. In c) a 10 nm
thick slice is shown.

The magnified part and the mass spectrum indicate that trapping takes place. To
have a more detailed view, a proxigram of the carbides is generated, shown in Figure
4.19. The C and Ti concentration increases while going deeper into the carbide and
reaches ∼20 at.% in the core of the carbide. The D concentration also increases with
the depth, reaching a value of ∼1 at.%. Except for Si, the concentration of the other
alloying elements increases inside of the carbides.
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(a)

(b)

Figure 4.19: Proxigrams of the isosurfaces with a concentration of Ti >2.0 at.%,
showing the concentration as a function of the distance to the isosurface of a Ti-steel
specimen: (a) concentration of C, Ti, and D, and (b) concentration of Cr, Mo, Mn,
Nb, V, Si, and Fe.

The carbides are characterized as titanium carbides. According to Lebrun et al., the
high Fe concentration inside the carbide can be classified as a measurement artifact
[59]. One reason for the high Fe content is the in Section 4.2 already described local
magnification. Beside this effect a peak overlap of Ti and C occurs; meaning the
ions have the same/a similar time of flight. The peak overlap is exemplary explained
for the 24 Da region in Table 4.1 and visualized in Figure 4.20. The peaks can be
decomposed via the natural abundance of the isotopes. The peak decomposition is
an optimization including some errors but the error of not decompose the peaks is
way lager.
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The primary carbide ions hit the detector in the same area and nearly simultane-
ously. The detector requires a specific time interval between two events to detect
both events if they are present in the same position or within a short time frame. If
the second ion arrives at the detector within that time window, the second ion can’t
be detected [37, 39]. For Ti carbides both effects (peak overlap and detector dead
time) occur, so the probability of not detecting all evaporated ions increases. An
indication of missing atoms is the too low 24 Da peak, see Figure 4.20. The 24 Da
peak should be higher than the expected abundance for 48Ti as the peak also con-
tains 12C. This problem is also discussed in other publications, so the measurement
is in hand with the already known problem [17, 60].

Table 4.1: Illustration of the peak overlap between Ti and C in the 24 Da-peak
region.

Mass to Charge ratio in Da Ti2+ occurs C2
+ occurs C4

2+ occurs
23 ✓

23.5 ✓
24 ✓ ✓ ✓

24.5 ✓ ✓
25 ✓ ✓ ✓

Figure 4.20: Section of the mass spectrum of a Ti-steel specimen to illustrate the
peak overlap between Ti and C in that region. The abundance of Ti is leveled with
the peaks 46Ti2+ and 47Ti2+. The abundance for C2

+ and C4
2+ are not leveled and

are shown to see the overlap. Besides Ti and C also V and Cr are shown with leveled
abundance. At 23.25 Da a Nb-peak is visible but not indicated in the image.
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TiC exists in a wide composition range, so it is expected that the Ti to C ratio
is not 1:1 [50]. Besides the wide range, 2 Mo2+- can substitute 2 Ti4+-ions in the
crystal structure. To maintain charge neutrality one C vacancies need to be created,
lowering the C content further [17]. The Kröger-Vink notation for that exchange is
shown in Reaction 4.1.

2 TiTi
× + CC

× + 2 MoS
2+ −−→ 2 MoTi

′′ + VC
•••• + 2 TiS4+ + CS

4− (4.1)

The carbon vacancies can act as additional trapping sites for the D, and the Mo
atoms also decrease the energy barrier for the indiffusion of D to the carbide core
[17].

4.4 Room Temperature Degassing
To get a qualitative insight into the strength of the traps, a room temperature de-
gassing experiment was carried out. Following an initial measurement, the V- and
Ti-steel specimens were stored in the buffer chamber of the AP at RT for 2 h, then
measured again. This was followed by a further 4 h storage and subsequent mea-
surement under identical conditions. This means that, for the same specimen, data
points were generated at 0.25 h, 2.25 h, and 6.25 h. To characterize the trapping
strength, the D concentration inside of the carbides is plotted over the storing time
(Figure 4.21a). The decrease of the D concentration with increasing degassing time
is clearly visible. The D concentration is at least three times as high in the Ti-steel
than in the V-steel. Figure 4.21b shows the relative D concentration normalized to
the starting concentration of the specimen. The relative decrease for the V-steel is
way higher than for the Ti-steel. Combining the data from Figure 4.21a and Figure
4.21b it is clearly visible, that the titanium carbide is the better D trap in terms of
absolute amount and trapping strength.
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(a)

(b)

Figure 4.21: Comparison of the D concentration inside the carbides of the V-
and Ti-steel during a RT degassing experiment: (a) after different storing times at
RT and (b) the relative D concentration of the V- and Ti-steel normalized to the
starting concentration of the specimen.
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4.5 Comparison
For the Steel-1, no trapping can be seen in the quenched state. The larger carbides
from the heat-treated specimens may trap D but definitely reduce the effective
diffusion constant of the material. Also, the composition of the carbides differs
between the quenched and heat-treated material. The increase of the concentration
of additional alloying elements in the carbides for the heat treated material can
increase the trapping capability by introducing more vacancies or increase generally
the D affinity.
Ti and V carbides exhibit stronger trapping capabilities compared to cementite
and the second carbide in Steel-1. Both Ti- and V-Steel demonstrate D trapping.
In V-Steel, the D concentration reaches approximately ∼0.25 at.%, whereas in Ti-
Steel, the concentration exceeds 1 at.%. Consequently, the amount of trapped D
is higher in Ti-Steel than in V-Steel. A similar trend is observed in the degassing
experiment, where the initial concentration within the isosurface volumes is approx-
imately ∼0.2 at.% for Ti-steel and only ∼0.08 at.% for V-steel. Furthermore, the
relative decrease observed during the degassing experiment indicates a higher trap-
ping strength for Ti-steel. This finding is consistent with other publications, which
characterize Ti carbides as stronger traps compared to V carbides [19, 26].
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5
Summary and Conclusion

The aim of the thesis was to investigate the trapping capability of different types of
carbides in different low alloyed steels using APT.
The specimens for the APT measurement were prepared by a two-step electropolish-
ing process in perchloric acid. For the electrochemical D loading process a voltage
of −2.2 V was applied and a 0.1 M NaOH in heavy water solution was used as an
electrolyte. The specimens were transferred within ∼15 min to the analysis chamber
of the AP where the specimen is cooled to cryogenic temperatures.
The APT measurements were carried out with the LEAP® 6000 XR from CAMECA
Instruments. For the evaluation the software AP Suite version 6.3.1.110 from
CAMECA was used. For all measurements a crystallographic calibration was carried
out, to find proper values for the ICF and k-factor.
For the quenched Steel-1 no trapping can be seen. The carbide size and the concen-
tration of the additional alloy elements inside of the carbides are increased in the
annealed sample, which is a potential reason for the higher D concentration in the
material. Therefore, the effective diffusion coefficient for the annealed material is
probably lower than for the quenched one.
The Ti- and V-steel show D trapping, which was evident from the mass spectra and
the proxigrams. Beside the normal measurements also a room temperature degassing
experiment was carried out for the Ti- and V-steel. The specimens are stored in the
buffer chamber for different time periods, to get qualitative insight into the strength
of the traps. Ti carbide is the stronger trap compared to V carbide. Not only does
Ti carbides trap more D, but also retain it to a greater extent.

43



5. Summary and Conclusion

44



6
Future Work

For further investigations of the trapping strength of the different carbides, a thermal
desorption mass spectrometry (TDMS) measurement can/should be carried out.
With the TDMS, the de-trapping energy and the amount of the trapped hydro-
gen can be measured [30]. In this thesis, the hydrogen at 1 Da was ignored in
the evaluation because of the known problem of residual hydrogen in the analysis
chamber (see Section 2.2.1). To investigate if the unloaded specimen already has
trapped hydrogen inside of the specimen, a measurement series of low hydrogen an-
nealed specimens in the load lock of the AP can be carried out while comparing the
amount of measured hydrogen at 1 Da of the annealed and non annealed specimens.
If there is already some pre-trapped hydrogen in the specimens, the 1 Da peak of the
low hydrogen annealed specimens is smaller than for the non-annealed specimens.
A slow strain rate tensile test of the loaded and nonloaded material can be carried
out to investigate the influence of hydrogen on the mechanical properties of the used
materials in this thesis.
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Appendix

A.1 Quenched Steel-1

Figure A.1: Indexed mass spectrum of a quenched Steel-1 specimen.
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Appendix

Figure A.2: Indexed mass spectrum of a quenched Steel-1 specimen.

Figure A.3: Background corrected mass spectrum of a quenched Steel-1 specimen
up to 7 Da.

II



Appendix

Figure A.4: Overview of a quenched Steel-1 specimen. Showing the measured Fe
atoms in pink. The isosurfaces with a concentration of C >8.0 at.% are shown in
dark red.

Figure A.5: Proxigram of the isosurfaces with a C concentration >8.0 at.%, show-
ing the concentration of C and D as a function of the distance to the isosurface of
a quenched Steel-1 specimen.
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Appendix

A.2 Heat Treated Steel-1

Figure A.6: Indexed mass spectrum of a heat treated Steel-1 specimen.
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Figure A.7: Indexed mass spectrum of a heat treated Steel-1 specimen.

Figure A.8: Background corrected mass spectrum of a heat treated Steel-1 speci-
men up to 7 Da.
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Appendix

Figure A.9: Overview of a heat treated Steel-1 specimen, showing measured
Fe atoms in pink. The isosurfaces with a combined concentration of (C, Mo, V)
>3.4 at.% are shown in orange. The isosurfaces with a concentration of C >8.0 at.%
are shown in dark red.
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(a)

(b)

Figure A.10: Proxigrams of the isosurfaces with a concentration of C >8.0 at.%,
showing the concentration as a function of the distance to the isosurface of a heat
treated Steel-1 specimen: (a) concentration of C and D, and (b) concentration of
Cr, Mo, Mn, V, Si, and Fe.
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(a)

(b)

Figure A.11: Proxigrams of the isosurfaces with a combined concentration of (C,
Mo, V) >3.4 at.%, showing the concentration as a function of the distance to the
isosurface of a heat treated Steel-1 specimen: (a) concentration of C and D, and (b)
concentration of Cr, Mo, Mn, V, Si, and Fe.
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A.3 V-Steel

Figure A.12: Indexed mass spectrum of a V-steel specimen.
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Figure A.13: Indexed mass spectrum of a V-steel specimen.

Figure A.14: Background corrected mass spectrum of a V-steel specimen up to
7 Da.
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Figure A.15: Overview of a V-steel specimen. Showing in a) the measured Fe
atoms in pink. The isosurfaces of a combined concentration of (C, Mo, V) >3.4 at.%
are shown in brown. In b), the V (pink) and D (red) atoms of the measurement are
shown. In c) a 10 nm thick slice is shown.
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(a)

(b)

Figure A.16: Proxigrams of the isosurfaces with a combined concentration of
(C, Mo, V) >3.4 at.%, showing the concentration as a function of the distance to
the isosurface of a V-steel specimen: (a) concentration of C, V, and D, and (b)
concentration of Cr, Mo, Mn, Nb, Si, and Fe.
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A.4 Ti-Steel

Figure A.17: Indexed mass spectrum of a Ti-steel specimen.
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Figure A.18: Indexed mass spectrum of a Ti-steel specimen.

Figure A.19: Background corrected mass spectrum of a Ti-steel specimen up to
7 Da.
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Figure A.20: Overview of a Ti-steel specimen. Showing in a) the measured Fe
atoms in pink. The isosurfaces with a Ti-concentration >2.0 at.% are shown in dark
green. In b), the Ti (dark green) and D (red) atoms are visualized. In c) a 10 nm
tick slice is shown.
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(a)

(b)

Figure A.21: Proxigrams of the isosurfaces with a concentration of Ti >2.0 at.%,
showing the concentration as a function of the distance to the isosurface of a Ti-steel
specimen: (a) concentration of C, Ti, and D, and (b) concentration of Cr, Mo, Mn,
Nb, V, Si, and Fe.
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