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Atom probe tomography (APT) is rising in inﬂuence across many parts of materials science and
engineering thanks to its unique combination of highly sensitive composition measurement and
three-dimensional microstructural characterization. In this invited article, we have selected a few
recent applications that showcase the unique capacity of APT to measure the local composition at
structural defects. Whether we consider dislocations, stacking faults, or grain boundary, the
detailed compositional measurements tend to indicate speciﬁc partitioning behaviors for the
different solutes in both complex engineering and model alloys we investigated.
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I. INTRODUCTION

Field-ion-based techniques were initially developed for
studying surfaces1,2: The ﬁeld ion microscope (FIM)
reveals the structure of a material with atomic-scale
resolution,3 at least in some parts of the image, while
the implementation of a time-of-ﬂight spectrometer onto
a FIM, which is the atom probe, targeted the elemental
identiﬁcation of atoms images at the surface.4 The level
of detail of the intimate structure of crystalline defects,
being grain boundaries5 or dislocations,6 brought by FIM
was astonishing, and the technique is unrivalled when it
comes to observing individual vacancies.7,8 FIM provides
three-dimensional information: the two-dimensions are provided by the projected image of the surface formed by the
ionization of the imaging gas atoms, while the third
dimension arises from the possibility to sequentially remove
atoms from the specimen itself by ﬁeld evaporation.8–13
The modern declination of FIM and atom probe techniques is sometimes referred to as atom probe microscopy.14,15 Atom probe tomography (APT) is now vastly
dominating the ﬁeld. APT is known for its capacity to map
the local composition within a material with sub-nanometer
resolution in three dimensions.16 State-of-the-art instruments17 use delay-line detectors combined with microchannel plates18,19 for converting the impact of the
incoming ion into a cloud of electrons that gets ampliﬁed
to become detectable. These MCPs have a detection
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efﬁciency limited by their open area to approx. 80% on
state-of-the-art instruments. APT is primarily a massspectrometry technique, albeit with an unparalleled spatial
resolution.20–24 Limited detection efﬁciency along with
aberrations in the trajectories of the ions emitted from the
surface dramatically affects the spatial resolution of
APT20,25,26 and prevent the instrument to attain true atomic
resolution; however, it reveals precise compositional information in three-dimensions that FIM could not provide.
APT data, however, still often contains partial structural
information that can be exploited to complement the
microstructural and compositional information provided
by the technique.27,28 Signiﬁcant effort arose in the past
decade to retrieve, extract, and make use of this structural
information when available, to bring more insights into the
complex structure-defects-composition interplay that, in
combination, rules the physical properties of materials.29–33
The segregation of solutes to defects by APT has long
been studied. Some of the most seminal work in the APT
community was focused on these aspects, in intermetallics,34,35 steel,36 superalloys,37,38 and in semiconductors.39–42 In this invited feature article, we will showcase
a few recent applications of APT from within our group at
the Max-Planck-Institut für Eisenforschung that aimed to
measure the local composition at speciﬁc structural
defects, to explain fundamental aspects of phase formation
and transformation or deformation mechanisms.
II. EXPERIMENTAL

Specimens for these studies were prepared by using
a dual beam scanning electron microscope combined with
a focused ion beam (SEM/FIB) following the protocol
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outlined in Thompson et al.43 A variety of samples will be
discussed herein and some details on each material will be
given in the following respective sections. Samples were
ﬁrst polished to a mirror ﬁnish, so as to make them suitable
for high-end SEM imaging and analysis, including
electron-backscattered diffraction (EBSD) and controlled
electron-channeling contrast imaging (cECCI). Three different SEM/FIB equipped with a micromanipulator and
a gas-injection-system were used to prepare the specimens
presented herein: two FEI Helios 600 and 600i and a FEI
Helios Plasma FIB (FEI, Eindhoven, The Netherlands). In
the former two, the ions used for the FIB are Ga ions
produced by a liquid-metal ion source, while for the latter,
the FIB operates with Xe ions generated by a radio
frequency plasma source. Specimen preparation for APT
has seldom been reported with such instruments, except by
Estivil et al.44 who used a single-beam plasma-based FIB
in their study of Si-based materials. The atom probe data
presented here were acquired on various commercial
Cameca LEAP instruments (CAMECA, Gennevilliers,
France): a LEAP 3000HR, a LEAP 5000 XS, and a LEAP
5000 XR. The running conditions will be speciﬁed below
for each case study.

The APT specimen was prepared by the commonly
used lift-out protocol described, e.g., in Ref. 43 using
a FEI Helios NanoLab 600i focused ion beam/scanning
electron microscope (FIB/SEM) dual beam device. The
tip was placed on a silicon microtip coupon and sharpened by means of annular milling patterns at 30 kV
acceleration voltage with ion currents ranging from
0.23 nA to 40 pA. A ﬁnal low kV cleaning mill at
5 kV acceleration voltage and 40 pA was applied. APT
experiments were performed in a Cameca LEAP 5000 XS
at a base temperature of 60 K, a pressure of less than
1010 mbar in the laser mode using a pulse energy of
0.1 nJ, a pulse frequency of 833 kHz, and a detection rate
of 2%. 3D reconstruction was conducted using commercial software IVAS version 3.6.14. Voxel-based analysis
such as isosurfaces was performed with a grid spacing of
1 nm, applying a delocalization of 3 nm.
Figure 1(a) shows the elemental distribution obtained
from the APT analysis of a specimen that contains a phase
boundary between a primary Al3(Sc,Zr) precipitate and

III. RESULTS AND DISCUSSION
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A. Al-alloys

APT brought numerous insights into the early stages of
precipitation in Al-alloys.45,46 However, only little has been
done with respect to segregation to boundaries and lattice
defects.47 With APT’s limited capacity for detecting lattice
defects, a strategy has sometimes been pursued to use
a foreign atom with a high tendency for segregation to mark
defects for analysis. For instance, the use of Ga to highlight
the presence of defect has been proposed on multiple
occasions.33,48 This works particularly well for Al-based
alloys because of the very fast diffusion of Ga in Al.
A sample was produced using laser metal deposition
(LMD)49,50 from an Al1.0Sc0.6Zr (wt%) powder using
ﬁber coupled diode laser system with a wavelength of
976 nm and a beam diameter of 1.8 mm. Ar was used as
a carrier and shielding gas. A track offset of 1000 lm,
a height offset of 750 lm, a laser power of 1800 W, and a
deposition speed of 600 mm/min were used. Since a Sc
content of 1 wt% is hypereutectic, upon cooling Al3(Sc,Zr) particles can form as primary precipitates directly
from the meltpool during the additive manufacturing
process. Due to the low lattice mismatch of the
Al3(Sc,Zr) precipitates and the Al matrix of below
1%,51 these primary precipitates act as efﬁcient nuclei
for the solidifying Al matrix as the temperature drops.
The lattice misﬁt along the arising interface is compensated by misﬁt dislocations leading to a semicoherent
interface of this primary precipitate with the Al matrix.
2

FIG. 1. (a) An APT measurement of a tip that contains the phase
boundary of a primary Al3(Sc,Zr) precipitate and the Al matrix. 0.05%
of Al atoms, 2% of Sc atoms, and 100% of Ga atoms are shown. Misﬁt
dislocations along the interface are highly enriched in Ga which stems
from FIB sample preparation; (b) an ECCI micrograph of the same
type of misﬁt dislocation network.
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FIG. 2. APT reconstruction containing a high-angle grain boundary from a specimen prepared in a model Al–Mg–Zn–Cu alloy with a Ga-FIB,
showing the 2D compositional maps for the main three solutes and of Ga, highlighting the strong segregation of Ga to the boundary and the
precipitate–matrix interfaces.

the Al matrix. Figure 1(b) is an electron channeling
contrast image collected in the scanning electron microscope that shows strong atomic-number contrast in
addition to the channeling contrast. The Ga distribution
in the corresponding atom map forms a complex pattern
that can likely be attributed to the presence of a high
density of interfacial dislocations where Ga can segregate. This network of misﬁt dislocations is highly
decorated by Ga atoms after FIB tip preparation. Additional to the misﬁt dislocation network, two single
dislocations leading into the Al matrix are enriched in
Ga as well. The Ga content in the misﬁt dislocations can
reach up to 25 at.%; in the single dislocation, it reaches
up to 11 at.%. The effect of decoration of defects with Ga
is 2-fold: on the one hand side, it enables observation of
dislocations and dislocation-based phenomena such as,
e.g., heterogeneous nucleation in APT datasets that might
otherwise be overlooked if dislocations are not decorated
by any alloying element. On the other hand, enrichment
of Ga up to 25 at.% will clearly have an inﬂuence on the
interface and bias any quantiﬁcation of elemental segregation on the interface.
The local composition of these speciﬁc features does not
otherwise reveal any speciﬁc segregation in this Al–Sc–Zr
alloy, which makes them extremely difﬁcult or impossible
to visualise. The effect of Ga has on the local solute
distribution is also unknown and difﬁcult to quantify. This
can become problematic for instance in a case where
segregation is expected. Figure 2 shows the tomographic
reconstruction from an analysis of a specimen containing
a high-angle grain boundary in a model Al–Mg–Zn–Cu
alloy in the peak aged state, i.e., after 24 h at 120 °C aging
following solution heat treatment at 475 °C for an hour and
water quenching. The specimen was prepared via sitespeciﬁc lift-out on a Ga-FIB. In Fig. 2, the Guinier–Preston
(GP) zones in the bulk of the grains are clearly visible, as
well as the grain boundary itself that shows a slight

depletion of all solutes but a very strong segregation of
Ga. The main unknown which remains is how the presence
of Ga to the defect may have perturbed the segregation
behavior of other solutes. The strong attraction of Ga to
defects, speciﬁcally in Al-alloys, brings into question the
validity of quantiﬁcation of the segregation to crystalline
defects in this alloy family, which may explain why the
literature on this topic is rather sparse.33,47,52
The use of alternative ion milling sources, particularly
Xe, has recently been of signiﬁcant scientiﬁc interest. A
pure-Al sample for scanning electron microscopy was
mechanically polished to a mirror ﬁnish, and subsequently a coarse electron-backscattered electron diffraction scan was performed to identify a random highangle boundary, as shown in Fig. 3(a). The selected
grain boundary has a minimum misorientation of
approx. 49° about the h24 2 15i axis. We then used
the protocol from Ref. 43 for in situ lift-out but simply
used a Xe-plasma in a FEI Helios PFIB to perform
target preparation of a random high-angle grain boundary (RHAGB), with the main cuts and sharpening steps
performed at 30 kV acceleration voltage, followed by
a cleaning step at 5 kV. Figure 3(b) is the tomographic
reconstruction resulting from the corresponding analysis. Only a fraction of the Al ions is shown, but all the
ions detected in ranges corresponding to the mass-tocharge ratios of Xe are displayed (red dots). The grain
boundary is visible as a region of slightly higher point
density within the tomogram. A composition proﬁle
calculated in a 10 nm-diameter cylinder across the
boundary and is plotted in Fig. 3(c). The number of
ions within each bin of the proﬁle is also plotted, in
red, as a function of the distance along the cylinder.
The peak in this proﬁle corresponds to the position of
the grain boundary. Only a small amount of Xe is
detected in the proﬁle, with no noticeable peak at the
location of the grain boundary. This opens the
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FIG. 3. (a) EBSD coloured orientation and image quality maps combined around the selected grain boundary in pure-Al; (b) tomographic
reconstruction from the corresponding analysis; (c) Xe-composition proﬁle calculated along the red arrow in (b) and local point density along the
cylinder used to calculate the proﬁle.

opportunity for more accurate analysis of crystalline
defects in Al-based alloys.
B. Line defects near oxidized carbides in Ni-based
superalloys

We have also turned our attention to deformed microstructures in Ni-based superalloys exhibiting a c/c9
4

microstructure.53–55 In a recent article, we reported on
the strong segregation of c stabilizing elements, primarily
Cr and Co onto a complex network of linear features
appearing within c9 precipitates in various alloys, incl.
IN782 and MC2. For those samples, the specimens had
been prepared in regions of the deformed microstructure
imaged by cECCI that showed a very high dislocation
density. The features observed in these tomographic
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reconstructions were hence assumed to be dislocations
that are decorated by solutes, similar to those reported by
Kuzmina et al. in their correlative TEM/APT investigation of conﬁned transformations in the Fe–Mn system.56
Composition proﬁles though the features revealed either
single peaks of segregation corresponding to a dislocation
or double peaks that might be the sign of two partial
dislocations surrounding an extended defect. Interestingly, the segregation to the front and trailing partials,
which are of different kinds, bear different amounts of
solutes.
This work shed light on a long-standing question of
whether pipe diffusion can take place within superalloys
during high temperature deformation, e.g., creep, and,
more importantly perhaps, which elements are subject to
pipe diffusion. Pipe diffusion relates to an enhanced
diffusivity via processes occurring in the core of individual dislocations or arrays of dislocations.57,58 Pipe
diffusion is expected to accelerate the transport of
elements58,59 and hence play a major role in the high
temperature creep that leads to the rafting of the c9
precipitates and their progressive dissolution.60,61 Here
we provided quantitative evidence that Cr and Co, two

c stabilizers exhibited a strong tendency to be attracted,
and to segregate to dislocations. A likely possibility is
that these solutes are carried along as the dislocations
move through the c/c9 interface. Indeed, no radial
gradient of solutes was observed near the dislocations,
which would result from the diffusion of solutes toward
the dislocations during cooling for instance.
In addition, the high concentration of defects in some
regions of the microstructure likely assists mass transport
signiﬁcantly. Figure 4 summarizes the structural changes
revealed by APT in the surroundings of a carbide that
was oxidized during static exposure to air at 750 °C for
50 h of a fully heat-treated polycrystalline superalloy
IN792. The carbide has turned into a complex oxide,
dislocations carrying Cr and Co are observed in the
original grains, a number of small recrystallized grains
are observed in the vicinity of the oxidized carbide, and
these grains are a single phase with a composition that
shows a severe depletion of Cr and, to a lesser extent Co,
leading to a solid solution cR with a previously unreported composition. We proposed a mechanism to
rationalize these observations. The oxidation of the Tarich carbide leads to a strong volume expansion, expected

FIG. 4. (a) Schematic illustration of the oxidized carbide. (b) APT analysis in the c/c9 region showing dislocations and c precipitates within the c9
precipitate. (c) APT reconstruction showing c9/cR interface, c precipitates within c9, and two sets of crystallographic planes from the same
crystallographic direction from each side of the interphase interface. (d) APT reconstruction within the cR solid solution in the recrystallized grain.
(e) APT reconstruction from the oxidized MC carbide showing two different oxide compositions TiO2/(Ti,Ta)2O5. (f) APT reconstruction showing
a cR/c9 interface and small nitrides at the cR/c9 interface and within the c9 precipitate, indicative of the penetration of N within the structure, also
likely assisted by the deformation process (Reprinted with permission from Ref. 54.).
J. Mater. Res., 2018
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to be approximately a factor of 2,62 which causes plastic
deformation of the surrounding microstructure. By
carrying solutes, potentially over large distances, this
deformation can explain the local destabilization of the
equilibrium and the subsequent dissolution of the main
strengthening phase present in the original c/c9 microstructure. We observed this process in a range of different
alloys and for multiple sources of deformation and hence
believe this process to be of general nature. The weakening of the structure close to the oxidized carbide can
therefore be directly attributed to the local deformation
combined with the mass transport assisted by the high
density of dislocations that carry their own solute
atmospheres and facilitate pipe diffusion. This weakening
of the structure will impact the crack initiation and
lifetime of engineering parts in service.
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C. Segregation to stacking faults

We recently devoted signiﬁcant effort to reveal and
quantify segregation to stacking faults formed during
creep deformation of c–c9 Co-based superalloys. These
alloys show very high creep resistance and are being
developed for application as the blade material in hightemperature gas turbine. These alloys are made of
a disordered solid solution matrix with face-centered
cubic (fcc) crystal structure (c phase) and ordered
precipitates with a L12 crystal structure (c9 phase).
Depending on the temperature and the external stress,
the deformation mechanism in the microstructure results
in the shearing of c9 either by the creation of antiphase
boundaries, stacking faults, and/or micro-twinning. In the
past decade, numerous articles reported solute segregations to these defects, in particular to stacking faults.63,64
It was then proposed that the rate limiting steps for creep
deformation are related to local solute diffusivity in the
vicinity of these defects. Here, as detailed in Fig. 5(a), we
used electron-channeling contrast imaging in the scanning electron microscope65 to guide the selection of
a region-of-interest in the microstructure to analyze
a single stacking-fault by APT. In a second step, highresolution scanning-transmission electron microscopy
was used to conﬁrm the presence and characterize the
nature of the fault, as shown in Fig. 5(b). APT provides
the full compositional ﬁeld, and, in Fig. 5(c) are plotted
the composition proﬁles through the stacking fault, the
leading partial dislocation and along the stacking fault.
These proﬁles reveal signiﬁcant variations across the
fault, with a clear segregation of Co and W and a depletion of Al. This can be explained by the local change
from a face-centered cubic L12 ordered structure to
hexagonal-close packed DO19 ordered structure, which
is the structure of the stable Co3W phase. The leading
partial dislocation that creates the fault in the ordered
precipitate sees segregation of Cr and Co, which are both
6

partitioned to the c matrix, similarly what was observed
in the Ni-based systems, as well as a depletion of Al.
Finally, we could show evidence of a pile-up of Al ahead
of the fault that had previously not been reported.66,67
The gradients observed along the fault suggests the
integration of W and Ta and subsequent diffusion along
the fault, through the partial dislocation, as schematically
depicted in Fig. 5(d). This change of composition ahead
of the partial is expected to affect the pace at which the
partial can move through the ordered precipitate and
hence the overall mechanical behavior of the material
under load.
D. Segregation in CIGS

Solar cells based on polycrystalline CuInGaSe2 thin
ﬁlms have attracted considerable attention in the past few
years for their high conversion efﬁciency. Cu(In,Ga)(S,Se)2-based thin-ﬁlm solar cells achieve power
conversion efﬁciencies of up to 22.9%68 despite the
polycrystalline nature of the absorber material. Hence,
it is essential to link the structural and chemical properties with the optoelectronic properties of defects such as
grain boundaries.41 Figures 6(a)–6(c) show a correlative
transmission Kikuchi diffraction (TKD)—APT study of
a RHAGB from a Cu(In,Ga)Se2-based absorber.69 Beside
the chemical ﬂuctuations of the matrix elements, we
detect co-segregation of the Na and K at the grain
boundary, as shown in Figs. 6(b) and 6(c), where the
Gibbs excess values are 3.2 at/nm2 and 0.4 at/nm2 for Na
and K, respectively. This is reﬂected in the concentration
proﬁle across the RHAGB in Fig. 6(d) that exhibits
a clear In and Se enrichment as well as Cu depletion. In
some cases, we also observe slight Ga depletion. Here,
the alkali metals are out-diffusing from the soda-lime
glass substrate, which contains Na2O and K2O. At twin
boundaries, we do not detect variations of the matrix
elements and segregation phenomena. The atomic redistribution, more precisely the Cu depletion, at the
RHAGB indicates a downward band bending at the
GB, which acts as a neutral hole barrier.70 Furthermore,
the formation of compensating InCu21 donors might be
reduced by the segregation of Na and K, which can form
charge neutral NaCu0 and KCu0 point defects. Latter ones
do not create any defect level within the band gap
according to DFT calculations.71 Indeed, RHAGBs
exhibit enhanced nonradiative recombination compared
to twin boundaries, but which are still ,1  104 cm/s.70
The reason for this electrical passivation might be the
abovementioned atomic redistribution and segregation of
alkali metals.
E. Phase nucleation at crystalline defects

A detailed study of the segregation of Mn to linear
defects in a model Fe-9Mn binary alloy by a combination
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FIG. 5. (a) ECCI of a crept CoNi-based superalloy taken near the [110] direction showing the rafted c9 parallel to the tensile loading direction.
(b) Low- and high-magniﬁcation scanning transmission electron micrographs (high-angle annular dark ﬁeld) of the APT specimen along the [110]
zone direction showing planar stacking fault in bright contrast. (c) Composition proﬁles across stacking fault, leading partial dislocation, and along
the stacking fault plane. (d) Full three-dimensional compositional ﬁeld of Al and schematic illustration of the diffusional processes taking place
(Reprinted with permission from Ref. 66.).

of APT and transmission electron microscopy led to the
possible detection of conﬁned phases, nucleated at dislocations that are not isostructural with the host matrix.56,73 These are akin to the concept of complexions,
a term that describes the interfacial state in local
equilibrium with its abutting phase(s)74,75 One of the
most interesting aspects of this study is the reasoning that

there is a strong interplay between the local structure and
the local composition of a speciﬁc microstructural feature. Further analyses of crystalline defects in this same
system led us to further highlight the speciﬁc behavior of
these conﬁned regions, providing evidence of conﬁned
spinodal decomposition of the solutes that are adsorbed
to the grain boundary.

J. Mater. Res., 2018
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This is highlighted in Fig. 7 that details the information
obtained from a single dataset. In Fig. 7(a), the structural
information extracted from the partial crystallographic

information available within the detector hit maps
shown in Fig. 7(a) allow for full misorientation
determination.27,29,33 Figure 7(b) is a close-up on the

https://doi.org/10.1557/jmr.2018.375 Published online by Cambridge University Press

FIG. 6. (a) TKD measurement of an APT specimen from a Cu(In,Ga)Se2 thin-ﬁlm. The red line marks a RHAGB. (b) and (c) Reconstructed APT
dataset showing co-segregation of Na and K atoms at the RHAGB. (d) 1D concentration proﬁle across the RHAGB showing an atomic
redistribution (Reprinted with permission from Ref. 69.).

FIG. 7. APT analysis of a grain boundary decorated with Mn after 6 h at 450 °C. (a) The 12.5 at.% Mn iso-concentration surfaces (12.5 at.% Mn
was chosen as a threshold value to highlight Mn-enriched regions). The detector map of the regions marked by the blue, purple, and green frames,
respectively. The corresponding stereographic projections (black dots) after the identiﬁcation of the main poles in the map (red dots) were
superimposed. (b) Detail of the twisted low-angle grain boundary marked by the red dashed box in (a) as revealed by the iso-concentration surfaces.
The grain boundary highlighted by the blue dashed box in (a) was exported and displayed in (c) using an in-plane concentration analysis inside the
grain boundary plane (caption adapted and ﬁgure reproduced with authorization from Ref. 72, for which the content is covered by a CC-Attribution
4.0 licence authorizing reuse of content with modiﬁcation).
8
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FIG. 8. Schematic view of the progressive evolution of the Mn
segregation over time: as Mn segregates to the boundary, the
composition reaches point at which spinodal ﬂuctuations appear in
space, as the maximum amplitude of the spinodal waves is reached, the
wavelength of the ﬂuctuations increases.

low-angle grain boundary located in the central part of
the dataset, which shows a clear pattern of decorated line
defects along which composition ﬂuctuates. Figure 7(c) is
a two-dimensional composition map of the high-angle
grain boundary, located toward the bottom of the dataset,
and it shows clear compositional ﬂuctuations.
At 450 °C, a miscibility gap appears in the Fe-Mn phase
diagram that can lead to a spinodal decomposition.72 As
the local composition of a microstructural feature reaches
a certain threshold composition, compositional ﬂuctuations
along the linear defects and planar defects can be
interpreted as a conﬁned spinodal ﬂuctuations. Indeed,
during aging at high temperature, solutes will tend to
segregate to the defects to help lower the system’s free

FIG. 9. Atom probe crystallography analysis of a hydride precipitated at a a low-angle grain boundary in Ti–2Fe: (a) patterns formed on the
detector during the analysis exhibiting the typical symmetries from the local crystalline phase highlighted by the superimposed stereograms;
(b) APT reconstruction and (c) spatial distribution maps revealing the presence of atomic planes in the tomographic reconstruction near the a-Ti/
hydride interface shown in (d); (e) model of the faceted a/hydride (Reprinted with permission from Ref. 82.).
J. Mater. Res., 2018
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energy, as the segregation keeps proceeding, the conﬁned
system at the defect will progressively reach the composition at which the miscibility gap appears in the Fe–Mn
system at the grain boundary. This triggers phase separation and compositional ﬂuctuations appear. This is summarized schematically in Fig. 8. Such strong compositional
variations within the grain boundary will greatly inﬂuence
the succession of phase formations and hence development
of the microstructure and we showed that these likely
inﬂuence the nucleation of austenite in this speciﬁc alloy
and that they could explain the mechanical properties of the
alloy in the early stage of aging.76

to study the local composition of individual structural
defects that differ from their surrounding due to segregation. These conﬁned regions near or at defects exhibit
their own partitioning behaviour and can be considered as
separate conﬁned phases or complexions (this is a terminology debate that falls outside the scope of the current
article). APT is ideally suited to study segregation to
crystalline defects and the unique insights brought by the
application of the technique are critical to understand
phenomena and processes at the nanoscale and hence
predict the microstructural evolution during the lifetime
of parts made from these typical engineering alloys.

F. Heterogeneous nucleation of hydrides in
titanium
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Titanium and its alloys are known for their high
afﬁnity for hydrogen and their tendency to form thermodynamically stable hydrides.77 Ti-hydrides are known to
inﬂuence the brittle fracture of Ti-alloys during service.78,79 It was reported that the high susceptibility for
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possible.80,81 We exploited the formation of hydrides,
subsequent to focused-ion beam irradiation during specimen preparation, to investigate stable hydrides by
APT.82 Commercially pure Ti and multiple alloy systems
were investigated. Figure 9 shows a hydride that has
nucleated in a binary Ti–2Fe alloy. Here again, atom
probe crystallography analysis of the detector hit maps
reveals key features. First, the hydride has formed at
a grain boundary, as assessed by the shift in the position
of the pole that exhibits a 6-fold symmetry corresponding
to the {0002} set of planes of the hexagonal-close-packed
a-Ti in Fig. 9(a). The orientation between the two grains
changed by approximately 5.4°. Second, the region with
high hydrogen composition, visible in Fig. 9(b), has
transformed into a hydride, which is revealed by the
change in the pole pattern in the detector hit map. A clear
{111} pole aligns with the {0002} pole of the bottom
grain. This observation is indicative of an orientation
relationship that agrees with previous reports from transmission electron microscopy.77 The plane spacing was
assessed by spatial distribution maps,32 displayed in
Fig. 9(c), and the planes themselves are visualized
in Fig. 9(d). A model of the interface is proposed in
Fig. 9(e). This study allowed for quantiﬁcation of the
composition and interfacial segregation behavior of hydrides
that have grown subsequently FIB-based sample preparation
most likely via a heterogeneous nucleation process.
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