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Segregation of solutes at dislocations in a nickel-based superalloy produced by laser powder bed fusion was
investigated. Transmission electron microscopy has shown a high dislocation density present in the as-built
microstructure, which was significantly reduced after a subsolvus heat-treatment, but not completely
removed. Atom probe tomography revealed segregation of boron at dislocations in the y matrix in the as-built

state. Such segregation was observed for dislocations both in the interdendritic and dendritic core region, but
also for dislocations close to grain boundaries. Molybdenum, carbon and tungsten were also found to segregate at
dislocations in the y matrix. After the subsolvus heat treatment, the segregation behaviour of dislocations
remaining in the y matrix is not altered. Boron, molybdenum and tungsten were found to segregate at disloca-
tions but at higher amounts compared to those in the as-built state. Ramifications of boron trapping at dislo-
cations in additively manufactured superalloys are briefly discussed.

1. Introduction

Boron in additively manufactured superalloys is a double-edged
sword. It is well known that boron is the main grain boundary
strengthening solute in polycrystalline superalloys [1-3]. In its absence,
polycrystalline superalloys fail to achieve the required creep and fatigue
performance at elevated temperatures [4,5]. Depending on the amount
of boron and the grain size of the alloy, boron is often observed to
segregate at grain boundaries or partition in borides, leading to various
mechanisms responsible for the so-called boron effect in superalloys
[6-11]. However, it is known that weldability difficulties can arise in the
presence of boron [12], where hot cracking prevails for instance during
the repair process of the superalloy. The challenge of avoiding hot cracks
due to the presence of boron also exists in superalloys attempted to be
produced by additive manufacturing routes [13-18]. If this challenge is
not addressed, there might be a limited use of additive manufacturing
(AM) processes to produce polycrystalline superalloys. Thus, there is a
need to further explore and understand the partitioning behaviour of
boron in such processes, aiming to enable crack-free additively
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manufactured superalloys, without compromising their grain boundary
strength at elevated temperatures.

To better understand the partitioning of boron, it is also important to
consider the interaction and segregation of boron at crystal defects, such
as dislocations and stacking faults. Recently, it was shown that such
interactions alter the composition of superalloys during deformation at
elevated temperatures, and thus control their microstructural evolution
[19]. Often in superalloys produced by Laser Powder Bed Fusion
(L-PBF), the as-built microstructure contains a high dislocation density
in a super-saturated matrix, where segregation of solutes at interden-
dritic and dendritic regions is reported [15,17,20,21]. However, no
studies have been performed to investigate potential segregation of
solutes, including boron, at dislocations in AM produced superalloys.

Here, we provide new insights into the partitioning character of
boron by revealing segregation of boron at dislocations in a nickel-based
superalloy produced by laser powder bed fusion (L-PBF). Transmission
electron microscopy and atom probe tomography have been used to
study as-built and heat-treated specimens, in which the segregation of
boron amongst other solutes is observed. Possible consequences of boron
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Fig. 1. Bright and dark field STEM micrographs alongside corresponding TEM-EDX maps of titanium from the as-built (a-c) and fully heat-treated (d-f) micro-
structure of AD730.
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Fig. 2. a) APT reconstruction from the as-built sample from the cellular microstructure showing dislocations, alongside a 2D contour map of Ti revealing the

interdendritic region. b), ¢) 1D composition profiles across the interdendritic region

shown in Fig. 2a and denoted by arrow #1. 1D composition profiles across the

dislocation denoted by arrow #2 in Fig. 2a of d) boron, e) molybdenum and f) carbon. Error bars are shown as lines filled with colour and correspond to the 2¢

counting error.
segregation at dislocations are briefly discussed.

2. Experimental procedures
2.1. Material

The polycrystalline nickel-based superalloy AD730® with composi-
tion Ni-17.6Cr-8.3Co-4.2Fe-1.8Mo-0.8W-5.1A1-3.7Ti-0.7Nb-0.1C-
0.05B-0.03Zr (at.%) provided in powder form by Aubert et Duval was
investigated. An EOS M290 machine was used to produce rectangular
samples with dimensions of 70 x 13 x 10 mm (length-width-height) by
L-PBF. The linear energy density, defined as laser power divided by scan
speed, was set to 0.38 J/mm. The hatch spacing was 100 pm, and the

laser scan direction was rotated by 67° between each deposited layer. All
the builds were performed under an argon atmosphere. Following the L-
PBF deposition, the samples were first solution heat-treated at 1080 °C
for 4 h (sub-solvus solution) and subsequently aged at 760 °C for 16 h.
The heat-treatment stages were performed in air.

2.2. Transmission electron microscopy

In order to investigate the dislocation density, the as-built and fully
heat-treated samples were characterized by transmission electron mi-
croscopy (TEM). Thin foils were observed in a FEG JEOL 2100F oper-
ating at 200 kV. Bright-field (BF) and dark-field (DF) images were
acquired in the scanning transmission electron microscopy (STEM)
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Fig. 3. a) APT reconstruction from the as-built sample from a dendritic core showing dislocations, alongside a 2D contour map of Ti. b) 1D composition profile of
boron across the dislocation denoted by arrow #1 in Fig. 3a. Error bars are shown as lines filled with colour and correspond to the 26 counting error.

mode. All observations were carried out in [110], zone axes. As titanium
is expected to segregate at interdendritic spacings, and be depleted in
the dendrite cores [22], it was used to distinguish the dendrite cores
from the interdendritic spacings. Titanium segregation was mapped by
energy dispersive X-ray spectroscopy (EDX), using a Silicon Drift De-
tector Centurio detector. The Ka emission energy was used for detection.

2.3. Atom probe tomography

In search for proof of solutes segregating at dislocations during the L-
PBF, atom probe tomography (APT) was used. In particular, APT was
performed in specific regions in the as-built sample. Specimens were
extracted from both the interdendritic and the dendrite core regions.
Similarly, APT samples were prepared from within the grains in the
heat-treated sample aiming to study potential segregation of solutes at
dislocations remaining after the heat treatment. A FEI dual beam
focused ion beam (FIB) Helios 600i was used to prepare the APT samples
from site-specific lift-outs, following procedures described in Ref [23]. A
Cameca LEAP 5000 XR instrument was used to analyse the APT samples,
operated in laser mode at 60 K, with a repetition rate at 125 kHz and
with laser energy at 45pJ. Data reconstruction and processing was
performed using the AP Suite 6.1 software tool.

3. Results and discussion
3.1. Dislocations in as-built and heat treated microstructure

Figure 1 shows BF- and DF-STEM images from the as-built and fully
heat-treated microstructures of the L-PBF produced alloy. In particular,
in the case of the as-built microstructure cellular dendrites are clearly
observed, alongside elemental segregation of titanium at the interden-
dritic regions, as shown in Fig. 1. These interdendritic regions are often
found to be decorated by dislocation arrays in microstructures inherited
from L-PBF [20,24]. Although, dislocations are observed at both
dendrite core and interdendritic regions, a much higher dislocation
density is observed in the interdendritic regions, while straight dislo-
cations are observed in the dendrite core. Note, that y' precipitates are
not observed within the cellular dendrites after L-PBF. After the full
heat-treatment, the dislocation density is significantly reduced, as
shown in Fig. 1d and 1le. Although, the dislocation density is reduced,
several dislocations are still visible within the microstructure. Apart
from the dislocations, y' precipitates with two distinct sizes are now
clearly visible following the heat treatment ageing, which can be seen in
Fig. 1f. After the full heat treatment, the microsegregation of titanium
inherited from solidification observed in the as-built case has been
removed. We only see the well-known partitioning between the y and y’

phases.
3.2. Trapping of boron at dislocations

Potential segregation of solutes at dislocations was investigated by
APT. Similar studies on superalloys produced by traditional processing
routes have revealed segregation of solutes at crystal defects, such as
dislocations and stacking faults, generated after plastic deformation at
elevated temperatures [19]. Fig. 2 shows an APT reconstruction from
the as-built microstructure. In particular, in Fig. 2a, both the dendrite
core and the interdendritic regions are observed, as revealed by the 2D
contour map of Ti. In particular, a region within the analysed APT
volume with a higher amount of titanium (Ti ~ 5 at.%) is found, which is
in agreement with the Ti microsegregation observed by EDS in Fig. 1c,
but also with previous reports [25,26]. Fig. 2b shows a 1D composition
profile across that region, as indicated by arrow #1 in Fig. 2a, and it
clearly shows the segregation of Ti, indicating the interdendritic region
within the analysed volume. Nb partitioning in the interdendritic re-
gions is also observed but is less pronounced than for Ti. A very slight Mo
enrichment in the interdendritic spaces can also be detected. Those
observations are in qualitative agreement with the partitioning behav-
iour of such solutes during solidification of superalloys [27,28]. Note
that given the high solid-liquid interface velocity taking place during
L-PBF, there could be slight differences in the solute segregation profile
of some elements compared to the expectation from simulations based
on the Scheil-Gulliver model. Besides, Fig. 2c shows an enrichment of
boron at the interdendritic region compared to the dendritic core. This
observation of B partitioning in the interdendritic regions is in agree-
ment with previous experimental studies and solidification thermody-
namic calculations, see e.g. [17,26,29]. Indeed, B is rejected in the
residual liquid films during the last stages of solidification, thus the
interdendritic regions are enriched in B.

In the interdendritic region tubular features that correspond to
segregation at dislocations are observed, in agreement with the high
density of dislocations as shown in Fig. 1. Such features have been
previously confirmed by correlative investigations of electron micro-
scopy methods and APT that correspond to elemental segregation at
dislocations [30,31]. A 1D composition profile that corresponds to a
rectangular region of interest (ROI) perpendicular to a representative
dislocation, indicated in Fig. 2a (arrow #2), reveals segregation of boron
at the dislocation, as shown in Fig. 2d. In addition, molybdenum and
carbon are also found to segregate at the same dislocation, as shown in
Fig. 2e and 2f, respectively. In some cases, the observed features are
found to be unexpectedly interrupted withing the analysed APT volume.
It should be noted here that the observed local enrichment is associated
with elemental segregation to a dislocation, but not the dislocation
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Fig. 4. APT reconstruction from the as-built sample showing dislocations in the
vicinity of a grain boundary. b) 1D composition profiles of boron and carbon
across the dislocation denoted by arrow #1 in 4a. ¢) 1D composition profiles of
molybdenum and tungsten across the dislocation denoted by arrow #1 in 4a.
Error bars are shown as lines filled with colour and correspond to the 2¢
counting error.
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itself, given the fact that dislocations cannot be directly distinguished by
APT. Thus, it is possible to only image the segments of the dislocations
which are chemically decorated, as the segregation and diffusion of
solutes is perhaps not entirely completed. In particular, the dislocations
in the as-built sample have been exposed to elevated temperatures, that
allow diffusion of solutes, for relatively short time given the AM pro-
cessing route. Thus, sufficient time for segregation and diffusion of
solutes at dislocations is an important factor to be considered at such
phenomena. Also, in the case of the dislocation profile, the rectangular
ROI is placed across only within the dislocation as indicated by the
isosurface. This allows us to investigate only the atoms segregating at
the dislocations. If the width of the ROI is much larger, then it includes a
very much higher amount of atoms from the surrounding matrix, and as
a consequence the local segregation is averaged out and not observed at
first, as it can be seen in Fig. 2c.

Segregation of solutes at dislocations has been previously observed
by TEM and APT in superalloys deformed under creep and fatigue at
elevated temperatures [32-36], but also after thermomechanical pro-
cessing [37]. However, in all these cases the observed segregation refers
only to dislocations within y/, but never in the y matrix. Several hy-
potheses have been discussed in a recent viewpoint article [19]. amongst
them, a scenario can potentially involve the diffusion of solutes out of
the dislocations during the slow cooling after for instance creep or fa-
tigue experiments. However, in the case of L-PBF, cooling rates are much
higher, thus the segregated solutes at the elevated temperatures can
potentially remain trapped after cooling. In the present case, B segre-
gation at dislocations in the as-built condition is thought to result from
the interplay between solute partitioning inherited from solidification
and dislocation generation upon cooling. Indeed, B is found to partition
in the interdendritic region because it is rejected in the residual liquid
films during the last stages of solidification. Dislocations are assumed to
be created once the solidification is completed, i.e. after “bridging” of
the cellular dendrites. The latter idea is supported by our STEM images
in Fig. 2a-b where planar dislocations are observed to cross multiple
cellular dendrites. Thus, a possible scenario accounting for B segregation
at dislocations in the as-built conditions is a solute drag effect. Some
solutes would segregate at dislocations resulting in pinning of the dis-
locations and eventually leading to the stabilization of the dislocation
network. This is only a hypothesis and further investigations are
required to undoubtedly identify the mechanism accounting for B
segregation at dislocations in the as-built microstructure.

Regarding the type of solutes segregating at the dislocation, chro-
mium and cobalt are the most common solutes segregating at disloca-
tions within y’ precipitates, but this is not the case here. Boron has only
been found before to segregate at dislocations in nickel aluminides with
a near stoichiometric Ni3Al composition, but not in the y matrix [38].
Molybdenum has been found before at dislocations in y’ [39], which is
similar to the dislocations in the y matrix observed in this study. As the
segregation is often related to the minimization of the free energy of the
defect within a given phase and based on the fact that now the dislo-
cations are observed in a y matrix and not within v, these can potentially
rationalize the different types of solutes segregating at the dislocations.
For instance, APT revealed that nickel and cobalt segregate at disloca-
tions within Cr-rich borides after creep, which contradicts the obser-
vations made for segregation of solutes at dislocations in y' [40].

To unambiguously confirm the segregation of boron at dislocations,
further APT investigations were performed. In Fig. 3a, another APT
reconstruction is shown, where segregation of boron at dislocations is
once again evidenced. This can be seen in the 1D composition profile in
Fig. 3b, that corresponds to a cylindrical region perpendicular to the
denoted dislocation (arrow #1 in Fig. 3a). In this case, segregation of
molybdenum and carbon was not clear. Besides, a 2D contour map of
titanium, did not reveal any particular compositional variation over
several hundreds of nanometers contrary to Fig. 2a. The relative ho-
mogeneity of the spatial distribution of Ti in this region and the average
titanium content measured here (Ti =~ 3.5 at.%) suggests that this
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Fig. 5. a) APT reconstruction from the heat-treated sample showing y' precipitates and a dislocation in y matrix. b) 1D composition profile of boron across the
dislocation denoted by arrow #1 in 5a. ¢) 1D composition profile of molybdenum and tungsten across the dislocation denoted by arrow #1 in 5a. Error bars are

shown as lines filled with colour and correspond to the 26 counting error.

analysed volume corresponds to an area from within the dendrite core.
The observation of dislocations in the dendrite core decorated by boron,
can further support the scenario that solute drag effects occur as dislo-
cations cross multiple cellular dendrites.

Dislocations were also found in the vicinity of grain boundaries. An
APT reconstruction from the as-built sample containing a grain bound-
ary and dislocations is shown in Fig. 4. In this case, a 1D composition
profile denoted as #1 in Fig. 4a, shows a clear segregation of boron,
molybdenum and carbon at a dislocation, as shown previously. Besides,
a segregation of tungsten is also observed in this case. Segregation of
tungsten at dislocations has been previously assumed for a superalloy,
but not proven, as a result of the precipitation of tungsten rich MgC
carbides in high dislocation density regions after very high cycle fatigue
deformation [35]. Note that here, y’' precipitates are only present at the
grain boundaries, which have been investigated and confirmed by TEM
in a different study [41].

After heat treatment, TEM investigations revealed that dislocations
are not completely removed from the microstructure, given that a sub-
solvus solution treatment was applied. Thus, we aimed to investigate
potential segregation of solutes at dislocations after the heat treatment
and examine whether there is a change in the segregation character.
Fig. 5a shows an APT reconstruction that contains y’ precipitates formed
after the full heat treatment. In the y matrix, a tubular feature, similar to
what has been observed in the as-built sample, can be observed. A 1D
composition profile across the dislocation, shows a clear segregation of
boron, molybdenum and tungsten, Fig. 5b and 5c. The segregation
character is the same in terms of what solutes segregate at the

dislocations. However, there is a slight difference in their amounts. For
instance, in the as-built sample, the maximum amount of boron at the
dislocation was up to 2.5 at.%, while in the heat treated sample raises up
to 5.5 at.%. Similarly, the maximum observed amount of molybdenum
increases from 5.5 at.% in the as-built sample to up to 9.0 at.% in the
heat treated sample. A significant increase is not measured in the case of
tungsten, while carbon was not found at the dislocation in the heat-
treated sample.

In this study the focus is not placed on the amount of solute segre-
gation at dislocations, but on what solutes partition at dislocation.
However, this difference in the amount of solutes at dislocations
observed in the as-built and heat-treated alloy could be related to
various phenomena. For instance, the observed segregation could be
correlated to different types of dislocations, i.e. screw or edge, thus
resulting to different amount of solutes [19]. To gain such information, a
correlative TEM/APT study is required. In this case, at the same spec-
imen, TEM would provide information regarding the type of dislocation
and subsequently compositional information would be collected by APT.
However, given the geometry of the APT samples, which restricts ana-
lyses on the type of dislocations, a sample preparation protocol that
exploits the strengths of both these characterization methods in the case
of dislocations has not been developed. Such protocols, however, have
been developed for other types of crystal defects [31]. In addition,
another factor that should be considered is that dislocations are not
necessarily generated at the same time. This leads to shorter or longer
times for the solutes to segregate at dislocations and result in the
observed differences. Besides, after heat treatment the annealing of
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some dislocations led to a reduced available number of sites where
trapping of these solutes can occur, thus the segregating solutes can be
concentrated in the fewer dislocations.

Segregation and trapping of boron at dislocations during L-PBF
processes can have implications on their microstructural evolution but
also on their design and processing. For instance, segregation of boron
and molybdenum can potentially contribute to stabilizing the network
of dislocations, especially in the as-built microstructure and lead to the
formation of borides during heat treatment. It is well known that boron
combines with molybdenum to form borides in superalloys [42,43]. In
this alloy such Mo-rich borides have been observed after heat treatment
in a different study [41]. The borides were almost exclusively observed
at the grain boundaries, while the STEM observations in the heat-treated
microstructure did not reveal any formation of borides at the remaining
dislocations (Fig. 1). Intergranular borides are often desirable due to
their beneficial effect on high temperature deformation [3,40,44],
however there are some cases at which borides act as dislocation sources
that can have a detrimental effect to the mechanical properties [45,46].

Recently, direct ageing has been considered for L-PBF alloys, where a
solution treatment step is not required as it is assumed that there is a
supersaturated matrix [47,48]. In such scenario, a significant proportion
of dislocations will not be removed, and some boron may remain trap-
ped at dislocations, possibly leading to low amounts of boron available
to finally segregate at grain boundaries and strengthen them. But, by
reducing the dislocation density through a full heat treatment process, a
higher amount of boron will diffuse towards the grain boundaries, which
was shown in a previous study [49]. In particular, APT have shown that
the amount of boron was up to 2.0 at.% in a high angle grain boundary in
the as-built condition, while increased up to 6.0 at.% after heat treat-
ment. The creep performance at 650 °C of the AM produced alloy was
compared to that manufactured by cast and wrought processes (Fig. 1 in
[41]). Although the creep performance of the AM alloy was deteriorated,
this was attributed to the presence of cracks in the initial microstructure
and not to lower amounts of boron at grain boundaries.

A careful design and understanding of boron trapping at dislocations
could be used potentially as a mechanism to mitigate hot cracking
during L-PBF processing, by reducing the available amount of boron
segregating at grain boundaries, thus hindering hot cracking. However,
this hypothesis must be questioned since it is not clear at what stage the
dislocations are generated. As most likely dislocations are generated
once the solidification is completed, this hypothesis would require
further development and investigations, for instance by exploring the
effect of solution treatment temperature on the dislocation density and
boron segregation at grain boundaries.

4. Summary and conclusions

In summary, our results demonstrate that boron, amongst other
solutes, can be trapped at dislocations during the L-PBF processing of the
AD730® superalloy. APT revealed segregation of boron, molybdenum
and in some instance carbon at dislocations in the y matrix of the as-built
condition. This observation was made for dislocations located both in
the interdendritic regions and dendrite cores. After a sub-solvus heat
treatment, the dislocation density has been reduced but not completely
removed as shown by TEM. The remaining dislocations were also found
decorated with boron and molybdenum and to relatively higher
amounts compared to those in the as-built condition. The observed
boron trapping can potentially influence not only the additive
manufacturing processes of nickel-based superalloys but also their alloy
design guidelines.
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