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Abstract

We examine by transmission electron microscopy the precipitation state in
the as-built microstructure of a nickel-based superalloy fabricated by laser pow-
der bed fusion. Most observations are carried out on carbon extraction replica
to isolate the different signals of the precipitates from those of the matrix. Com-
position maps measured by energy dispersive X-ray spectrometry are compared
to phase and orientation maps obtained on the same precipitates by automated
crystal orientation mapping. The composition analyses are completed by elec-
tron energy-loss spectrometry measurements made on thin foils. A large vari-
ety of nano-particles is found: (Ti,Nb)(C,N) carbonitrides, (6) AloO3 alumina,
(Cr,Mo)3B2 and (Cr,Mo)sB3 borides, and the intermetallic phase NizZry. The
precipitation state is also complex in terms of its structure: carbonitrides can
present a core-shell structure of composition and are frequently twinned, alu-
mina particles serve as nucleation sites for carbide agregates, and several crystal-
lographic phases of borides may coexist next to each other. These observations
allow one to retrace the genesis of the microstructure during fabrication and to
discuss the precipitation mechanisms under the extreme processing conditions

associated with laser powder bed fusion.
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1. Introduction

The fabrication of nickel-based superalloy components by additive manu-
facturing processes faces a number of challenges of metallurgical origin which
are hardly overcame by process optimization. We take in this paper the laser
powder bed fusion (L—PBF)H process as a typical illustration of these challenges.
The fast cooling rates inherent to the process (~ 10°Ks~!) induce complex mi-
crostructures with small dendrite size, microsegregations and precipitation of
nano-sized second-phase particles [I} 2 B [, [5] 6]. The existence of thermal
stresses acting on the residual liquid films during the last stage of solidification
may further lead to the formation of hot cracks at high-angle grain boundaries,
which deteriorates the mechanical properties of the component [6, [7, [§]. The
hot cracking susceptibility of an alloy depending, in first approximation, on the
solidification path, the microsegregations and the precipitation state, charac-
terizing the as-built microstructures is of great importance to understand and
control this phenomenon.

In this context, the precipitation state is of high interest as it provides a
post-mortem testimony of the microstructure formation. For alloys frequently
investigated, e.g. the 718 and 738 grades, previous works have reported evi-
dences of a wide range of precipitates: ' phase [5], 6 phase [4], Laves phases
[9], carbides [I0} 6] and borides [I0]. One ought to carefully interpret those re-
ports however, since many potential phases have a similar composition, e.g. 7"
and 0 phases differ only by their crystallography [11], or similar lattice parame-
ters, e.g. the different borides. Most works presenting only the crystallography
[5] or the composition [4, 6, @, T0] of a few selected particles, the current littera-

ture does not allow one to establish a comprehensive picture of the precipitation

1 Also sometimes referred to as the commercial name selective laser melting (SLM).



state in these microstructures.

Due to their small size and fraction, precipitates in as-built microstructures
must be probed with nanometric-resolution equipments. Accurate ways to iden-
tify second-phase particles are to analyze selected area diffraction patterns in
the TEM [3] or the local stoichiometry using atom probe tomography [6] [10].
These approaches provide however very local characterizations of the particles,
which further limits the representativity of the results relative to the whole
sample.

This work aims to establish a classification of the types second-phase parti-
cles found in the as-built microstructure of a nickel-based superalloy fabricated
by L-PBF. To overcome the limitations of the above-mentioned approaches, a
multi-modal mapping approach has been implemented in the TEM. The com-
position of particles was investigated by energy dispersive X-ray spectrometry
(EDX) and electron energy-loss spectrometry (EELS) maps, while automated
crystal orientation mapping (ACOM) was carried out to identify their crystalline
structure. The second-phases were identified by comparing the composition and
crystallographic data to tables of candidate phases typically found in nickel-
based superalloys. This approach allows the composition and crystallography
of a large number of second-phase particles to be scanned at the same time. The
results unveil the variety and complexity of the precipitation state in as-built
samples, and allow one to retrace the microstructure formation sequence during

fabrication.

2. Methodology

2.1. Fabrication and preliminary observations

A powder batch of AD730 alloy was supplied by Aubert et Duval. For con-
fidentiality reasons, we provide only bounds of composition of the commercial
powder in Nitrogen and oxygen do not enter in the nominal compo-

sition but exist as traces resulting from the powder fabrication process. Two



independent studies have shown that the oxygen content before fabrication is

classically around 0.015wt% [12] [13].

Table 1: Bounds of composition for commercial AD730, in wt.%.

Ni Cr Co Mo W Al Ti Nb C B Fe Zr N O

bal. 14 7 2 15 1.8 28 05 0 0.003 3.6 0.01 tr. tr.
bal. 17 10 5 35 28 42 25 0.07 0.03 7 006 tr. tr.

Samples of 10mmx13mmx100mm were fabricated by L-PBF on a EOS
M290 machine. The processing parameters were chosen after a parametric study
with the aim of minimizing the pore density, and are in the range of those pre-
viously reported for fabricating nickel-based superalloy components [3| [6l [§]. A
few prelimary observations were carried out by optical microscope and scan-
ning electron microscope to give an overview of the as-built microstructure and

compare its state to the classic results from the litterature.

2.2. ACOM and EDX observations on carbon replica

Precipitates were extracted on carbon replicas in order to isolate their diffrac-
tion and x-ray signals from those of the matrix. The sample preparation follows
the procedure of Goodfellow et al. [I4]. Tt consists in (i) electropolishing a
mechanically polished sample in a solution of 10% phosphoric acid in distilled
water, (ii) coating it with a ~20nm thick film of amorphous carbon, (iii) re-
moving the film with the precipitates on it by electropolishing the sample in a
solution of 20% perchloric acid in ethanol and (iv) depositing it on copper mi-
crogrids. This procedure was choosen as it preserves the intermetallic particles,
in particular potential 7/ phase precipitates [14].

The carbon replicas were observed in the TEM using a JEOL 2100F at
200kV accelerating voltage. EDX maps were collected to measure the elemental
enrichments at the precipitates. The K, emission ray was used for detecting all
elements except molybdenum, selecting in this later case the Lg ray. The light
elements, namely boron, carbon, nitrogen, oxygen could not be detected, either

due to the absence of a detectable signal (for boron) or to the carbon replica.



On the same regions of interest, ACOM maps of crystallographic phases and
orientations were acquired with the hardware and software toolset ASTAR. The
details of this technique are given in ref. [I5]. A map of selected area diffraction
patterns is acquired with a CCD camera located out of the microscope, and the
phase and orientation at each position are assigned by comparing its Bragg spot
diffraction pattern to simulated patterns of candidate phases and orientations.
The simulated pattern having the highest correlation index with the acquired
diffraction pattern determines the best solution.

As ACOM only establishes correlations between actual and simulated pat-
terns, a careful preliminary work is required to establish candidate phases. The
list shown in and used for all subsequent analyses has been established
using results from the litterature and insights from thermodynamic calculations
using Thermocalc (TCNI9 database). Apart from the 4’ phase, the candidate
phases all contains elements that are quasi-insoluble in a nickel matrix according
to the Hume-Rothery rule (i.e. boron, carbon, nitrogen, oxygen and zirconium)

[16].

2.3. EELS observations on thin foils

To provide complementary analyses of the particles composition, thin foils
of materials were observed by EELS. The interest of the EELS technique for the
present work lies in its ability to detect the light elements. The thin foils were
electro-polished in a solution of 5% perchloric acid in methanol. Acquisitions
were performed using a Jeol JEM-ARM200F NeoARM, equipped with a high
brightness cold FEG, a Gatan imaging filter Quantum, a last generation ASCOR
probe corrector, and operated at 200kV. The elemental maps were acquired
using the Spectrum Imaging technique as implemented in the Gatan digital

micrograph software.



Table 2: Candidate phases for identification in ACOM. The lattice parameters of the 7’ phase
were measured by X-ray diffraction on a heat treated sample. Small variations of lattice
parameters may be reported between different articles, but these have no significant effect on
the phase identification. Note that other structures of alumina were ignored as they presented

poor correlation indeces with the observed particles.

Name/stoechiometry  Space group a, b, ¢ (A) a, B, v (°) Ref.
~'/ Nig(Ti,Al) Pm3m (221) 3.5, -, - 90, -, - XRD
(Ti,Nb)(C,N) Fm3m (225) 4.36, -, - 90, -, - 7]
(Cr,Mo),B 4/mem (140)  5.20, -, 4.30 90, -, - 18]
(Cr,Mo)3Bs I4/mem (140) 5.79, -, 3.06 90, -, - [19]
(Cr,Mo)5B3 4/mem (140)  5.88, -, 10.10 90, -, - [19]
NizZrs C2/m (12)  4.82, 822 11.13 90, 96.7, 90  [I7]

NisZr Fi3m (216) 6.07, -, - 90, -, - [20]

(6) AlyO4 C2/m (12) 1179, 2.91, 5.62 90, 103.79, 90  [21]

(5) Al,Os P4m?2 (115) 5.59, -, 23.65 90, -, - 221

3. Experimental observations

3.1. Microstructure overview

presents an overview of the microstructure at different scales. The
optical micrograph in shows that the as-built microstructure presents
the general characteristics of L-PBF microstructures of nickel based superal-
loys. The melt pools generated by the laser scan are about 200um in width.
The grains present irregular shapes and grow preferentially by epitaxy through
several melt pools in the build direction. The density of the material is above
99,9%. shows that, at a smaller scale, grains are composed of colum-
nar dendrites and second-phase particles. The dendrites are revealed by lines
of microsegregations (in darker grey-level) in the interdendritic regions. Grain
boundaries are delimited by dendrites going in different directions. Numer-
ous particles are found near the interdendritic regions and at grain boundaries,
which confirms that most of them precipitate near the end of solidification and

in close relation with microsegregations. As will be shown below, the grey-level



of the particles (related to their average atomic number) is far from sufficient

to identify their phase.

Figure 1: a) Optical micrograph of the as-built microstructure etched in aqua regia. The
building direction is denoted BD, and the transverse direction TD. b) Back-scattered elec-
tron micrograph taken in the scanning electron microscope. The grey-level contrast between
dendrites comes from differences of chemistry, while the contrast between grains comes from
crystallography. The saturated grey-level of the particles (either black or white) suggest that

their contrast comes from chemistry.

Even from a qualitative point of view, one can sense from [Figure 1p that the
size and fraction of the second-phase particles is too small to perform phase-
identification by conventional X-ray diffraction. This is why TEM observations
have been carried out. In the following sections a systematic listing of the
types of second-phase particles identified by TEM will be presented. Particular
attention will be paid to the particles composition, to their defect structure
and to their relationship with other particles. While large areas were scanned,
only small exemplary cases will be presented in order to focus this paper on the
identification and classification of the second-phase particles. It is also relevant
to mention that in this work no 7/ particles have been detected. This absence

cannot be ascribed to a dissolution of particles during the carbon replica since



the procedure was specifically selected to preserve the 7/ phase ﬂ

3.2. Carbonitrides

About 90% of the observed particles were (Ti,Nb)(C,N) carbonitrides, with
a size of the order of 10nm to 100nm in equivalent diameter. The term carboni-
tride is used here in a generic sense to characterize particles containing carbon,
or nitrogen, or both, and whose crystallographic structure is cubic with a lattice
parameter close to 4.36A (see . While this type of particle has already
been observed in as-built microstructures of nickel-based superalloys [3, [, 5],
several remarkable features are revealed by the present analysis.

One first interesting feature of carbonitrides is their broad composition
range. This is illustrated in by two EELS observations. On the one
hand, the particle in [Figure 2h,b is composed of a core of carbon and titanium,
and a partial shell of carbon and niobium (note that the residual presence of
carbon and niobium at the core is likely an artefact of the 3D geometry of the
particle). On the other hand, the particle in ,d is a pure carbide with
a uniform distribution of titanium and niobium. The method to distinguish
carbonitrides from pure carbides is based on the electron energy loss spectra
and is detailed in It will be shown in a subsequent figure that
even pure nitrides can be found at the same scale. The existence of core-shell
structures with nitrogen at the core and niobium at the shell and the broadness
of the stoichioemetry range are also recognized in welds of nickel based super-
alloys [23]. In this case, the particles were about 1um in equivalent diameter,
which indicates that core-shell structures form over a large range of sizes, and
by extension, cooling rates.

shows a region of carbon replica containing several carbonitrides.
A small boride is also identified in this figure, but a better example will be

presented later. On the EDX maps, carbonitride particles exhibit peaks of

2Note that we confirmed that this procedure preserves the 4/ phase by observing carbon

replica made from heat treated samples.
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Figure 2: a,b) EELS maps and intensity profile of a carbonitride with a core-shell structure.
¢,d) EELS maps and intensity profile of a pure carbide. The maps on the top right of a) and

c¢) are high-angle annular dark field images. Observations are carried out on thin foils.
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Figure 3: Region with carbides. a) EDX maps, b) ACOM correlation index map, c)
phase+-correlation index map and d) IPF+correlation index map. All candidate phases were
kept for the indexation by ACOM. e,f) acquired diffraction patterns on the two sides of the
twin boundary compared to the simulated patterns (in circles). g) (111) pole figure of the
carbide orientations in the white rectangle. The colors follow the IPF key. The 60° rotation

around the shared (111) axis is represented by the black circle and lines.
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titanium and sometimes niobium ) The location of those peaks
matches the identification of the crystallographic structure of carbonitrides by
ACOM —d). The diffraction patterns in ,f provide evidence
that the structures are well identified. The phase reliability index R overlaid
on the patterns is defined as R = 100 (1 — I /I5) with I; and I the correlation
indices of the two best solutions. This pararameter is for both patterns above
15, which is considered sufficient to ascertain that the identified phase is without
ambiguity the best solution out of all candidates [15].

A second noticeable feature of carbonitrides is the presence of internal twin
boundaries, see for example the particle denoted by the arrow in [Figure 3{. As
shown by [Figure 3, the orientations on the two side of the boundary are related
by a twin relationship, i.e. a 60° rotation around a shared < 111 > axis. It
must be emphasized that this is not an isolated case. In [Figure 3, a significant
fraction of the smaller particles exhibit boundaries within 5° from the theoretical
twin relationship (and their orientations are indexed with a similar quality as the
larger ones). Looking at the litterature, it appears that twinned carbonitrides
do not occur in conventionally cast and wrought superalloy microstructures, but
that they have been reported once in a laser remelted single crystal of nickel
based superalloy [24]. The origin of these twins will be further discussed later

in this paper.

3.3. Alumina

Alumina accounts for about 5% of the particles characterized in this work.
Their size ranges approximately from 50nm to 150nm in equivalent diameter.
They are characterized as particles containing aluminium and oxygen and having
a tetragonal structure of the (§) form (Table 2)).

shows two alumina particles observed by EELS. The particles are

easily identified thanks to their aluminium and oxygen signals. It is noticeable

in both [Figure 4p and [Figure 4k that carbonitride particles are agregated to the

alumina. This confirms a recent observation made by EDX on a similar nickel-

based superalloy fabricated by L-PBF [I3]. As for the isolated carbonitrides
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shown in the previous section, the carbonitride agregates have a broad compo-
sition range, varying from pure nitrides, in [Figure 4h,b, to true carbonitrides
with core-shell structures, in [Figure 4k,d.
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Figure 4: a,b) EELS maps and intensity profile of an alumina particle surrounded by pure
nitrides and a carbonitride. c¢,d) EELS maps and intensity profile of an alumina particle
surrounded by carbonitrides with core-shell structures. The maps on the top right of a) and

c¢) are high-angle annular dark field images. Observations are carried out on thin foils.

In a way similar to the isolated carbonitride particles, |[Figure 5| shows an
example of alumina particle surrounded by carbonitrides as observed on the
carbon replica. On the EDX maps and EDX profile, in and e, the alu-

mina particle is identified thanks to the strong signal of aluminium surrounded
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Figure 5: Region with alumina. a) EDX maps, b) ACOM matching index map, c)
phase+matching index map and d) IPF+matching index map for the carbide phase. All
candidate phases were kept for the indexation by ACOM. e) EDX profile across the alumina
particle. f) acquired diffraction patterns on the alumina particle and its comparison to the

simulated pattern.
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by titanium. As shown by [Figure bp-d, the presence of the alumina particle
surrounded by carbonitrides is confirmed by the crystallographic information
provided by ACOM. shows that the indexation of the diffraction pat-
tern is again excellent. Note that out of the 12 alumina particles investigated,
all of them were indexed as (§) alumina, while the (6) form was systematically
the second best solution, but with significantly poorer correlation indeces.

It is also noticeable from that the carbonitride agregate on the
alumina particle is polycrystalline. As for the isolated carbonitrides, agregated
carbonitrides may occasionally exhibit internal twins. It is for this reason more
adequate to qualify as agregates the carbonitrides appended to alumina par-
ticles, while the term core-shell holds in this work for precipitates of unique

crystallography presenting gradients of composition.

3.4. Borides

Borides in nickel-based superalloys are composed of boron, chromium and
molybdenum [II]. The two metallic elements are considered as more or less
invertible, and their relative fraction is likely to change as a function of the
nominal composition of the alloy. Borides possess a tetragonal structure which
has been reported under several forms and associated stoechiometry (see
ble 2|). In the present work, boride particles have not been detected by EELS
due to their low fraction relative to carbides. Their size is in the same range
as other particles, they do not seem to develop particular morphological fea-
tures, and their average atomic number must be close to that of carbonitrides.
Therefore they cannot be easily distinguished by conventionnal imaging.

shows an example where a boride particle is located next to a car-
bide. On the EDX maps and profile, in[Figure Gh and e, the chromium and weak
molybdenum peaks denote the position of the boride, while the titanium peak
denotes the carbonitride. As shown by the ACOM maps in [Figure 6pb-c, boride
particles of the (Cr,Mo)3Bs and (Cr,Mo)5;B3 structure may coexist next to each
other (note, again, that the carbonitride in is twinned). The diffrac-
tion patterns of the two boride phases in [Figure 6f,g are well indexed, and their

14
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Figure 6: Region with borides. a) EDX maps, b) ACOM matching index map, c)
phase+matching index map and d) IPF+matching index map for the carbide phase. All
candidate phases were kept for the indexation by ACOM. e) EDX profile across the boride
and carbide particles. f,g) acquired diffraction patterns on the boride particles and their

comparison to the simulated patterns.
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phase reliability indeces R indicate that they are distinguished without ambi-
guity. It must be acknowledged that the coexistence of several types of boride
is a rather common observation in heat treated [25], directionally solidifed [19],
and electron-beam melted microstructures [26]. By contrast, no such reports

were available for microstructures fabricated by laser-powder bed fusion.

8.5. NigyZry compound

In this work, a few particles have been identified as intermetallic compounds
of monoclinic structure and stoichiometry NizZr,. This phase is rarely observed
in nickel-based superalloys, the only reports being from a weld line [I7] and a
directionally solidified omponent [27]. The particle size is of the same order
as the other types of particle. The other possible structure of nickel-zirconium
listed in the NisZr phase, has not been observed in this work, and it
seems from the litterature that it never develops in nickel-based superalloys.

shows one region of carbon replica containing a particle of the
Ni;Zry phase. show the peaks of nickel and zircoium associated with
this particle. In a previous work [27], cobalt has also been associated with
this phase, however, according to [Figure 7f, there does not seem to be strong
evidence for its presence here. As for the other types of particles, the detection of

a nickel-zirconium compound by EDX matches well the identification by ACOM

of the Ni;Zry phase (Figure 7b-c). [Figure 7f shows that the Ni;Zr; is identified

without ambiguity. This is a remarkable achievement given the complexity of
the crystallographic structure. Most likely, this phase is rarely observed due to

its low fraction in the microstructure of conventionnal alloys.

16
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4. Discussion

4.1. Precipitation sequence

Knowing the nature of the second-phase particles, one can attempt to retrace
the solidification path of the alloy and its subsequent precipitation sequence in
the solid state. [Figure §|illustrates the solidification path by a Scheil’s model
simulation performed in Thermocalc. The model simulates the solute partition-
ing at the solid-liquid interface assuming no diffusion of elements in the solid
and infinite diffusion in the liquid, and then predicts the precipitation sequence
from knowledge of the composition at the interface. Only the phases identified
experimentally and present in the databases were allowed to form for this sim-
ulation. Note that if all phases known by the Thermocalc database are allowed
to precipitate, the 4" and 7 phases are also predicted to form during solidifica-
tion. This illustrates the need to inform Thermocalc simulations by thorough

experimental characterizations.
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Figure 8: Solidification path as simulated in Thermocalc following Scheil’s model. The ther-
modynamic database is TCNI9. The probable domain of precipitation of alumina has been
added manually. In Thermocalc 7 corresponds to the DISFCCA1 #1 phase, (Ti,Nb)(C,N) to
the DISFCCA1 #2 phase, and (Mo,Cr)s5B3 to the Cr5B3 phase.

Starting, in a schematic way, from a temperature way above the liquidus
of the alloy (predicted to be 1350°C), the first type of particle most likely to

precipitate is alumina. Note that this phase is not predicted by the simulations

18



as it is not included in the thermodynamic databases of nickel-based superalloys.
Alumina having a melting point of ~2050° [2§], it should in theory precipitate
in the liquid before the v matrix phase. But it could also result from the
decomposition of complex oxydes and hydoxydes present at the surface of raw
powders [12] 13]. The (§) structure of alumina found in this work is for example
a decomposition product of hydroxydes [28]. In any case the pre-existence of

alumina before other particle’s phases is supported by the observation made

in [Figure 4] and |[Figure 5| that alumina particles act as nucleation sites for the

subsequent precipitation of carbonitrides.

Past the liquidus of the v matrix phase, carbonitride particles start to precip-
itate around 1270°C, corresponding to a solid fraction of 75%. This prediction
is in agreement with several differential thermal analysis performed in similar
alloys [29, B0]. The carbonitride formation is from a thermodynamic point of
view considered as eutectic since the v and (Ti,Nb)(C,N) phases are predicted
to increase in proportion to the decrease in liquid fraction. Pure nitrides may
also be included in the simulations and are expected to form at a higher tem-
perature than the liquidus, but this transformation corresponds more likely to a
population of primary nitrides of several microns in size (see than
to the nano-particles of nitride visible for example in [Figure 4h.

In the terminal stages of solidification, boride particles are predicted to pre-
cipitate. This is notoriously caused by the rejection of boron in the residual
liquid combined with the fact that this element is almost insoluble in the -y
phase matrix. As mentionned earlier, the coexistence of several boride phases
in the same microstructure has been observed several times in nickel-based su-
peralloys processed in various ways [26] 25 [19], which suggests that the stability
of the different boride phases is almost equivalent. It is not surprising that the
present simulation does not capture the coexistence of borides, since their pre-
cipitation is purely determined from energy levels set from the thermodynamic
databases.

According to the thermodynamic simulations, the Ni;Zr, compound phase

does not precipitate during solidification but is present at equilibrium in the solid
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state below 850°C. In their study of welds of Inconel samples, Ojo et al. [I7T]
assert that this phase precipitates at the same time as v —~' eutectic formation.
This scenario does not seem to be supported by the present results, where no

eutectics are observed and the NiyZr, phase is present as isolated particles.

4.2. On the core-shell structure of carbonitrides

Going beyond first order considerations of the precipitation sequence, it has

been noticed in |Figure 2| and [Figure 4] that a number of carbonitrides exhibit

a core-shell structure. In agreement with a previous work examining weld lines
of nickel-based superalloys [23], the core is mostly constituted of titanium and
nitrogen, while the shell contains more niobium and carbon. It has been stated
in another work that the same case also occurs in directionally solidified com-
ponents [30], althought a clear evidence was not provided.

One possible way of forming core-shell structures is to have large differences
in diffusivity of the solute elements in the matrix combined with no diffusion in
the precipitates. In this configuration, the precipitate cores contain the fastest
elements while the slowest elements accumulate at the shell [31]. Note, however,
that this model was initially developed for solid-state transformations, while
carbonitrides form in superalloys by eutectic transformation. In addition, the
diffusion coefficients of titanium and niobium in nickel are of the same order
of magnitude. Based on the coefficients given by Hagarther et al. [32], the
diffusivity of niobium is even larger than that of titanium at all temperatures
below the liquidus of the matrix. It is thus unlikely that core-shell structures of
carbonitrides arise from differences of diffusivity between solute elements.

The second possible origin of core-shell structures is the minimization of the
precipitate’s free energy (assuming that the free energy of the matrix remains
unchanged). A core-shell structure may develop to reduce (i) the interfacial
tension at the precipitate matrix interface or (ii) the volume free energy due
to the chemical activity of the solute elements. Following the Gibbs-Thomson
description of the precipitate’s free energy, the energy term related to the in-

terfacial tension evolves in r2, with r the precipitate’s radius, while the term of
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chemical activity is proportional to 73 [33]. The fact that core-shell structures
of carbonitrides are found for particles ranging from a fews tens of nanometers
(Figure 2)) to a micron in size [23] suggests that the total free energy of carboni-
trides is dominated by the volume contribution of chemical origin, and that the
core-shell structure helps to minimize this contribution. Comparison to as-cast
microstructures, where precipitates are expected to be even larger than in weld

lines, would help to verify this hypothesis.

4.8. On twinned carbonitrides

One of the most remarkable observations made in this work is the twinned
carbonitrides. The underlying mechanism leading to their formation remain un-
clear at the moment, but one may draw analogies with previous cases reported
in the litterature. Indeed, Wang et. al [24] have observed twins in flower-shaped
carbonitrides in a laser-remelted nickel-based superalloy, i.e. for processing con-
ditions and, in particular, cooling rates, close to those implemented in laser
powder bed fusion. In specific conditions, Cheng et al. [34] have also reported
twinning of titanium nitrides prepared by chemical vapor deposition.

In these two cases taken from the litterature, twins were considered to form
during the solidification or condensation of the carbonitride phase by a so-
called mechanism of twin plane re-entrant edge growth. The formation of twins
is thought to provide permanent sources of atomic steps facilitating the ledge-
driven growth of the particle [33]. The possibility of forming twins to accomo-
date the thermal strains is generally discarded based on energy considerations
[34].

Although the details of this mechanism are not well understood, there is
a general agreement that the formation of twins at solidification is modulated
by the processing conditions, in particular cooling rates, and by the content of
particular residual elements [34] [35] [36]. This conception of the twin formation
mechanism seems to agree with the fact that twinned carbonitrides have not
been reported in nickel-based superalloys made by casting or welding. One

may be tempted to think that if twins could develop during such processes,
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where due to the slow cooling rates the carbonitride size is of the order of the
micron [I7, 37, [38] [39], they would easily have been detected. Following this
argument, twins within carbonitrides would result from the fast solidification
conditions associated with laser powder bed fusion (i.e. with a cooling rate

above ~101K.s71).

4.4. Consequences for processing

As mentioned in the introduction, an ongoing challenge for the fabrication of
nickel-based superalloy components by laser powder bed fusion is the formation
of hot cracks during solidification [6] [7, [8]. Carter et al. [8] have shown that for
components made by laser powder bed fusion, the process parameters offer little
opportunity to control the hot cracking susceptibility of a given alloy (note that
this is less true for parts made by electron beam melting [40]). The most com-
mon strategies to avoid hot cracking are thus of metallurgical character, namely
(i) control of the nominal composition of the alloy, (ii) control of precipitation
and (iii) grain refinement.

In this context, the precipitation of borides and zirconium intermetallic is
a very important information as boron and zirconium are the elements most
suspected to cause hot cracking [41]. Although there is a current debate about
second-order effects of these particles on hot cracking, their most direct effect
is to remove the solute elements incriminated in hot cracking from the residual
liquid film. Their precipitation is thus expected to decrease the hot cracking
susceptibility of the alloys. At the same time, these elements cannot fully be
removed due to their subsequent role on creep resistance. For a fixed content
of these elements in the nominal composition, it is expected that the cracking
suceptibility will decrease in proportion to the propensity of these particles to
precipitate early in solidification and in extensive amount.

The low fraction of second-phase particles found in the as-built microstruc-
ture relative to observations made in casting and welding microstructures also
suggest to adapt the subsequent solutionizing and ageing heat treatments. The

several hours long solutionizing treatment, in particular, losses its purpose when
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the microstructure before heat treatment does not contain +' phase precipitates.
This treatment could be shortened significantly and confined to a recovery treat-
ment. It is thus only natural that increasing attention should be paid to the role
of heat treaments on the microstructure of components made by laser powder

bed fusion [ [42].

5. Conclusion

The as-built microstructure of nickel-based superalloys contains a large vari-
ety of nano-particles with complex internal structures. Those particles, located
mostly in interdendritic regions and at grain boundaries, precipitate during so-
lidification and cooling, in strong relation with microsegregations. In the alloy
taken as example in this work, one finds by order of frequency carbonitrides,
(6) alumina, borides and the Ni;Zrs compound. The experimental observations
are remarkably well captured by Scheil’s model predictions of the solidification
path.

Several striking features were associated with specific particles, some of them
being likely related to the laser powder-bed fusion process. Several particles
were found to act as nucleation sites for others, in particular alumina for car-
bonitrides, and carbonitrides for borides. The isolated carbonitrides were also
found to display occasionally core-shell structures of composition as well as in-
ternal twin boundaries. It is believed that these observations provide important
insights on the fundamental mechanisms of precipitation taking place during
fabrication. A better understanding of these aspects should help to tune the
precipitation sequence and control the microsegregations in as-built microstruc-
tures.

The findings may of course vary as a function of the alloy composition and
processing conditions, but the variety and the complexity of the precipitation
state is expected to remain for any kind of nickel-based superalloys fabricated
by laser powder-bed fusion. Finally, we stress out that the characteristics of the

second-phase particles have been revealed in this work by a unique approach
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combining composition and crystallographic data. This rigorous methodology is
relevant in multi-component alloys to discriminate the strongly similar candidate
phases. The application of mapping techniques in the TEM seems to be a
promising approach to achieve this goal for the fine microstructures of additive

manufacturing.
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Appendices

A. Detection of elements in carbonitrides using EELS

To avoid artefacts coming from the measurement method, carbonitrides,pure
carbides and pure nitrides must be distinguished directly from the electron en-
ergy loss spectra. shows examples of spectra measured on particles
containing and free from nitrogen. In [Figure A.9p, there is a clear peak of ni-
trogen signal above the background energy loss distribution. By comparision,

in [Figure A.9p, the signal is much lower, but not null.

B. Example of primary titanium nitride

shows an example of primary titanium nitride. The size and

angular shape are characteristic of this type of particle [I1], which is known to

precipitate above the liquidus temperature of the matrix phase.
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Figure A.9: Electron energy loss spectra around the energy level of nitrogen. a) for the

carbonitride shown in [Figure 2h. b) for the carbide shown in .
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Figure B.10: Back-scattered electron micrograph of a primary titanium nitride.
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