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A B S T R A C T

In additive manufacturing, any change of the process parameters, such as scanning strategy, directly affects the 
cooling rates, heat accumulation, and overall thermal history of the build. Consequently, parts built with 
different process parameters tend to have different levels of crystallographic texture, residual stress, and dislo
cation density. These features can influence the properties of the material and their development during post- 
processing operations. In this study, IN718 prisms were built by laser powder bed fusion (PBF-LB/M) using 
two different scanning strategies (continuous 67◦ rotations around the build direction, ROT, and alternating 0◦/ 
67◦ scans, ALT) to provide two different as-built conditions. In situ time-resolved synchrotron diffraction was 
performed during a solution heat treatment at 1027 ◦C for 1 h. Ex situ scanning electron microscopy was used to 
support and complement the in situ observations. An approach to quantify the effect of elemental micro
segregation at the cell walls is developed based on the deconvolution of asymmetric γ-nickel matrix peaks. 
Following this approach, the scanning strategies are shown to affect the as-built fraction of cell walls in the 
material, resulting in a difference of approximately 5 %, in weight fraction, between ROT and ALT (19 % vs. 24 
%, respectively). This microsegregation was observed to be rapidly homogenized during the heating ramp, and 
no significant changes to the peak shape in the γ peaks occurred during the isothermal part of the heat treatment, 
regardless of the scanning strategy.

1. Introduction

In recent years, additive manufacturing (AM) has been increasingly 
used for the production of IN718 parts both for research and industrial 
purposes [1,2]. AM allows the fabrication of near-net shape geometri
cally complex parts, which enhances freedom of design, e.g., by enabling 
lighter lattice or hollow structures, while minimizing the need for 
machining [3]. In AM, the part is built based on a computer-aided design 
(CAD) 3D model by adding material – layer upon layer – until the 
desired component is obtained [4]. Within the metal AM umbrella, 

powder bed fusion by laser beam (PBF-LB/M) is the most widespread 
technique, as it allows greater spatial accuracy than other techniques, 
such as directed energy deposition or electron beam-based methods [4].

Inconel 718 (IN718) is particularly suitable for PBF-LB (and AM in 
general) because of its good weldability and wide use in the aerospace 
industry, where part weight and performance are critical factors [5]. 
However, the alloy processed by AM differs significantly from 
well-established cast or wrought IN718 in terms of microstructure and 
properties [6,7]. The high cooling rates that are characteristic of AM (of 
the order of 106 K/s in the case of PBF-LB, versus 103 K/s for casting [4]) 
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lead to a cellular solidification mode [8].
The cellular structure is widely reported in PBF-LB/M for various 

alloys and consists of generally columnar or otherwise elongated cellular 
substructures within the grains [4,9,10], where elemental micro
segregation, primary phases, and dislocations are preferentially 
concentrated at the space between neighboring cells (i.e., the cell walls) 
[11,12]. Within each grain, the cells grow following the heat flow and 
the crystallographic directions of easiest growth – in the case of IN718, 
<100> [1,13]. In the as-built state, the primary phases found at the cell 
walls – as well as at low (L) and high (H) angle grain boundaries (AGBs) 
– are mainly the MC-type cubic (B1, Fm 3 m) carbides (M: Nb, Ti and Ta) 
and so-called “topologically close-packed” (TCP) (Ni,Cr,Fe)2(Nb,Mo,Ti) 
Laves (Strukturbericht designation: C14, space group: P63/mmc) [14–16]. 
Correspondingly, the microsegregated elements are primarily Nb and 
Mo; i.e. large and heavy atoms with low diffusivity [17–20].

Besides the distinct cellular structures and microsegregation, PBF- 
LB/M/IN718 is typically accompanied by high levels of residual stress 
(RS), which must be controlled via process parameter adjustment and/ 
or post-processing [21–24]. The scanning strategy has been reported to 
impact the RS state, the cell wall interspacing, chemical heterogeneity, 
and precipitates in the as-built condition [20,25]. Generally, the two 
most widely used scanning strategies consist of parallel scans on each 
layer with: 1) a 67◦ rotation between consecutive layers, which will be 
named “ROT” hereafter, and 2) an alternation (“ALT”) between two 
fixed directions (commonly – but not necessarily – shifted by 90◦ be
tween layers along the build direction (BD)) [26].

The ROT strategy is considered to induce the lowest levels of RS, as 
the 67◦ angle allows for the maximum number of different directions of 
the laser scan without repetition, therefore minimizing heat accumula
tion throughout the added layers [27]. While the influence of scan 
strategies on RS profiles and magnitudes is the subject of several studies 
[20,23–28], little is reported about the impact of scan strategy on the 
cellular microstructure in PBF-LB/M/IN718. Most studies relating 
scanning strategies and microstructure focus on larger-scale aspects, 
such as porosity, grain morphology, and texture. For example, Pant et al. 
investigated the effect of four different scanning strategies on porosity, 
texture, and residual stress in PBF-LB/M/IN718 [28]. Wan et al. 
compared samples built with two different scanning strategies (90◦

interlayer rotations or no interlayer rotations) in terms of grain 
morphology and texture, attributing the main microstructural differ
ences to heat flux during the building process [29]. Schröder et al. 
studied three different scanning strategies used within a single 
PBF-LB/M/IN718 sample, evaluating residual stress and texture, and 
found the localized transitions between zones built with different 
scanning strategies to be sharp and well-defined (confined to 100–200 
μm) [26].

A few recent works have addressed the characterization of cells in 
PBF-LB/M materials. Tao et al. provided a thorough characterization of 
cell morphology and chemistry in PBF-LB/M/IN718 using electron mi
croscopy techniques, including an assessment of cellular spacing, which 
was reported to be between 0.28 μm and 1.47 μm in that study [30]. 
Wang et al. investigated the cellular structures in PBF-LB/M/316 L in 
detail, particularly regarding crystallography and dislocations via elec
tron microscopy, concluding that the cells have a strengthening effect 
[31]. Likewise, Kikukawa et al. recently reported that the cellular 
structures increase the yield strength of PBF-LB/M/IN718 by 38 % and 
can be deliberately utilized to attain superior mechanical properties for 
advanced applications [9]. Therefore, it is of interest to quantify these 
microstructural features and to control them via process parameter se
lection, for example, the scanning strategy. Rielli et al. showed via 
electron microscopy that two different scanning strategies (chessboard 
and 90◦ interlayer rotations) led to differences in cellular spacing in 
PBF-LB/M/IN718 [32]. Additionally, Serrano-Munoz et al. found con
trasting kernel average misorientation values (KAM, linked to local 
lattice strain due to, e.g., residual stress, high dislocation densities, or 

segregation) in PBF-LB/M/IN718 samples built with two different 
scanning strategies, with higher misorientation angles in a sample built 
with unidirectional scans as opposed to a ROT-type scan [24]. These 
results suggest that the scanning strategy most certainly has an impact 
on the cellular structures. Nevertheless, quantification of cell fraction in 
a statistically relevant manner is lacking. The effect of scanning strategy 
on the cellular structures is of special relevance for applications that 
foresee the use of varying scanning strategies, such as repairs [33–35], 
multi-process AM (e.g. combining PBF-LB and DED [5]), or engineering 
of components with site-specific properties [36–38]. Furthermore, it has 
been shown that changing process parameters – including the scanning 
strategy – can enable the design of, for instance, tailored dislocation 
densities [36] or texture [39].

Regardless of the process parameters, IN718 is a precipitation- 
hardened alloy which needs to be heat-treated to obtain optimal per
formance [40]. The heat treatments (HTs) usually consist of stress-relief 
annealing and/or solutionizing before two-step aging for precipitation 
of the strengthening Ni3(Al,Ti) γ’ (L12, Pm 3 m) and Ni3(Nb,Ti) γ’’ 
(DO22, I4/mmm) phases [17,41]. The solutionizing aims to dissolve the 
undesired brittle Laves phase and promote greater chemical homoge
neity, while avoiding the formation of the generally detrimental Ni3Nb δ 
(DOa, Pmmn) phase [15,22,39,42]. An effective HT for IN718 starts with 
a successful solution treatment to enhance Nb availability and lay the 
foundations for optimal γ’’ during aging.

HTs for cast or wrought IN718 are well-established, whereas those 
for the additively manufactured alloy are still under scrutiny [18,42,43], 
despite the recent publication of an ASTM standard [41]. Different au
thors give different (sometimes conflicting) recommendations for tem
peratures and holding times [43–46], often overshooting the 
temperature and duration of the solution treatment [19], while others 
skip it completely [47], and a fundamental understanding of the kinetics 
governing the heat treatment specifically for IN718 processed by 
PBF-LB, with its particular microstructural characteristics, is lacking. 
Nevertheless, some general guidelines have proven to be robust. For 
instance, Gallmeyer et al. suggest that a temperature higher than 
1020 ◦C is sufficient to promote the dissolution of Laves and avoid the 
formation of δ in PBF-LB/M/IN718 [48]. Additionally, in this system, 
recrystallization is generally considered to occur above 1100 ◦C [49]; for 
example, Karabulut et al. reported widespread recrystallization in 
PBF-LB/M/IN718 after heat treatment at 1100 ◦C for 2 h [50].

This study aims to clarify the evolution of the PBF-LB/M/IN718 
microstructure during a solution heat treatment, providing insights 
into the kinetics of dissolution of the Laves phase and the micro
segregation associated with the cellular structures. The goal is to 
monitor the changes in real time and determine time and temperature 
dependence regarding the elimination of these Nb-rich microstructural 
features, while avoiding the formation of δ, to enhance Nb availability 
for precipitation of γ’’ during subsequent aging heat treatments. For the 
purposes of this work, recrystallization is to be avoided, in order to 
preserve the characteristic cellular aspect of the PBF-LB microstructure, 
allowing for a process-specific investigation. Moreover, the dislocation 
structures associated with the cells increase the strength of the material, 
so their retention can be beneficial [9,10,51]. These constraints set the 
HT temperature above 1020 ◦C and below 1100 ◦C. To complete the 
investigation, this work also assesses the influence of two scanning 
strategies (ROT and ALT) on the cellular microstructure, micro
segregation, and in situ solutionizing behavior of the material. Since 
different scanning strategies can cause microstructural differences in the 
material [24], it is important to understand if a specific heat treatment 
can produce similar effects on ALT and ROT-built samples and bring 
both to a comparable chemical state, despite the initial differences, 
while avoiding recrystallization, to be able to take advantage of the 
cellular structures characteristic of PBF-LB materials.

The tasks at hand would be challenging to fulfill via simulations and 
would be limited to localized observations and poor statistics using only 
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electron microscopy. Alternatively, x-ray diffraction (XRD) allows the 
assessment of the phases present in a sample with greater volume 
coverage and time efficiency. However, low-energy XRD, as seen in 
laboratory setups, offers limited time resolution and penetration into the 
sample, especially in the case of dense materials such as IN718 
(approximately 5 μm with a MnKα source [27]). In this context, 
high-energy synchrotron XRD is a useful technique that allows the 
identification and quantification of microstructural phases in a bulk 
sample [52]. Moreover, the higher flux enables the identification of 
low-fraction phases, such as the Laves phase, and the superior time 
resolution provides further insights into the diffraction peak shapes, 
which are relevant when dealing with materials exhibiting segregation 
and high dislocation densities [20]. By pairing this technique with in situ 
heat treatments, time-resolved insights into the microstructural evolu
tion may be gained [53]. In this case, the in situ HT consists of a solution 
annealing at approximately 1025 ◦C for 1 h.

A novel approach is introduced to quantify the fraction of cell walls 
via Rietveld refinement, based on the influence of microsegregation on 
the lattice parameter. Unlike Williamson-Hall plots or plain Pearson/ 
Voigt deconvolution techniques [54–56], the method presented here is 
not restricted to crystallite size, lattice parameter, or strain analyses. 
Instead, it capitalizes on local chemistry variations to discern distinct 
microstructural features in PBF-LB metals, namely, cell wall and cell 
core. To the best of the authors’ knowledge, this method enabled cell 
wall fraction quantification in PBF-LB/M/IN718 for the first time. This 
procedure is then used to compare the two scanning strategies in terms 
of phase and cell wall contents, and to understand the dynamics of the 
evolution of cell wall microsegregation during the solution treatment, 
including in situ, online monitoring of the heating stage leading to the 
isothermal hold, which allows tracking of fast changes happening during 
the temperature ramp-up. The effect of the heat treatment on ALT- and 
ROT-built samples is compared and discussed. Due to the experimental 
restrictions for direct temperature measurement, the temperatures 
endured by the samples were determined subsequently using 
dilatometry.

2. Materials & methods

2.1. Sample fabrication

The original samples consisted in two IN718 rectangular prisms of 
90 mm (||z) × 20 mm (||x) × 10 mm (||y), and were produced using 
PBF-LB/M by Materialise GmbH (Bremen, Germany) with their long axis 
parallel to the building direction (z || BD, cf. Fig. 1). One of the prisms 

was fabricated with a 67◦ incrementally rotating (ROT) scanning strat
egy, while the other was built with a 0◦/67◦ alternating (ALT) scanning 
strategy (scan tracks parallel to x – 0◦ – alternating with scan tracks 
rotated by 67◦ with respect to x). All samples were fabricated with an 
EOS M280 system (EOS GmbH, Krailling, Germany), with a layer 
thickness of 80 μm, using a laser power of 370 W and an energy density 
of 40.6 J/mm3. The build job was performed in a controlled argon at
mosphere, and the oxygen content in the chamber was kept below 0.2 % 
by weight during the entire process. No contour scan was used, and the 
samples were provided in an as-built state. An illustration of the sample 
geometry and the scanning strategies used is shown in Fig. 1.

The specimens for the synchrotron experiment are small cylinders (1 
mm in diameter and 5 mm in length) extracted (by cutting and turning) 
from the original samples at about ¾ of the height, at the center of the 
width, with the long axis aligned with the BD.

The chemical composition of the materials was assessed by testing 
approximately 3 g of material in the form of chips carved out by 
machining a region of the original prisms at the same height as the 
synchrotron samples. All metallic elements were measured by x-ray 
Fluorescence (XRF), except Al, which was quantified by inductively- 
coupled plasma mass spectrometry (ICP-MS). N and O were quantified 
via carrier gas hot extraction, and C and S were assessed by combustion 
analysis. The average chemical composition for each specimen is given 
in Table 1. No significant difference is observed between the samples.

2.2. In situ synchrotron XRD

2.2.1. Synchrotron XRD experiment
The in situ x-ray experiments were conducted at the beamline ID22 of 

ESRF (European Synchrotron Radiation Facility, Grenoble, France) [57]. 
The experimental setup can be seen in Fig. 2a and is schematically 
drawn in Fig. 2b and c. The heat treatments were conducted using the 
induction furnace depicted in orange in Fig. 2, wherein the specimens 
were continuously flushed with an argon flow to avoid oxidation. The 
cylinders, in the as-built condition, were glued at one end of a hollow 
alumina rod (sample holder, cf. Fig. 2c). The cylinders were then placed 
horizontally into the furnace (Fig. 2a) so that the beam targets the 
samples at about ¾ of the sample length (about ½ of the sample length 
was inserted into the rod).

With the aim of avoiding both δ phase formation and recrystalliza
tion, the intended HTs originally consisted of a solution treatment with a 
heating ramp of 35 ◦C/min, a hold time of 1 h at 1080 ◦C, and a cooling 
rate of 70 ◦C/min. The solutioning temperature set to the furnace (Tinp) 
was 1100 ◦C, since the on-site available estimation (cf. Supplementary 

Fig. 1. Schematic drawing illustrating the sample geometry of the original rectangular prisms, in situ synchrotron and ex situ microscopy specimens (left), and 
scanning strategies (right). The cross marks indicate the approximate locations of the microscopy measurements. For details, see main text.
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information) of the difference between this and the expected sample 
temperature (Ttrue’) delivered ΔT = Tinp - Ttrue’ = − 20 ◦C. Note that this 
difference was proven much larger after the in situ experiments, for 
which dilatometry was used to better estimate the true dwelling sol
utionizing temperature Ts (cf. Sections 2.3 and 3.2) experienced by the 
metal. The heating rate was 36 ◦C/min, and the cooling rate was 71 ◦C/ 
min from Ts to approximately Ttrue’ = 530 ◦C, and gradually slower from 
then on, down to room temperature. The complete temperature profile 
during cooling is shown in the supplementary information (Fig. S.I. - 1).

Data was acquired at approximately 1.5-min intervals throughout 
every heating or cooling stage, as well as throughout the isothermal 
stage of the solution treatment. The energy of the x-ray beam was set to 
50 keV, with a wavelength of 0.24802 Å (±0.00001 Å), calibrated using 
a NIST Si 640c reference. The beam was defined with a cross-section of 1 
× 1 mm2, and the effective 2θ range of acquisition was 0.0◦–26.0◦ (q 
ranging from 0 to 11.4 Å− 1). The high-resolution scanning detector 
(Dectris Eiger 2 X 2M − W CdTe) [57] was used throughout the entire 
experiment, combined with the Si analyzer crystal array. Although 
initially planned, it was not possible to use the area detector also 
available at ID22 (PerkinElmer XRD1611) [57] during this experiment, 
owing to unforeseen disturbances induced by the electromagnetic fields 
emanating from the induction furnace.

The direct online measurement of the metal temperature during the 
experiment was not possible for several reasons. Due to the small size of 
the samples, spot welding of thermocouples onto the specimens was 
considered unsuitable, as the high temperatures experienced during 
welding could have altered the local chemical segregation and 

microstructure of the material. Moreover, it was not possible to physi
cally attach or wrap the thermocouple in a robust manner that would 
impede relative movement (due to looseness or thermal expansion) or 
interaction with the x-ray beam, affecting the diffraction patterns. 
Lastly, it was not possible to position the sample and the thermocouple 
simultaneously inside the furnace due to space constraints. Therefore, 
the experiment was carried out using the furnace calibration (without 
sample), and the metal temperature was determined afterwards using 
dilatometry tests to correlate the macroscopic thermal expansion 
(measured by dilatometry, knowing the exact temperature endured by 
the specimen) with the thermal expansion calculated with the lattice 
parameter from the diffraction data. This procedure is further described 
in section 2.3.

2.2.2. Synchrotron XRD data analysis
The diffraction data was initially processed through the software 

PDIndexer [58] (plotting, peak indexing, and single peak fitting using a 
split Pseudo-Voigt fit to account for peak asymmetry), and later refined 
by the Rietveld method with the software TOPAS [59], via CIF files 
obtained from the Inorganic Crystal Structure Database (ICSD) and from 
the Crystallography Open Database (COD). The refinement was set up as 
a simultaneous fitting of the diffraction profiles for both scan strategies 
(ROT and ALT) for each temperature value, regulated by the 
Debye-Waller factor. This way, any error in the phase fraction calcula
tions is systematic and equal for both samples. In other words, the trends 
and general behavior are trustworthy, despite the approximations and 
assumptions necessary to allow the refinement.

Table 1 
Chemical composition (in weight percentage) of the samples.

Ni Cr Fe Nb Mo Ti Al C O N S

ALT 52.3 18.9 18.4 5.20 3.10 0.94 0.421 0.048 0.028 0.013 0.0050
ALT 3σ 0.5 0.1 0.1 0.06 0.05 0.07 0.013 0.002 0.002 0.002 0.0001
ROT 52.2 18.7 18.4 5.13 3.10 0.95 0.423 0.047 0.026 0.014 0.0070
ROT 3σ 0.5 0.1 0.1 0.06 0.05 0.07 0.008 0.002 0.002 0.002 0.0001

Fig. 2. (a) ID22 experimental setup, with a detail of the specimen and its relative orientation to the beam. (b) Schematic illustration of the experimental setup (side 
view). (c) Schematic illustration of the experimental setup (top view).
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For the Rietveld refinement calculations, a novel approach was 
applied in which the peak shoulders corresponding to compositional 
straining at the cell walls (i.e. solute atoms expand or compress the 
matrix lattice) were fitted as if they were a different phase. More spe
cifically, the microsegregation at the cell walls was fitted based on the γ 
phase (space group Fm 3 m) CIF but with a different chemical compo
sition due to segregation, and therefore a different lattice parameter. 
The differences between cell wall and cell core also relate in part to the 
increased dislocation density at the walls and the consideration of local 
microstresses. Still, the Rietveld-based approach presented here is 
grounded in the segregation component of the cell walls. The chemical 
compositions used in the calculations were extracted from STEM-EDS 
measurements by Godec et al. [5] and are presented in Table 2.

To take into account the effect of local chemical variations, other 
chemical compositions (obtained via SEM-EDS) were tested as well, both 
from literature and from measurements on the samples investigated in 
this study. These alternative compositions include, e.g., Nb contents 
ranging from 6.9 % to 14.2 % (wt.%) on the cell wall and are summa
rized in Table S.I. – 1. Since these variations produce only a limited 
impact on the results of the Rietveld refinements (cf. Table S.I. – 2), the 
authors opted for the values reported by Godec et al. due to the 
improved lateral resolution of the STEM-EDS technique over SEM-EDS, 
considering the length scale of cell walls.

Besides the cell wall pseudo-phase, the calculations include γ Ni- 
matrix and Laves phases. The Rietveld refinements were limited to the 
heating phase of the HT, as that proved to be enough to encompass all 
changes relevant to the scope of this study. Moreover, it is important to 
note that, during the temperature ramp-up, the temperature is 
constantly increasing throughout each measurement (ca. 1.5 min). 
Therefore, the average temperature values for each measurement period 
were used as the temperature input for the refinements.

While other diffraction-based methods, such as Williamson–Hall 
plots or Person/Voigt deconvolution, have been used to study peak 
broadening and asymmetry induced by microstructural heterogeneity 
[54–56], these approaches are generally limited to a statistical or 
phenomenological interpretation of diffraction line shapes. For example, 
Williamson–Hall analysis can separate broadening contributions due to 
crystallite size and microstrain based on the angular dependence of peak 
width, but it does not distinguish between chemically distinct regions or 
different phases. Similarly, conventional Pearson, Voigt or pseudo-Voigt 
peak fitting may account for overall asymmetry but does not inherently 
attribute it to physically separate microstructural populations without 
strong assumptions.

In contrast, the Rietveld analysis on high-resolution synchrotron 
XRD data developed in this work leverages the effect of micro
segregation on the γ lattice parameter to explicitly model two distinct γ 
populations in the refinements: a Nb-enriched, compositional strain- 
bearing cell wall region, and a more chemically homogeneous cell 
interior. By refining two separate lattice parameters and associated peak 
shapes and intensities, the approach allows the direct quantification of 
the cell wall fraction, which is not readily accessible through conven
tional peak-broadening analysis. Moreover, this physically grounded 
deconvolution provides a direct link between peak asymmetry and 
elemental microsegregation, rather than attributing peak distortions 
solely to crystallite size or strain.

2.3. Dilatometry

The dilatometry specimens – cylinders of 10 mm in length and 4 mm 
in diameter – were extracted (by wire cutting and turning) from the 
same original prisms that were used in the production of the synchrotron 
specimens, at the region immediately below from where the synchrotron 
specimens were obtained, with the long axis parallel to the building 
direction. The dilatometer used was a DIL 805 A/D, from TA Instruments 
(New Castle, USA), with a type-S thermocouple welded onto the sample, 
and the HTs replicated those applied during the synchrotron experi
ment: same intended heating rate (35 ◦C/min) and intended holding 
temperature (1080 ◦C) for 1 h were applied. In this case, however, the 
sample was cooled down rapidly using a Helium flow.

2.4. Electron microscopy

2.4.1. Scanning electron microscopy (SEM)
The as-built samples for scanning electron microscopy were extrac

ted from the original towers at the same height as the synchrotron 
specimens, using a precision disc saw (Accutom 10, by Struers, Copen
hagen, Denmark), in the form of cubes (cf. dotted cuboidal region within 
tower in Fig. 1). The cubes were then embedded in conductive resin 
(Technotherm 3000, Kulzer GmbH, Hanau, Germany), with the internal 
surface exposed (X-Z plane, parallel to BD, cf. light grey region within 
dotted cube in Fig. 1). The embedded samples were ground with SiC 
emery papers P600, P1200, P2500 and P4000, then polished with 3 μm 
and 1 μm diamond paste, and finally with a colloidal silica (50 nm) 
suspension.

Electron-backscattered diffraction (EBSD) was performed on a TES
CAN Vega 3 (Brno, Czechia) scanning electron microscope (SEM) 
equipped with an EBSD detector from Oxford Instruments (Abingdon, 
United Kingdom), model Symmetry S3. The operating conditions for 
EBSD were 20 kV as the acceleration voltage, 35 mm as the working 
distance and 3 ms as the exposure time. The samples were tilted by 70◦, 
and for the maps collected at 100× magnification (2.8× 2.1 mm2) the 
step size was 5 μm, and for those collected at 1000x (277 × 208 μm2), 
the step size was 0.25 μm. The EBSD data was then processed with the 
MTEX package [60] for the MATLAB software (The MathWorks Inc., 
Natick, USA), with a misorientation threshold for high-angle grain 
boundaries set as 10◦, as recommended for additively manufactured 
metals [61]. Grains smaller than 3 pixels were excluded from the anal
ysis, and non-indexed pixels were made to match their nearest neighbor. 
The data was denoised via a variational spline filter [62] and smooth
ened via the default Kernel function for 25 iterations. For the calculation 
of orientation distribution functions, a La Vallée Poussin kernel, a 
halfwidth of 5◦ was used.

Additionally, grain average spread (GOS) and kernel average 
misorientation (KAM) calculations were executed. GOS refers to the 
mean misorientation among all pixels within a given grain with refer
ence to the average orientation of said grain, and is used as an indication 
of recrystallization when the value is below 2◦ [63]. KAM is defined as 
the local misorientation of a single pixel with reference to the neigh
boring pixels, and relates to localized lattice strain (and hence to crys
tallographic defects that generate lattice disturbances) [64]. In this 
study, the first order neighboring pixels were used for KAM calculations. 
The use of denoising filters and enhanced Hough resolution as per 
Serrano-Munoz et al. grants improved angular resolution (down to 
sub-0.1◦), allowing the observation of sub-grain dislocation structures 
[65].

Electron-channeling contrast imaging (ECCI) was performed on a 
JEOL JSM-7200 F (JEOL, Ltd., Akishima, Japan) SEM with a field 
emission gun (FEG), at an acceleration voltage of 30 kV and a working 
distance of 3.1 mm. ECCI images were used to determine the Laves phase 
area fraction via thresholding on two equivalent images (108 μm2) per 
scanning strategy using the Fiji software package [66]. Characterization 
of the chemical segregation by means of energy dispersive spectroscopy 

Table 2 
Chemical composition input from Godec et al. [3] assumed for Rietveld re
finements (in wt. %).

Ni Fe Cr Nb Mo Ti Al

Cell Core 54.6 19.0 17.4 3.9 3.5 0.7 0.3
Cell Wall 52.5 16.9 16.4 8.6 3.9 1.2 0.3
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(EDS) was carried out on a FEI Quanta 3D FEG (Thermo Fisher Scientific 
Inc, Waltham, USA) SEM equipped with an EDS detector EDAX Octane 
Elect SDDs (Gatan, Pleasanton, USA) and operated at 25 kV and a 
working distance of 10 mm. Additional backscattered electron (BSE-
SEM) images were acquired in the same instrument at 25 kV and 5.6 mm 
of working distance.

2.4.2. Transmission electron microscopy (TEM)
For the TEM investigations, the as-built samples were prepared by 

cutting ≈500 μm thick slices from the original towers (perpendicularly 
to BD) and thinning down the slices by equally grinding both sides with 
SiC emery paper P600 and P1200 until the thickness reached approxi
mately 100 μm. At this point, discs of 3 mm were punched out from the 
thinned slices, and subsequently further thinned by twin-jet electro
polishing on a Tenupol-3 machine from Struers (Copenhagen, 
Denmark), using an electrolyte prepared with 950 mL of ethanol (96 %), 
100 mL of butanol and 50 mL of perchloric acid, at − 25 ◦C and 20 V.

The TEM used in this study is a JEM-2200FS (JEOL ltd., Tokyo, 
Japan) with a FEG source and an omega-type energy filter. It was 
operated at 200 kV using energy filtering (EF) with a slit width of 30 eV 
in conventional TEM (CTEM) mode for the acquisition of selected area 
diffraction (SAD) patterns, as well as bright field (BF) and dark field (DF) 
micrographs.

3. Results and discussion

3.1. As-built microstructure

In the as-built condition, the specimens exhibit the typical micro
structural features that are characteristic for PBF-LB IN718 [67]. The 
BSE-SEM images for both ROT and ALT strategies (Fig. 3a–d, respec
tively) show elongated cellular structures, and EDS maps on the same 
regions evidence the presence of microsegregation of, e.g., Nb and Mo at 
the cell walls (cf. respectively, Fig. 3b and c for ROT and Fig. 3e and f for 
ALT). The cellular structures can be analyzed in greater detail by 
enhancing ECCI (Fig. 3g–j) through alignment of specific crystal orien
tations with the incoming electron beam. The cell interiors have darker 
cores and are delimited by brighter regions that correspond to the cell 
walls. The latter appear brighter due to a higher dislocation density and 
microsegregation. In addition, Laves particles decorate the cell walls, 
particularly at cell wall crossings (white arrows).

The SEM results visually suggest a higher density of cell walls in ALT 
when compared to ROT strategies. To complement this qualitative 
observation, the linear density of cell walls was calculated from ECCI 
images (Fig. S.I. - 2), and resulted in 1.27 ± 0.13 μm− 1 (cell walls per 
unit length) for the ALT and 0.93 ± 0.13 μm− 1 for the ROT scanning 
strategy. Conversely, an average equivalent projected diameter of the 
cell walls can be calculated from the same dataset, resulting in 0.80 ±
0.08 μm for ALT and 1.08 ± 0.08 μm for ROT. Although these results 
support the visual observations, no categorical conclusions can be drawn 
from the ECCI images alone (or calculations based on them) due to the 
selectivity of the observations. The determination of cell wall area 
fraction is challenging due to nuances in contrast and the presence of 
other particles. Moreover, a true equivalent comparison would require 
both samples to be imaged with the same crystallographic orientation. 
To overcome these limitations, synchrotron XRD is employed to inves
tigate the bulk in section 3.3.

The Laves phase area fraction was quantified via thresholding on 
SEM-ECCI micrographs (Fig. S.I. - 3). No significant differences in the 
average value (2.49 % ± 0.31 % for ALT versus 2.37 % ± 0.44 % for the 
ROT strategy) are observed, likely due to the highly localized aspect of 
this method. Indeed, Capek et al. argue that the quantification of Laves 
phase in PBF-LB/M/IN718 via electron microscopy is challenging due to 
the small size and low fractions of these particles, suggesting synchro
tron XRD as a more adequate strategy [52]. Therefore, the Laves content 
is more reliably determined based on the synchrotron XRD data in 

section 3.3.
A selected region of Fig. 3g is presented at higher magnification in 

Fig. 3h, where exemplary cell wall borders are marked in yellow dashed 
lines. The dislocations tend to pile up at cell walls during the PBF-LB 
processing and subsequent cooling, so an increased amount of disloca
tions can be observed inside the cell wall when compared to the cell core 
[68,69]. Black round oxide particles (usually aluminum- and 
titanium-rich oxides [70,71]) also commonly (but not exclusively) sit at 
the cell walls (black arrow). Lastly, Nb-rich MC carbides are also present, 
indicated by a red arrow. These carbides, widely reported in literature 
[16,72,73], are recognizable by their blocky morphology with straight 
edges [74].

Fig. 4 presents EBSD orientation maps (IPF Y, XZ plane – parallel to 
BD) and pole figures for both specimens in the as-built state. The pole 
figures indicate a weak <110> || BD texture and no significant differ
ence between them at this scale: maximum 1.9 MRD (multiples of 
random distribution) for ROT and 1.8 for ALT (as compared to values 
upwards of 4 MRD commonly reported in the literature [18,20,69]). In 
addition, there is an also weak <111> ||Y and X texture component. 
Interestingly, our ALT strategy (0◦ + 67◦) lead to lower MRD levels than 
the 0◦ + 90◦ alternating scanning usually reported in the literature (see 
for e.g. refs. [27,29]). The slight rotation of the ROT pole figures along Y 
(compared to ALT) is most likely an artifact due to sample mounting in 
the microscope. There is no significant difference in terms of grain size 
either, with a mean grain size (equivalent diameter) of 51 μm ± 34 μm 
for ROT (from 9021 grains in the map) and 48 μm ± 29 for ALT (from 
9248 grains).

3.2. Determination of temperature by dilatometry

From the macroscopic length change of dilatometry data, the ther
mal expansion, Exp, was calculated according to Exp = (Lt – L0)/L0, 
where Lt is the current length at any given time, and L0 is the initial 
length at room temperature [75]. At the same time, the thermal 
expansion can also be calculated from the lattice parameter evolution of 
the γ matrix from the diffraction data, i.e., Exp = (at – a0)/a0, where at is 
the lattice parameter at any given time during the experiment, and a0 is 
the initial lattice parameter at room temperature [76]. In the latter 
expression, the γ matrix is assumed to induce all of the thermal expan
sion or, id., the thermal expansion of the whole material equals the 
lattice expansion of the matrix. The validity of this assumption was 
justified by also considering the expansion of the Laves phase via the 
rule of mixtures and noting that the change in the Exp was insignificant, 
which goes hand-in-hand with the fact that the matrix represents more 
than 95 % of the total (in weight percentage).

The curves for thermal expansion vs. temperature using both tech
niques are plotted and fitted in Fig. 5. The region of interest lies above 
600 ◦C, below which the furnace used at the synchrotron was not cali
brated, and below 800 ◦C, above which other phenomena such as 
dissolution of microsegregates significantly start taking place and 
additionally affecting the lattice parameter behavior. Using the fitted 
expressions for the curves in this region, for a certain value of Exp, e.g. 1 
%, the values of temperature at which the expansion happens are 
determined for each technique. For example, in the case of the ROT 
specimen, for 1 % thermal expansion, the diffraction method gives 
747 ◦C, while dilatometry gives 673 ◦C (cf. Fig. 5a). Since dilatometry is 
the reference method, 673 ◦C is considered the correct temperature for 
this thermal expansion. Therefore, it is established that there is a 74 ◦C 
difference between the actual metal temperature on the specimens 
during the in situ synchrotron experiments and the nominal input tem
perature of the furnace.

This procedure was also performed for thermal expansions of 0.9 % 
and 1.1 %, and the average number among the three results (73 ◦C) was 
taken as the final offset. This whole procedure was repeated for the ALT 
specimen, and the result was established to be a 74 ◦C difference. Hence, 
the holding temperature for the ROT specimen is 1100 ◦C–73 ◦C =
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Fig. 3. Representative SEM-BSE image (a) of the ROT specimen with corresponding EDS maps showing the intercellular segregation of Nb (b) and (c) of Mo. (d) SEM- 
BSE image of the ALT specimen and corresponding EDS maps showing the (e) Nb and (f) Mo segregation. (g,i) Respective ECCI images of the ROT and ALT specimens, 
with arrows indicating Laves particles (white) and MC carbides (red). (h,j) Higher magnification details of (g,i), respectively, with yellow dashed lines highlighting 
the cell wall, blue lines illustrating dislocations, and arrows indicating Laves particles (white), oxides (black), and dislocations (blue). The specific crystallographic 
orientations of the grains shown in (h) and (j) are illustrated at the bottom of the figure, with the corresponding IPF coloring (see black circles on IPF triangle).
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1027 ◦C. Analogously, for the ALT specimen, it is 1026 ◦C. These tem
peratures are consistent among the samples and are still above the 
δ-solvus (1010 ◦C [77]), and above the recommended temperature of 
1020 ◦C by Gallmeyer et al. [48] to achieve Laves phase dissolution. 

Therefore, the objectives of the investigation were not affected. A 
summary of these conclusions is presented in Table 3.

3.3. Time-resolved synchrotron x-ray diffraction

3.3.1. As-built condition
The experimental and fitted diffraction profiles (as explained in 

Section 2.2) for the ROT specimen in the as-built condition are reported 
in Fig. 6a. The results of the fit for the ALT specimen are similar, as 
shown in the supplementary information (Fig. S.I. - 2), together with a 
zoom on the region indicated in Fig. 6a for ROT. The fit is overall 
satisfactory (see “Difference” profile in cyan), with a goodness of fit of 
2.4 for the as-built condition at room temperature (calculated according 
to ref. [78]), thanks to the weak crystallographic texture, allowing for 

Fig. 4. EBSD IPF Y maps (top) and corresponding pole figures for both ROT and ALT specimens.

Fig. 5. Plots comparing the thermal expansion calculated from the dilatometry (in black) and from the diffraction data (in red) for each specimen. (a) ROT (b) ALT.

Table 3 
Summarized results of the effective temperature assessment via dilatometry. 
“Temperature Difference” stands for the difference between the input value and 
the temperature on the sample.

Sample Furnace Input 
Temperature (◦C)

Temperature 
Difference (◦C)

Effective Sample 
Temperature (◦C)

ROT 1100 73 1027
ALT 1100 74 1026
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quantitative analyses via Rietveld refinements. Laves peaks in the 
as-built state occur at approximately 2θ = 5.9, 6.5, 6.9, and 7.1◦

(Fig. 6b). There is an asymmetry in the form of a shoulder to the left of 
the peak center for all γ peaks. Exemplarily, the asymmetric nature of γ 
(200) is clearly observed in its 2θ enlargement in Fig. 6c.

Some authors have affirmed that this asymmetry is due to the pres
ence of γ’’ particles [20,44,52,79]. Nevertheless, several other studies 
report the absence of γ’’ in as-built AM IN718 [18,45,80,81]. Our TEM 
investigations also confirm the lack of γ’’, as shown by the absence of its 
characteristic reflections and streaks on the [001] SAD pattern (Fig. 6d) 
from the region marked with a yellow circle on the BF-CTEM in Fig. 6e. 
It is therefore considered that the presence of Nb and Mo atoms in solid 
solution at the cell wall can locally increase the lattice parameter, 
bringing their contribution to the diffraction peak slightly towards lower 
values of 2θ, thus creating the asymmetry. In fact, Schröder et al. 
recently hypothesized that the contribution of the cell walls to the γ-Ni 
diffraction peak (corresponding to the interior of the cell) can be 
described as an asymmetric tail (in 2θ or Q) left of the γ peaks [81].

Note that “bumps” (low and broad peaks) are present on the profiles 
to the right of every γ peak. This effect is a consequence of parasitic 
scattering (scattering that goes directly to the detector, bypassing the Si 
analyzer due to its low diffraction angle) [82], due to the high energy 
(50 keV) used in the measurements. In fact, these bumps appear and are 
noticeable only in the vicinity of the high-intensity peaks. Moreover, the 
attribution of such bumps to parasitic scattering is further corroborated 
by the fact that these bumps are present and remain practically un
changed in all profiles, regardless of the temperature or heat treatment 
time, and for all specimens. This indicates that they do not correspond to 
a microstructural feature, but rather an experimental artifact. To further 

validate this interpretation, additional measurements at lower energies 
(35 keV) were conducted after the original experiment (50 keV). As 
expected, the bumps were not present in the additional dataset, due to 
the lower energy (and thus penetration) of the x-ray beam. Therefore, 
this confirms the artifactual nature of such bumps. The diffraction pro
files from this second set of measurements executed at lower energy are 
reported in the supplementary information (Fig. S.I. - 3). Upon data 
processing, the bumps associated with parasitic scattering were then 
fitted and included as part of the background, to not interfere with phase 
quantification. Since these bumps follow the same periodicity as the γ 
peaks in the diffraction profile, their fitting was performed using an 
initial CIF file of pure Nickel, exploiting the good correspondence 
regarding peak positions. Because the bumps were fitted and included in 
the background, they did not affect the phase quantification procedure.

A comparison between the diffraction profiles for the two as-built 
specimens (Fig. 7) reveals some differences between the two scanning 
strategies, otherwise not observable via SEM-EBSD. First, a slight dif
ference in terms of texture is observed: the γ (111) peak in the ALT 
specimen is proportionally more intense (relative to the other γ peaks) 
when compared to that of the ROT specimen. This was expected and is in 
agreement with literature, since the 67◦ rotational scans are known to 
reduce texture [1]. The discrepancy regarding the EBSD measurements 
could be related to the probed volume and number of grains, local 
variations, or relative specimen rotation or tilt during the experiments. 
Note that for the purposes of Rietveld refinement, the texture is assumed 
to be the same for both scanning strategies.

Second, the analysis of the diffraction data via Rietveld refinements 
indicates that the ALT specimen contains a higher weight percentage of 
cell walls than the ROT specimen: 23.7 % ± 0.6 % in ALT, versus 18.5 % 

Fig. 6. (a) Experimental and fitted diffraction profiles for the ROT specimen in the as-built condition; an enlargement of the dotted region can be found in Fig. S.I. - 4. 
(b) Detail of the fitted profile between 5.5◦ and 9.0◦. Laves peaks indicated and an ECCI inset highlights Laves particles. (c) Detail of the fitted γ (200) profile between 
7.5◦ and 8.3◦. Inset shows ECCI micrograph correlating the peak asymmetry to the cell walls. (d) SAD pattern along [001] zone axis (z.a.) from yellow circle in (e) 
CTEM micrograph of ROT, including cells and cell walls. Only the characteristic pattern for γ is seen.
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± 0.6 % in ROT, resulting in a difference of approximately 5 % between 
the two scanning strategies. Furthermore, the calculated fractions 
(weight percentage) of Laves in ALT and ROT specimens via Rietveld 
refinements are 1.3 % ± 0.1 % and 1.1 % ± 0.1 % respectively. The 
latter results align with the findings of Rielli et al., who observed that 
different scanning strategies, namely chessboard (distributed square 
islands) versus meander (similar to ALT but with 90◦ rotations instead of 
67◦) led to different Laves volume fractions (respectively 1.9 % and 0.9 
%) in as-built PBF-LB/M/IN718 due to differences in thermal history 
[32].

These results also corroborate what was visually and qualitatively 
inferred from the SEM (ECCI and EDS) investigations (Fig. 3), which 
suggested a higher density of cell walls (on equal areas) in the ALT 
sample, although that method is limited to localized observations. The 
SEM observations also showed that the cell walls host most Laves phase 
particles. Since the fraction of cell walls differs between the scanning 
strategies, one could expect the Laves content to differ as well. These 
differences between the two scanning strategies regarding the cell walls 
and Laves phase fractions can be traced back to the differences in heat 
flow and cooling rates defined by the two different scanning strategies. 
The ALT scan, by repeating the same scanning pattern more often than 
ROT, causes a more uneven heat distribution and enhanced differential 
cooling, which can explain the increased cell wall density and the 
associated microsegregation and Laves phase contents. This discussion is 
deepened in section 3.4, upon post-mortem SEM investigations.

To consider the local variations in the chemistry of cells cores and 
cell walls, further calculations were performed using additional chemi
cal compositions as input. These compositions are presented in Table S.I. 
– 1, and the results of the Rietveld refinements using those compositions 
are summarized in Table S.I. – 2 for the as-built condition. The effect of 
the varying chemistry on the fraction of cell walls and Laves phase is 
limited to differences below 1 %, with the cell wall fraction ranging from 
24.0 % ± 0.7 %–24.7 % ± 0.7 % in ALT and from 18.7 % ± 0.6 %–19.3 
% ± 0.6 % in ROT (wt.%). Therefore, the relative difference of 
approximately 5 % between ALT and ROT is maintained. The Laves 
content stays between 1.5 % ± 0.1 % and 1.6 % ± 0.2 % for ALT and 
between 1.2 ± 0.1 % and 1.3 ± 0.1 % for ROT. The modest effect of local 
chemistry variations on the cell wall and Laves contents is explained by 
the fact that in highly-symmetric γ or hcp phases, the Rietveld re
finements ultimately rely on the average electron density of each phase, 
which diminishes the impact of slight local differences in chemistry.

3.3.2. In situ heat treatment
During the temperature ramp-up, the diffraction profiles shift to

wards lower 2θ values due to the thermal expansion of the lattice 
parameter. This effect is shown in Fig. 8a for the γ (200) peak of the ROT 
specimen. The same shifting behavior is also observed for the ALT 
specimen and reported in the literature (see for e.g. ref. [83]). More 
importantly, between 811 ◦C and 889 ◦C, the peak asymmetry vanishes 
and the γ peaks become symmetric. This is indicative of the dissolution 
of the cell walls already during the late phase of the temperature 
ramp-up, before reaching the isothermal stage of the heat treatment. 
This dissolution is related to both an elemental homogenization 
(conversely to observations by Schneiderman in situ synchrotron XRD 
measurements during solidification of high-entropy alloys [56]) and a 
partial recovery (reduction of dislocation density [84,85]). The good
ness of fit remains satisfactory and, in fact, improves at higher temper
atures (e.g., 2.1 for ROT at 648 ◦C).

The Rietveld refinements (Fig. 8b) indicate that the fraction corre
sponding to the cell wall peak is originally (AB state) higher for the ALT 

Fig. 7. Fitted XRD profiles for ROT (blue) and ALT (pink) in the as-built con
dition. The inset shows details for the (111)/(200) γ peak vicinity in the doted 
box including indexed Laves peaks.

Fig. 8. (a) Evolution of the (200) γ Ni peak of the ROT specimen during the 
ramping up to the holding temperature. The arrow indicates the temperature 
increase. (b) Constituent fraction evolution during the ramping up calculated 
via Rietveld refinements for the two scanning strategies, in weight percentage. 
The cell wall fraction is read on the left axis, and the Laves content on the right 
axis. The grey region comprising the three points following the initial point at 
room temperature denotes an interval of increased data scattering due to 
inhomogeneous temperature throughout the sample during the first moments 
of heating.
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strategy (ca. 24 % against ca. 19 %, weight percentage). The fraction of 
cell walls decreases gradually (steeper in the case of the ALT specimen) 
as the temperature increases, until approximately 400 ◦C. Then, it re
mains approximately constant until about 750 ◦C. It is unlikely that any 
diffusion-based phenomena take place in this temperature range, so the 
gradual decrease seen until 400 ◦C can be an artifact stemming from the 
fitting or other contributions to peak size. For example, it is possible that 
the cell wall peak gets obscured by the main γ peak due to different 
coefficients of thermal expansion, as a consequence of the locally 
different chemistry owing to microsegregation. Nevertheless, from 
750 ◦C, the fraction of cell walls decreases rapidly, reaching zero just 
before 900 ◦C for the two scanning strategies.

The Laves weight fraction, on the other hand, remains practically 
unchanged until 800–900 ◦C, where it starts decreasing, reaching zero 
just below 1000 ◦C. Since the Laves particles are predominantly found at 
the cell walls, their dissolution can be closely linked to further changes 
in the cell walls, corroborating the elimination of microsegregation. 
Multiple authors [13,15,47,72,86] have reported on Laves particles still 

remaining in PBF-LB/M/IN718 after heat treatments that were per
formed at temperatures as high as 1080 ◦C for 1 h [13]. It is possible, 
therefore, that some small and sparsely distributed particles could still 
remain in our specimens, as shown in refs. [13,72], but their fraction at 
1027 ◦C is below the XRD detection threshold (i.e., below ~1 % volume 
fraction).

Another phase present in the material at every step of the HT is Nb- 
rich MC-type carbides. These carbides, widely reported in the literature, 
are a primary phase known to form during solidification at higher 
temperatures, and they sit mostly at grain boundaries [16,71,72]. The 
MC carbides were not included in the final Rietveld calculations, as their 
fraction is not expected to change in the studied temperature range. In 
addition, simplified, preliminary calculations including MC carbides 
showed no variation in their weight fraction. Hence, they were removed 
from the final calculations to make the refinements computationally 
lighter and less constrained. It is important to note that the first few 
points after the initial room-temperature point (marked within the grey 
rectangle in Fig. 8b) exhibit an increased scatter due to inhomogeneous 

Fig. 9. (a) Evolution of the matrix’s (200) diffraction peak during the isothermal stage of the heat treatment. γ* denotes the recrystallized peak emerging during the 
heat treatment. (b) Detail of the recrystallized γ* peak shown in (a). (c) Evolution of the full width at half maximum (FWHM) of the γ (200) peak during the ramping 
up and holding stages calculated using PDIndexer. (d) Grain average spread (GOS) map of the ROT specimen after heat treatment. (e) Higher magnification detail of 
the GOS map: the recrystallized grains lie predominantly on the outer edges of the specimen. (f) Detail of a region surrounding the surface of the sample, as indicated 
by black box in (e).
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temperatures in the sample and possibly unstable output temperatures 
from the furnace in the first moments of heating.

At 1027 ◦C, as the isothermal hold progresses, the diffraction peak 
width decreases marginally due to recovery. This is shown visually 
through the peak shape in Fig. 9a, and confirmed in Fig. 9c via the 
evolution of the full width at half maximum (FWHM) as a function of 
time. After reaching the isothermal stage, although more discrete, a 
further decrease in the FWHM is observed between the 30 and 40-min 
mark (the first 10 min of isothermal hold). After that, the decrease in 
the FWHM is hardly noticeable. These findings corroborate those of 
Gallmeyer et al. [48], suggesting that a 15-min hold at 1020 ◦C is enough 
to induce the desired microstructural homogenization, granted the 
temperature is uniform in the sample, which might not be the case for 
big industrial parts. The consideration that microstructural changes 
happen at a faster rate in additively manufactured nickel alloys 
compared to the conventionally processed materials has been reported 
by several authors [11,47,48]. The reasons for this behavior include the 
short diffusion distances created by the cellular microstructure, and 
enhanced diffusivity due to the high dislocation densities and high of 
grain boundary density compared to cast materials [3,10].

It must be noted that another peak, denoted γ*, forms and grows 
marginally to the right of the γ (200) peak during the hold time at 
1027 ◦C (in Fig. 9a and b). This new peak does not correspond to a new 
phase, and thus, we attribute it to localized recrystallization. Although 
recrystallization takes place above 1100 ◦C in PBF-LB/IN718 [49,50], 
the occurrence of recrystallization in this case was most likely induced 
by electrical discharge machining, which was used to prepare the syn
chrotron specimens. Recrystallized grains can be recognized by GOS 
values close to zero [63,87,88], so a GOS map was obtained from the 
EBSD data (Fig. 9d and e). Indeed, the GOS map shows a high concen
tration of small equiaxed grains with near-zero GOS values towards the 
surface of the sample, indicating the occurrence of recrystallization 
within a 10–20 μm layer from the free surface of the specimen (Fig. 9f).

In addition to this, the specimen oxidized during the heat treatment. 
Since oxidation was also limited to the surface, it coincides with the 
areas affected by recrystallization. The co-occurrence of oxidation and 
recrystallization may explain the shift of the γ* peak to slighter higher 2θ 
angles relative to the main γ peaks, owing to the locally altered chem
istry, i.e., the oxygen in solid solution, combined with a local Cr deple
tion, leads to a lower lattice parameter in the recrystallized γ* grains 
affected by nearby oxidation [89–91].

The samples were also aged (in situ, at 710 ◦C for 5 h) after the in situ 
solution treatment, before being prepared for ex situ, post mortem SEM, 
as part of a follow-up study. Nevertheless, the aging heat treatment is 
not expected to significantly influence the EBSD/GOS measurements or 
the occurrence of recrystallization, due to the lower temperature regime. 
As a matter of fact, the changes produced by aging at 710 ◦C (formation 
of nanoscale strengthening precipitates) are not visible via SEM methods 
due to their reduced length scale, below the resolution limit of these 
techniques [32,48]. Moreover, the occurrence of recrystallization in this 
system is not observed until hundreds of degrees above this temperature, 
usually above 1100 ◦C [48,49].

3.3.3. Solutionized condition
Due to the rapid cooling (71 ◦C/min from the solutionizing tem

perature – 1027 ◦C – to approximately 530 ◦C, or 52 ◦C/min down to 
approximately 350 ◦C), no meaningful microstructural changes 
happened after the isothermal stage. In other words, the cooling rates 
used in the experiment did not allow sufficient time for precipitation of 
other phases, e.g., notably δ. This is in line with other studies and general 
recommendations for this alloy. For instance, Kouraytem et al. [49] 
reported that a cooling rate of 10.4 ◦C/min (from 1250 ◦C) is enough to 
avoid the formation of δ (with only limited presence at one out of 30 
investigated grain boundaries). Moreover, Pereira et al. [86] suggest 
that a homogenization HT at 1093 ◦C must be followed by cooling from 
1093 ◦C to 482 ◦C in under 45 min (resulting in a minimum cooling rate 

of 13.6 ◦C/min) to prevent precipitation of other phases. The cooling 
rate applied in the present study surpasses all those values, so no pre
cipitation is to be expected.

The solution HT does not seem to alter the texture, since the γ-peak 
proportions are maintained (Fig. 10). Due to the reduced size of the 
samples, a clear and reliable texture assessment by means of EBSD is not 
possible. Nevertheless, the Laves peaks disappeared after the solution 
treatment, indicating a successful solubilization of the Laves phase (see 
Fig. S.I. - 4), at least within the detection limits of synchrotron XRD.

3.4. Solutionized microstructure

The SEM analysis of the heat-treated specimens confirms the removal 
of microsegregation (via EDS, see Fig. S.I. - 5 b,c,e,f) and the persistence 
of cellular structures within the grains after HT for 1 h at 1027 ◦C (via 
SEM-BSD and EBSD-KAM, respectively Fig. S.I. - 5a,d and Fig. 11a–d). In 
Fig. 11a–d, the color-coded maps represent spatially resolved KAM 
variations below 0.4◦ within grains with their high-angle grain bound
aries (HAGBs >10◦) in black. While all the maps look similar, the KAM 
cumulative distribution in Fig. 11e confirms that the ALT specimen ex
hibits higher KAM angles in the as-built condition than the corre
sponding ROT specimen. All the curves converge towards ≈0.9 fraction 
of cumulative probability capped at 0.4◦, so that only a small fraction of 
KAM values is expected to be found within the 0.4◦–10.0◦ range. A clear 
trend within all maps is the long straight alignment of discrete parallel 
lines, often aligning parallel to straight LAGBs. This geometry matches 
that seen in SEM-BSE images of the cells that are contained in the sample 
plane (cf. Fig. 3a–d and Fig. SI. - 5a,d), whence these probably represent 
cell boundaries, which are also known to present misorientations in this 
angular range (<0.4◦).

In fact, Serrano-Munoz et al. used an analogous KAM-based tech
nique to observe intragranular dislocation structures in wrought 
commercially pure aluminum after creep [65]. In a similar fashion, Deng 
et al. employed KAM-based analyses to study localized residual stress 
and dislocation densities in PBF-LB/M/IN718 [69]. Granted EBSD-KAM 
can only map the effects of geometrically necessary, and not of statis
tically distributed dislocations (GNDs and SSDs, respectively), the cu
mulative KAM probability in Fig. 11e shows a measurable larger-angle 
KAM with a wider spread in the AB ALT specimen than in its ROT 
counterpart. The two heat-treated conditions exhibit similar KAM angle 
distributions towards further lower angles than both AB conditions, 
indicating that there is a threshold for recovery at most at 1027 ◦C, 
regardless of the starting dislocation content in the present AB condi
tions. More specifically, the shift towards lower KAM values indicates 

Fig. 10. Synchrotron XRD profiles of the ROT and ALT specimens before and 
after heat treatment.
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recovery occurs more in the form of annihilation and less as poly
gonization of dislocations, as the latter would increase and not reduce 
KAM angles. In other words, the KAM values for ALT and ROT are 
different in the as-built condition, but are brought to equivalent levels 
after the heat treatment. Exemplarily, the 50th percentile for each 
condition (taken as the midpoint within the bands in Fig. 11e) is 0.16◦

for ALT and 0.13◦ for ROT in the as-built condition, and 0.11◦ for both 
ALT and ROT after the heat treatment.

These findings can be rationalized together with those regarding cell 
boundary density in sections 3.3.1 and 3.3.2 in terms of the effects of the 
scanning strategy, which is known to affect the heat flow in the part 
[20], which in turn impacts many microstructural, chemical, and 
physical characteristics of the built material. More specifically, the in
cremental 67◦ rotation between each layer, as used in ROT, maximizes 

the number of differently scanned layers (360, to be exact) before 
repeating the same initial direction of the laser scans. That is the main 
reason why this particular scanning strategy produces reduced texture 
and more randomly oriented grains (cf. section 3.1). Additionally, this 
also means that the expected heat is more evenly distributed throughout 
the volume of the part, which could benefit diffusion of atoms and limit 
segregation.

Conversely, the alternation between two fixed laser paths (0◦ and 
67◦), as in ALT, means that every two layers, the laser follows exactly the 
same path, leading to greater heat accumulation and enhancing differ
ential cooling, giving birth to higher degrees of residual stress, higher 
dislocation density, and more pronounced segregation [92]. These ob
servations are supported by a recent study by Wang et al., who 
demonstrate that each thermal cycle boosts dislocation density and 

Fig. 11. KAM calculation from EBSD measurements for (a) as-built ROT, (b) as-built ALT, (c) heat-treated ROT, and (d) heat-treated ALT. (e) Cumulative probability 
plot against the KAM angle distribution of all conditions. For each condition, three measurements were made at three different locations. The bands indicate the 
spread among those three KAM maps of each condition. The 50th percentile at the midpoint of each band is indicated and labeled.
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incrementally contributes to establish the resulting cellular structures 
[31]. These results also align with the findings recently reported by Deng 
et al., which state that increased laser power and decreased scanning 
speed ultimately lead to higher KAM values, residual stress, and dislo
cation densities [69].

As aforementioned, the samples were also aged (in situ, at 710 ◦C for 
5 h) after the in situ solution treatment, before being prepared for ex situ, 
post mortem SEM, as part of a follow-up study. Still, the aging heat 
treatment is not expected to significantly alter the EBSD/KAM mea
surements or the microstructure at the scale assessed by SEM. In fact, the 
observation of the nanoscale products of aging requires the use of 
higher-resolution techniques, such as atom probe tomography or 
transmission electron microscopy [32,48]. In addition, this temperature 
regime does not foresee significant changes in dislocation density in 
these kinds of alloys either, as attested by Dubiel et al. [93], who re
ported no significant change in dislocation density in PBF-LB/M/IN625 
after aging at 700 ◦C for 5 h. This aging treatment also does not affect 
residual stress in this material, as Deng et al. reported no meaningful 
change in residual stress in PBF-LB/M/IN718 after direct aging (8 h at 
720 ◦C plus 8 h at 620 ◦C) when compared to the as-built condition [13]. 
Therefore, the KAM measurements after ageing are considered repre
sentative of the strain state after solutionizing. Furthermore, the HT is 
the same for both scanning strategies, so the comparative aim of this 
analysis remains valid.

Ultimately, the results offer a new methodology to quantitatively 
characterize microstructural features relevant to additively manufac
tured IN718, providing insights to inform heat treatment design for this 
class of materials in the future. In addition, the present work indicates 
that most of the significant microstructural changes happen during the 
heating stage of this solution treatment: removal of microsegregation, 
minimization of Laves content, prevention of δ formation, and preser
vation of the cellular nature of the microstructure. The HT at 1027 ◦C for 
1 h can be used to mitigate differences arising from the use of different 
sets of process parameters without necessarily incurring recrystalliza
tion. Thus, we expect that similar outcomes can be induced in parts built 
with other combinations of process parameters, such as scanning speed 
[39,69,87,94], laser power [39,69,87], hatch spacing [36,39,87], layer 
thickness [87], or layer remelting [28,36]. However, it must be noted 
that further research is required over broader ranges of parameters to 
confirm the general validity of this protocol.

4. Conclusions

The scanning strategy is one of the main process parameters known 
to affect the microstructural aspects of PBF-LB materials, such as crys
tallographic texture and residual stress, primarily through its effect on 
the thermal history. The effect of two scanning strategies (67◦ rotations 
(ROT) and alternating 0◦/67◦ scans (ALT)) in the heat-treated micro
structure is investigated by means of in situ time-resolved synchrotron 
XRD and ex situ electron microscopy (ECCI, EBSD, EDS, and TEM). The 
key findings can be summarized as follows. 

• A novel Rietveld refinement-based approach was developed to allow 
quantification of the cell wall fraction based on the microsegregation 
contribution to the diffraction peak asymmetry (i.e., the left shoulder 
in the γ-matrix peaks).

• As determined by this approach, the fraction of cell walls (calculated 
from the effect of microsegregation) differs between the two scan
ning strategies, being approximately 5 % higher in ALT (weight 
fraction), and is accompanied by a slight difference in the Laves 
phase fraction (0.2 % higher in ALT, weight fraction).

• The in situ synchrotron experiment showed that peak asymmetry and 
the associated microsegregation decreased rapidly above 750 ◦C and 
vanished just before 900 ◦C during the temperature ramp-up to the 
isothermal solution treatment in both samples, indicating that the 
asymmetry is mainly controlled by the diffusion of Nb and Mo atoms.

• The Laves phase content starts diminishing in the range 800–900 ◦C, 
and the peaks disappear just below 1000 ◦C. It is suspected that some 
small and sparsely distributed Laves particles could remain in the 
two materials, below the detection limit of high-resolution syn
chrotron XRD.

• During the isothermal hold at 1027 ◦C for 1 h, the FWHM of both 
samples is further reduced only during the first 10 min.

• SEM-EDS analysis confirms the homogenization of the micro
segregation in both samples after the heat treatment.

• EBSD-KAM angle distributions indicate higher levels of mis
orientations in the as-built ALT specimen, compared to ROT. This 
misorientation difference is evened out after heat treatment.

• Dilatometry was used as a viable alternative to determine the tem
peratures experienced by the specimens during the time-resolved in 
situ synchrotron XRD experiments performed without spot-welded 
thermocouples.

The method introduced in this study enables quantitative charac
terization of cell walls, a key microstructural feature that enhances 
strength in additively manufactured metals. The knowledge gained from 
it can contribute towards microstructure design and improved heat 
treatments for PBF-LB/M/IN718.
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[77] Pröbstle M, et al. Superior creep strength of a nickel-based superalloy produced by 
selective laser melting. Mater Sci Eng, A Sep. 2016;674:299–307. https://doi.org/ 
10.1016/j.msea.2016.07.061.

[78] Toby BH. R factors in rietveld analysis: how good is good enough? Powder Diffr 
Mar. 2006;21(1):67–70. https://doi.org/10.1154/1.2179804.

[79] Ni M, Liu S, Chen C, Li R, Zhang X, Zhou K. Effect of heat treatment on the 
microstructural evolution of a precipitation-hardened superalloy produced by 
selective laser melting. Mater Sci Eng, A Mar. 2019;748:275–85. https://doi.org/ 
10.1016/j.msea.2019.01.109.

[80] Li X, et al. Effect of heat treatment on microstructure evolution of inconel 718 alloy 
fabricated by selective laser melting. J Alloys Compd Oct. 2018;764:639–49. 
https://doi.org/10.1016/j.jallcom.2018.06.112.
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