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1. Introduction

Metal-based additive manufacturing (AM) is
a layer-by-layer production technique that
has gathered considerable research focus
in the past decade as it offers advantages
unrivaled by conventional methods.[1–3]

Chief among these advantages is the ability
to produce lightweight complex-shaped
parts with increased internal functionality
(e.g., cooling channels), where assembly fea-
tures can be significantly reduced or even
eliminated. Particularly, laser powder bed
fusion (LPBF) is an AM process where a
high-energy laser beam selectively melts
successive raked layers of powder under
an inert gas atmosphere.

The use of AM Inconel 718 (IN718) is
mainly driven by the aerospace and energy
industries due to its good mechanical
response and hot corrosion resistance at
temperatures in the 650–700 �C range.[4]

Moreover, its good weldability combined with high hardness
and wear resistance (which leads to excessive tool wear when
using machining subtractive methods) make IN718 particularly
amenable to AM processing. However, despite the significant
amount of research conducted on AM IN718 in recent years,[5]

some relevant issues still require further research.[6] For
instance, there is a limited understanding of the sensitivity of
the microstructure and residual stress (RS) state to LPBF process
parameters. For AM to mature to its full potential, attention has
to be placed on the further understanding of the process�
microstructure/RS relationship.

Direct application of a high-energy laser source leads to local-
ized rapid solidification (in the order of 106 K s�1) and cooling
cycles. The resulting as-fabricated LPBF IN718 microstructure
is nonequilibrium, multiscale, and highly heterogeneous.
Broad grain size distributions as well as subgrain solidification
cellular structures (their width can vary from 0.2 to 1 μm) are
usually observed. These cellular structures are delineated by a
high density of dislocations (the cell interiors are relatively dis-
location free), as well as segregated alloying elements such as Nb
and Mo.[7–11]

Literature works have also shown the potential of AM to tailor
the material grain structure and texture, for instance, by altering
the path that the heat source follows during selective melting
(namely, the scan strategy).[12–16] This is because the
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The influence of scan strategy on the residual stress (RS) state of an as-built
IN718 alloy produced by means of laser powder bed fusion (LPBF) is investigated.
Two scan vector rotations (90�-alternation and 67�-rotation), each produced fol-
lowing two different scan vector lengths (long and short), are used to manufacture
four rectangular prisms. Neutron diffraction (ND) and laboratory X-ray diffraction
(XRD) techniques are used to map the bulk and surface RS state, respectively. The
distortion induced upon removal from the baseplate is measured via profilometry.
XRD measurements show that the two long scan vector strategies lead to higher
RS when compared with the equivalent short scan vector strategies. Also, the
67�-rotation strategies generate lower RS than their 90�-alternation counterparts.
Due to the lack of reliable stress-free d0 references, the ND results are analyzed using
von Mises stress. In general, ND results show significant RS spatial non-uniformity.
A comparison between ND and distortion results indicates that the RS com-
ponent parallel to the building direction (Z-axis) has a predominant role in the
Z-displacement. The use of a stress balance scheme allows to discuss the d0 vari-
ability along the length of the specimens, as well as examine the absolute RS state.
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solidification texture depends on competitive grain growth in one
of the six <100> preferred growth directions in face-centered
cubic alloys, as well as on the local heat flow direction.[17]

Furthermore, different grain morphologies (i.e., columnar,
where a grain can expand over several subsequent layers, or equi-
axed) can be obtained by controlling the thermal gradient
(G, Km�1) and the solidification rate (R, m s�1).[18]

Nevertheless, LPBF parts are highly vulnerable to RS, which, if
uncontrolled, can lead to cracking, distortion, and/or undesired
reduction of strength.[19–21] Such RSs are observed to have com-
plex distributions and large magnitudes. The mechanisms
responsible for the build-up of RS in LPBF are described to
act at two levels: one involves the neighboring and directly
laser-irradiated material, described by the temperature gradient
model (TGM), and the other takes place between the latest added
layer and the underlying solidifiedmaterial; such amechanism is
taken into account by the cooled-down phase model.[22,23] At both
levels, RS arises as the neighboring colder material prevents the
free thermal expansion and contraction of the material being
processed.

Analysis of RS in LPBF IN718 materials has been so far
focused on long-range stresses (type I) that equilibrate over mac-
roscopic dimensions (i.e., the scale of the part).[24] It is mainly
observed that RS tends to be of tensile nature at the free surfaces
of the part and compressive in the bulk.[25–27] Among the RS mit-
igation strategies that have been approached, tailoring the scan
strategy has proven to be an effective solution, as it is reported
that scanning with shorter scan vectors reduces the temperature
gradient along the vector.[22,28–30] Furthermore, interlayer rota-
tion of the scanning direction is reported to also induce lower
RS magnitudes, as well as more uniform distributions of
stresses.[23,28,30,31] The 67�-rotation is particularly interesting
because in this case the scanning direction does not repeat
for the maximum number of layers. Moreover, the 67�-rotation
scan leads to an improved surface roughness quality.[32]

Between the diverse techniques to determine RS, nondestruc-
tive diffraction methods offer evident advantages and allow
the study of postprocess effects such as the removal from the
baseplate or heat treatments (HTs).[26,33,34] Nevertheless, the
heterogeneity, lack of repeatability, and texture inherent to
AM materials require a careful use of diffraction methods and
a critical revision of the protocols in use for conventional materi-
als (microstructures). For example, it has been observed that the
elastic diffraction constants (DEC, which relates the measured
lattice spacing to the macroscopic stress state) calculated by
the Reuβ model (as opposed to the conventionally used Kröner
model) are more suited for the RS analysis of textured LPBF
IN718 microstructures.[35,36] This counterintuitive result has a
very practical impact, as the correct determination of the bulk
RS state is also necessary in the validation of computational mod-
els of the AM process. Further, the choice of the unstressed ref-
erence lattice parameter, d0, has proven to be of paramount
importance (as for any material), but even more challenging
for AM materials.[37–39]

The main objective of the current work is to investigate the
differences in RS state induced by changes in the LPBF scanning
parameters: two scan vector rotations, each of them applied
with two different scan vector lengths, are studied. The micro-
structural differences are examined using electron backscatter

diffraction (EBSD). RS analysis is conducted by means of labo-
ratory X-ray diffraction (XRD) and neutron diffraction (ND). We
also study the effect of sample removal from baseplate on the RS
state and part distortion. Finally, we discuss the use of powders
and analytical conditions (i.e., stress balance) for the determina-
tion of the unstressed reference (d0), the mechanisms involved in
part distortion, as well as the main differences between the inves-
tigated scanning strategies.

2. Experimental Section

2.1. Manufacturing and Microstructure

The specimens were manufactured by Siemens AG, Power and
Gas Division, Berlin, Germany, using an EOS M290 machine
under an argon atmosphere. Prealloyed IN718 powders were
used entirely in a virgin (not recycled) condition and the powder
layer thickness was 40 μm. Figure 1 shows the scanning patterns
of 90�-alternation and 67�-rotation strategies (labeled as XY-scan
and Rot-scan, respectively) applied using the so-called short (S)
and long (L) scan vectors. The use of the short scan vector led to a
strip width (SW, also known as hatch length) of L/10 (the param-
eter L indicates the X-dimension on the specimens), whereas the
SW offset between successive layers was L/20. The use of the
long scan vector led to an SW of 3 L/4, with an SW offset of
L/2. According to the scan vector rotation and scan vector length,
the four specimens being investigated were termed SXY-scan,
SRot-scan, LXY-scan, and LRot-scan. The building direction
(BD) was always parallel to the Z-axis. The top surface of all speci-
mens underwent an up-skin process (corresponding to the last
three layers, �120 μm), where the volumetric energy density
was 4% lower than that applied to the rest of the specimen.
The short and long scan vector specimens were produced in dif-
ferent build jobs. The specimens have the same orientation with
respect to the recoater and the inert gas flow, being aligned at
different positions along the Y-axis of the baseplate. The location
of the SXY-scan specimen in the build chamber was identical to
that of the LXY-scan specimen, and the same applies to the two
Rot-scan specimens. The other process parameters are proprie-
tary to Siemens and cannot be disclosed. The nominal yield
strength in the as-built condition (as provided by the manufac-
turer) was σykBD � 630MPa when parallel to BD and σy⊥BD �
800MPa for the direction perpendicular to BD, which is in agree-
ment with results reported in the literature by other authors.[40,41]

The microscopy samples (MS) were extracted (using electrical
discharge machining, EDM) from one end of the specimens and
the location of the microscopy observations is shown in
Figure 1e. This extraction was conducted while the specimens
were still attached to the 36mm-thick baseplate. It has been
reported that this sectioning does not significantly affect the
RS state at the other end of the specimen.[42] Microstructural
characterization of the specimens was conducted using a LEO
1530VP field-emission (FE) scanning electron microscope
(SEM) equipped with an EBSD detector (Bruker Nano e-Flash
HD 5030). The SEM was operated at an acceleration voltage
and beam current of 20 kV and 7 nA, respectively. Sample prep-
aration consisted of standard metallographic grinding and
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polishing. The final polishing was conducted using 0.02 μm
colloidal silica suspension.

The open-source MTEX toolbox (version mtex-5.2.8[43])
installed in MATLAB was used for EBSD data analysis. The step
size of the EBSDmaps was 4.7 μm. Two criteria were established
for the quantitative analysis of the grains: 1) the misorientation
between neighboring grains needed to be greater than 5; and
2) each grain needed to contain at least 2 data points. The texture
intensity is described by the texture index, which becomes unity
for isotropic material; consequently, anisotropic materials have
an index higher than one.[44]

The four specimens were released from the baseplate by
means of EDM. To remove the influence of the EDM processing
(known to induce high tensile RS[22]) in the subjacent material
and reliably conduct XRD analysis, the bottom surfaces of the
two long scan vector specimens were ground with abrasive
SiC papers down to P1200 grit (see Figure 2b). Subsequently,
three bands (�10mm� 20mm) at the bottom surface corre-
sponding to the locations of CS1, CS2, and CS3 were electropol-
ished using a Struers LectroPol-5 machine containing A2
electrolyte and operated at 34 V for 10 s. A total thickness of
�100 μm was grounded/polished from the bottom surface,
which was considered small enough (when compared with the
20mm height) for the material removal to have a negligible effect
on the bulk RS state.

2.2. Laboratory X-ray Angular Dispersive Diffraction (XRD)

The surface RS analysis was conducted using a Xstress G3 dif-
fractometer (StressTech, Vaajakoski, Finland). This instrument

worked in angular-dispersive XRD mode and consisted of a
movable arm that carries an X-ray source and two position sen-
sitive detectors, which rotate around a stationary specimen.
A collimator aperture of 2 mm in diameter was used in front
of a MnKα radiation source. The exposure time for each data
acquisition was 5 s. The penetration depth of this laboratory
source was estimated to be �5 μm in Ni. The Ni-311 reflection
(2θ¼ 156�) was measured and the sin2 ψ method was used[45,46]

for RS calculation. The movable arm was titled around an
angular range from ψ¼�45� to ψ¼ 45� for a total of evenly dis-
tributed 19 steps. The acquired data was processed with the soft-
ware Xtronic, where the Pearson VII function was used for the
peak fitting and a parabolic function was used for the back-
ground fitting. The diffraction elastic constants for Ni-311
reflection were calculated by the Reuβ model and are shown
in Table 1. The explanation for the use of the Reuβ model
can be found in other studies.[35,36] The occurrence of shear
stresses (measured only at some reference points) was observed
to be negligible.[15] As advised in the ISO standard 21432, the
Ni-311 reflection was chosen based on it exhibiting low inter-
granular stress accumulation.[47,48]

Under the assumption of a biaxial stress state, any in-plane RS
component can be obtained from the linear regression of the
sin2 ψ versus lattice spacing relation. This calculation was made
according to the standard DIN EN 15305:2009-01.[49] Note that
the up-skin processing generated high surface quality at the
uppermost surfaces, and so, it was considered that the XRD
measurements on these surfaces were not affected by the relax-
ing effect of surface roughness, as is the case in the lateral
surfaces.[35]

SRot-scan

n+1

66
,2

8°
67

°

Y

SXY-scan

n

n+1

n+3

(a)

X
BD/Z

n

n+2

(b)

Strip

Width

(c)

n

n+1

LXY-scan

(d)

n

n+1

LRot-scan

133,16°

134°

(e)

Microscopy
Sample Y X B

D

Y

100
20

 
20

 
1

18

BD/Z

Figure 1. Schematic illustration of the scan strategies used in the manufacturing of a) the short scan vector at alternating X- and Y-directions (SXY-scan
specimen), b) the short scan vector at 67�-rotation (SRot-scan specimen), c) the long scan vector at alternating X- and Y-directions (LXY-scan specimen),
and d) the long scan vector at 67�-rotation (LRot-scan specimen). The red lines indicate the location and width of the hatching stripes, the black arrows
indicate the rastering direction, and the blue arrows indicate the direction of advancement of the rastering. e) Schematic illustration of the geometry of the
specimens (units in millimeters) showing the location of extraction of the MS, as well as the location of the SEM�EBSD observations (left).
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2.3. Neutron Diffraction (ND)

While XRD is confined to the surface and near-surface region
of a specimen, the high penetration depth of neutrons into
matter (e.g., 20mm into steel) allows the lattice spacing within
the interior of parts to be measured.[50] The short scan vector
specimens were investigated in the E3 beamline at BER-II
reactor (Helmholtz Zentrum Berlin, Germany).[51] To comply
with the weight limitation of the beamline translator stage, the
specimens’ baseplates were thinned using EDM (down to 6mm).
These two specimens were subsequently analyzed after complete
removal from the baseplate (hereafter referred to as released
[Re] condition). This beamline operated with a monochromatic
neutron beam of λ¼ 1.476 Å wavelength, which led to

2θ311 ¼ 86.3. The acquisition times varied between 5 and
90min, depending on the measurement direction and location
(Figure 2a). The gage volume was defined by setting the primary
slits at 3 mm� 3mm; the secondary collimator had a fixed focus
width of 2 mm.

The long scan vector specimens were investigated only in the
Re condition using the STRESS-SPEC instrument at FRM-II reac-
tor (Heinz Maier-Leibnitz Zentrum, MLZ, Germany).[52] The
monochromatic neutron beam was set at λ¼ 1.550 Å wavelength
for the measurements to be carried out with a scattering angle of
2θ311 � 90. The intense neutron flux provided by FRM-II allowed
the investigation of deeper locations (Figure 2b) and reduced the
acquisition times, which varied between 2 and 25min. The gage
volume was defined by setting the primary slits at 2mm� 2mm;
the secondary collimator had a focus width of 2mm.

As no steep stress gradients were expected in the probed loca-
tions, the use of different gage volume sizes was assumed not to
undermine the comparison of the calculated RS values. The aver-
age lattice spacing within the gauge volume was calculated by
integrating the measured 2D diffraction data into a 1D pattern
and fitting the resulting peak with a Gaussian function on the
flat/fitted background. This calculation was carried out using
the custom program StressTexCalculator.[53] For each measure-
ment point, the strains (ε) were calculated according to

CS-1

Later
al P

lane

Top
Plane

Top
Plane

CS-1

CS-2

CS-3

q y,z

(b)

(a)

(µm)

(µ
m

)

(c)

Y
X

BD/Z

Y X
BD/Z

K 0

Primary Slits

D
et

ec
to

r

R
ad

ia
l

C
ol

lim
ar

or

K

(d)

q x

D
et

ec
to

r

R
ad

ia
l

C
ol

lim
ar

or

K

ψ

K 0

Primary Slits

Figure 2. a) Location of the measurement points in the specimens investigated at E3 instrument. b) Location of the measurement points in the speci-
mens investigated at STRESS-SPEC instrument. Schematic illustration of the instrument set-up at STRESS-SPEC, showing the specimens positioning for
the measurement of c) the Y and Z components and d) the X component.

Table 1. RS evaluation parameters corresponding to the 311 reflection of
the Ni single crystal and calculated using the Reuβ model.

Young’s modulus Ef311g 178 GPa

Poisson’s ratio νf311g 0.34

Diffraction elastic constant -Sf311g1 1.92� 10�6 MPa�1

Diffraction elastic constant 1/2Sf311g2 7.56� 10�6 MPa�1
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ε ¼ d311 � d3110

d3110
¼ sin θ3110

sin θ311
� 1 (1)

Assuming isotropic elastic properties, the stresses in the prin-
cipal geometric axes X, Y, Z were calculated via Hooke’s law
using the following equation.

σX ,Y ,Z ¼ E311

ð1þ ν311Þð1� 2ν311Þ
� ��

1� ν311
�
εX ,Y ,Z þ ν311ðεY ,Z,X þ εZ,X ,Y Þ�

(2)

Von Mises (VM) stresses were calculated according to

σVM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2
½ðσX � σY Þ2 þ ðσY � σZÞ2 þ ðσZ � σX Þ2�

r

(3)

For the case of planar stress (assumed for XRD analysis), the
σN ¼ 0 (i.e., the stress component perpendicular to the free sur-
face). Note that distortions are not related to hydrostatic stresses
and therefore will be compared with VM stresses.[54]

2.4. Determination of the Stress-Free Reference d0

The determination of a reliable value of the stress-free lattice
spacing is probably the most critical issue for RS analysis via
ND. This is because small experimental errors in the d0 determi-
nation can lead to significant variations in the calculated stress.
For instance, a shift of 0.01 in d0 value leads to a stress variation
of �20MPa in the case of the studied IN718 alloy.

In the present study, the d0 lattice spacing was evaluated using
raw powders (which were extracted from the batch used in the
powder bed) and mechanical filings (extracted from the as-build
specimens). Note that the raw powders underwent a different
thermal history during the atomization process, which is
believed to induce a shift in the diffraction peak due to a different
chemical segregation.[25] Thus, the raw powders were thought to
be used only as a stable reference for comparison between dif-
ferent beamtimes and neutron instruments. Also, to remove any
remaining short-range RS (i.e., Type II/III) in the mechanical
filings, a HT at 450 �C for 4 h was applied under a middle-to-high
vacuum level (� 10�3 mbar). It was assumed that this low-
temperature HT (compared with the 900–1000 �C HT generally
used for parts) would suffice to reduce the remaining short-range
RS without significantly altering the chemical composition of the
mechanical filings references.[55]

Imposing a stress balance scheme over a cross section of
the sample allows the determination of d0 without having to
measure a reference sample, under the assumption that the
d0 value is constant across the section.[56] This procedure
requires the RS field across the entire cross section to be deter-
mined (∫ AσndA ¼ 0). As only discrete measurements were taken
in the cross section, the integral can be replaced by summations,
and the stress balance is given by
X

σ⊥ΔSjS ¼ 0 (4)

where S is the area of each measurement point. A custom Python
routine was developed; the XRD and ND values were interpolated
over a 2mm� 2mm grid (equal to the gage volume of the

STRESS-SPEC measurements). The surface RS determined by
XRD were retained as input values, whereas the reference d0
of the ND measurement was iteratively varied until the stress
balance condition (Equation (4)) was fulfilled.

2.5. Distortion Measurements

The distortion characterization following the baseplate removal
was conducted by measuring the Z-displacement of the top sur-
face. A white-light (diode emitting between 400 and 3400 nm)
profilometer (an FRT MicroProf device with an FRT CWL
sensor) was used. The area investigated was 19mm� 60mm
with a step size of 20 μm and a scanning speed of 794 μm s�1.
After removal from the baseplate, the acquired data needed proc-
essing for the correction of parallelism defects (i.e., after EDM,
bottom surfaces were not perfectly parallel to top surfaces).

3. Results

3.1. Grain Structure and Texture

The complexity of the grain structures resulting from LPBF proc-
essing is shown in Figure 3. The primary difference between the
XY- and Rot-scan strategies is the ability of the former to create
columnar grains (Figure 3a,c), whereas the latter produces elon-
gated grains with the mayor axis predominantly parallel to the BD
(Figure 3b,d). Note that the elongated grains also undergo epitaxial
growth but the higher variation of the heat flow direction during
the 67�-rotation processing allows for a higher number of grains to
form during solidification. The (100) pole figures show a mild
cube texture corresponding to the predominance of red-colored
grains in the grain orientation map for the YZ plane of the
SXY-scan sample (Figure 3a). This sample exhibits the highest tex-
ture index (3.1) of all the specimens shown in Figure 3. A smaller
grain size and stronger variation of the orientation between neigh-
boring columnar grains in the LXY-scan specimen (Figure 3c)
reduces the texture index to 2.1. In both XY samples, the fine array
of grains occurring at the center of melt pools[13,14] have a <001>
preferential orientation, whereas the columnar grains do not show
any significant orientation preference. In comparison with the
XY-scan strategies, the two Rot-scan samples exhibit both similar
grain structures and texture intensities (�1.1).

3.2. Surface RS

As shown in Figure 4a, each specimen was investigated in three
conditions: 1) the as-built condition, corresponding to the state
with the original baseplate thickness (36mm), 2) the thin base-
plate (TB) condition, where the baseplate was EDM thinned, and
3) the Re condition, where the baseplate was completely removed
(EDM). The measurement points were restricted to one-half of
each specimen (50mm) and located along a central line.

Regardless of the stress component (see Figure 4b–g), the
RS values are always the highest in the long scan vector speci-
mens for the as-built condition. Moreover, the LXY-scan speci-
men shows slightly (�50MPa) higher RS compared with the
LRot-scan specimen. In addition, the SXY-scan strategy yields
higher RS than the SRot-scan specimen, by �30MPa. For σX
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Figure 4. a) Schematic illustration of the location of the XRD measurement points and of the investigated conditions, labeled as as-built (left of the
image), TB (center, only for the short scan vector specimens), and Re (right). Plots of the RS analysis conducted on the XY-scan specimens for b) the
X component, c) the Y component, and d) the VM component. Plots of the RS analysis conducted on the Rot-scan specimens for e) the X component,
f ) the Y component, and g) the VM component. The data corresponding to the short scan vector specimens are replotted from the study by Serrano-
Munoz et al.[35]
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(Figure 4b,e), both the long and the short scan vector specimens
exhibit similar values from the 50 to 40mm region. In the region
between 40mm distance and the specimen center, the RS values
diverge until the highest difference (�150MPa) between XY- and
Rot-scan specimens is observed at 0 mm (specimen center).
For σY (see Figure 4c,f ), the stress difference between XY- and
Rot-scan specimens is reduced when compared with σX . In this
case, the RS values fluctuate between 550 and 700MPa, which
are about �50MPa higher than those observed for σX .

The thinning of the baseplate induces a significant relaxation
of σX for both the SXY- and SRot-scan specimens (Figure 4b,e).
Interestingly, the 50�40mm region (at the specimen tip)
does not undergo any substantial relaxation. A steep reduction
(�200MPa) is observed in the 40�30mm region, whereas from
the 30 to 0mm region the RS values stabilize at 100�200MPa.
The total amount of relaxation in the 30�0mm region is about
300MPa. The corresponding RS relaxation is smaller for σY
(Figure 4c,f ): about 50MPa for the SXY-scan sample and
about 150MPa for the SRot-scan specimen. However, in the
50�40mm region, the RS is barely relaxed.

The removal of the thinned baseplate marginally reduces
the RS values of the SXY- and SRot-scan specimens in the
X-direction. A greater reduction (about 50MPa) is observed for
the Y-direction component (Figure 4b,c,e,f ). The Re condition
of the LXY- and LRot-scan specimens systematically exhibits RS
values higher than those of the SXY- and SRot-scan specimens
for both σX and σY . Moreover, the differences between short
and long scanning are slightly higher for the XY-scan strategies.

For all the investigated conditions, the von Mises equivalent
RS (σVM , Figure 4d,g) shows the same tendencies as those
observed in σY , although the difference between the as-built
and Re conditions is larger. Note that some of the RS distribu-
tions in Figure 4 exhibit undulations in the Re condition at
25mm of the SXY-scan specimen and at 30 and 10mm of
the SRot-scan specimen. These undulations correspond to the
location of borders/grooves between adjacent hatching stripes
(more details on this matter are given in the study by
Serrano-Muoz et al.[35]).

3.3. Bulk RS

3.3.1. Absolute RS through Stress Balance

To apply stress balance conditions and complete the stress maps,
XRD measurements were carried out over the perimeter of the

three cross sections of the LXY- and LRot-scan specimens (see
Figure 5a). The stress balance results of the CS2 (Figure 2b)
of both LXY- and LRot-scans are shown in Figure 5b,c as an
example. This stress balance scheme yields a 2θSB value that
is subsequently used for the calculation of the absolute RS com-
ponents. As the 2θSB values obtained for each cross section are
similar, the average of the six calculated 2θSB is used in the deter-
mination of the absolute RS.

Interestingly, the interpolation results indicate that the maxi-
mum of the compressive center is located at a slightly higher
position (Z� 12mm) in the LYX-scan specimen than in the
LRot-scan one (Z� 10mm). The upward shift of the compres-
sive center in the LYX-scan specimen leads to steeper RS gra-
dients being formed from 20mm down to 17mm height
(Figure 5b) when compared with those of the LRot-scan speci-
men (Figure 5c). Consequently, the absolute RS maps in the
top plane (3 mm below the uppermost surface, see Figure 2b)
show lower values in the LXY-scan specimen (Figure 6).
Nevertheless, the RS distributions are similar in the two speci-
mens. In Figure 6, the highest tensile (or highest compressive)
values are systematically observed at the central line
(Y¼ 10mm). Also, an asymmetry with respect to the X-axis is
observed, mainly localized in the X¼ 7–20mm region.

The RS cross-section maps for σZ are shown in Figure 7.
Significant asymmetry with respect to the Z-axis is observed
in the three cross sections of the two samples. The central values
at CS1 are considerably higher (by �200MPa) than those
observed at CS2 and CR3. In addition, the center of LXY Re
CS2 exhibits lower compressive stress (a difference of �50MPa)
than the center of LRot Re CS2 (Figure 7c,d). This observation is
reversed at CS3: the center of LRot Re CS3 exhibits lower com-
pressive stress (�50MPa) than the center of LXY Re CS3
(Figure 7e,f ). Other than the above differences, all six maps look
similar: no significant qualitative/distribution differences are
observed along the X-axis. Moreover, the other two principal
components (σX and σY ) show similar features to the ones
observed in Figure 7. For further comparison, the σX and σY
RS maps are given as Supporting information.

3.3.2. Von Mises Stresses

The stress relaxation from the TB to the Re conditions of the
SXY- and SRot-scan specimens is shown in Figure 8, for the case
of the top plane. In the TB condition, both specimens display a
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central band along the X-axis where the highest values are
observed. In this case (as opposed to Figure 6), the SXY-scan

specimen shows slightly higher values that its SRot-scan coun-
terpart. No significant relaxation is observed after removal of

-100

-150

0

-100 -100

-100
-50

-50

-50

0 10 20 30 40 50
0

5

10

15

20

W
id

th
(m

m
)

Length (mm)

-150

-100

-100
10050

0

-50

0 10 20 30 40 50
0

5

10

15

20

W
id

th
(m

m
)

Length (mm)

-50

-50

50

50

0

0

0

-50

-100

0 10 20 30 40 50
0

5

10

15

20

W
id

th
(m

m
)

Length (mm)

-150

-200

-100

-100

-100

-150

0 10 20 30 40 50
0

5

10

15

20

W
id

th
(m

m
)

Length (mm)

-150

-200

0
-50

-100
-150

0 10 20 30 40 50
0

5

10

15

20

W
id

th
(m

m
)

Length (mm)

-100

-100 -100

-100

-50
-50

-100

-150

0 10 20 30 40 50
0

5

10

15

20

W
id

th
(m

m
)

Length (mm)

(a) LXY-scan Re 

XBD/Z

Y

(b) LRot-scan Re

σ (MPa)X 

(c) (d)

σ (MPa)Y 

(e) (f)

σ (MPa)Z 

-250-200-150-100-50050100150200250

Figure 6. Absolute RS maps of the top plane in the Re condition obtained using 2θSB and showing σX results for a) the LXY-scan and b) the LRot-scan
specimens; σY results for c) the LXY-scan and d) the LRot-scan specimens; σZ results for e) the LXY-scan and f ) the LRot-scan specimens. The stress scale
bar (in MPa) is given on top. The average error for all the points is �40MPa.

200

200
100 -100
0

0

100

20 15 10 5 0
0

5

10

15

20

H
ei

gh
t(

m
m

)

Width (mm)

-200
200

100

-1000 0

100

20 15 10 5 0
0

5

10

15

20

H
ei

gh
t(

m
m

)

Width (mm)

300-400

200

200
100 -300

100

0

-200

0

-100

20 15 10 5 0
0

5

10

15

20
H

ei
gh

t(
m

m
)

Width (mm)

-800-600-400-2000200400600800

-200

-100

100 200
100

0

-100

0

20 15 10 5 0
0

5

10

15

20

H
ei

gh
t(

m
m

)

Width (mm)

-100

200

100 -100

1000
0

20 15 10 5 0
0

5

10

15

20

H
ei

gh
t(

m
m

)

Width (mm)

-200

-400

400

0

200

-300

-200

-100

0

20 15 10 5 0
0

5

10

15

20

H
ei

gh
t(

m
m

)

Width (mm)X

BD/Z

Y

(a) LXY Re CS1 (b) LRot Re CS1
σ (MPa)Z 

(e) LXY Re CS3 (f) LRot Re CS3(c) LXY Re CS2 (d) LRot Re CS2

0 0
0 0

3

Figure 7. σZ maps in the Re condition obtained using 2θSB and showing a) CS1 of the LXY-scan specimen, b) CS1 of the LRot-scan specimen, c) CS2 of
the LXY-scan specimen, d) CS2 of the LRot-scan specimen, e) CS3 of the LXY-scan specimen, and f ) CS3 of the LRot-scan specimen. Note that the XRD
and ND data are combined. The average error for all the points is �35MPa.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2021, 23, 2100158 2100158 (8 of 13) © 2021 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.aem-journal.com


the TB: the central band remains and most of the relaxation
occurs in the X¼ 35�47mm region in both specimens.

The VM RS maps of the lateral plane in the TB condition also
exhibit a central band (Z¼ 10mm), where the highest values
occur (Figure 9a,b). The SRot-scan specimen exhibits the highest
values, localized mainly in the X¼ 42�17mm region. At the

bottom, the SRot-scan strategy leads to slightly lower
values. In both specimens, the lowest values are observed at
the top line. The relaxation after baseplate removal is higher than
in the top plane and leads to similar Re RS distributions between
the two specimens (Figure 9c,d). The highest relaxations
(>100MPa) are observed at the bottom of the two specimens,
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and the highest values are still observed in the middle
(Z¼ 10mm).

In the cross sections, the highest values occur at the middle
height (Z¼ 10mm) of the specimens (Figure 9e,g). Again, the
RS distribution becomes similar after baseplate removal
(Figure 9f,h). Contrary to the RS distributions typically observed
in cross sections (such as the one shown in Figure 9e), the
SRot-scan specimen shows localization of the highest values
at the lateral sides instead of at the center (Figure 9 g).

3.4. Z-Axis Distortion upon Baseplate Removal

Figure 10 shows that the main distortion differences are induced
when changing from the XY-scan to the Rot-scan strategy. The two
ends of the SYX-scan specimen show upward bending (along the
Z-axis), whereas nearly zero Z-displacement is observed in the
X¼ 35–25mm region. In contrast, the LXY-scan specimen shows
upward bending only in the right end. Some twisting around the
X-axis is also observed. On the other hand, the two Rot-scan
specimens exhibit upward bending only at the left side. The
highest Z-displacement values correspond to the LRot-scan
specimen. Moreover, this specimen exhibits a more noticeable
twisting around the X-axis, when compared to the LXY-scan
specimen.

4. Discussion

4.1. d0 determination

As introduced in Section 2.4, the raw powders do not provide a
reliable d0 value.

[25] When using the reference 2θ value obtained
from raw powders in the as-received condition (see Figure 11) for
the calculation of absolute RS, the values of the points in the top
plane are similar to the XRD results measured at the uppermost
surface (shown in Figure 4). Given that a strong RS gradient is
expected to occur between the uppermost surface and 3mm
depth, it is considered that the raw powders renders an unreliable
d0 reference. In contrast, using the reference 2θ value of the

mechanical filings leads to compressive stress for all measured
points, which also questions the reliability of mechanical filings.
For the sake of brevity, only the results obtained at STRESS-SPEC
beamline are shown in Figure 11, as those obtained at E3 beam-
line show similar tendencies.

The heat treatment (HT) has two effects in both the raw pow-
ders and the mechanical filings: it increases the 2θ values while
reducing the full width at half maximum (FWHM) values. The 2θ
shift is lower in the raw powders (0.075) than in the mechanical
filings. Nonetheless, this shift observed after HT of the raw pow-
ders still induces a significant difference in the calculated values
(equivalent to a �800 με shift). Using any of the 2θ values
obtained after HT leads to entirely tensile RSmaps. The raw pow-
ders shift of the FWHM value is considered negligible when
compared with those of the mechanical filings. This difference
in FWHM indicates that a more significant plastic recovery takes
place in the mechanical filings during the HT process.
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Figure 10. Z-displacement distortion maps of the difference between the Re and as-built conditions for a) the SXY-scan specimen, b) the SRot-scan
specimen, c) the LXY-scan specimen, and d) the LRot-scan specimen.
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In this context, the high accumulation of plastic strain is pro-
posed as the principal factor leading to the biased 2θ reference
values obtained using mechanical filings in the as-filed condi-
tion. As for the mechanism inducing the 2θ shift after HT on
both the raw powders and mechanical filings, it is presumed that
some compositional changes (i.e., elemental diffusion without
any morphological change, e.g., precipitation of γ” phase) occur
in the nonequilibrium γ-Ni matrix during the HT at 450 �C. Most
likely, at this temperature the atoms in solid solution in the γ-Ni
matrix would migrate to thermodynamically more stable zones
such as cell walls and grain boundaries, presumably decreasing
the solute-atom lattice distortion of the γ-Ni matrix (note that a
shift to higher 2θ values indicates a decrease in the lattice spac-
ing). Further, we do not exclude that some degree of oxidation
could have occurred during the HT, possibly due to imperfect
vacuum, also contributing to the peak shift observed in the pow-
ders and filings.

Given the limitations encountered when using mechanical fil-
ings, we consider that the imposition of stress balance conditions
leads to a more reliable d0 value. According to the stress balance
calculation carried out at each cross section (blue dots in
Figure 11), there should not be any significant compositional
changes along the X-axis of the two specimens. Furthermore, this
calculation predicts no significant d0 variation between the two
specimens. It has to be noted that several assumptions are made
when applying stress balance conditions and their influence has
to be considered in the evaluation of the absolute RS results
(Section 3.3.1).

First, and as also argued in another study,[35] it is still to be
determined if the difference in compositional and dislocation
content between the dendritic cell interior and dendritic cell walls
(where the elemental microsegregation and dislocation density is
highest) could induce some triaxiality in the stress state at near-
surface depths (�45 μm)[59] (i.e., similar to that observed in com-
posites[24]), which would invalidate the σN ¼ 0MPa assumption.
Given that in the present study the depth probed by XRD is
�5 μm, the stress component normal to the investigated surface
is assumed to be zero, and so, the sin2 ψ -method can be applied.

The stress balance condition also assumes that there are no d0
compositional variation over the investigated cross section. In
this regard, recent studies report that no significant d0 variation
occurs in LPBF IN718 alloy,[26,27] whereas a d0 variation has been
reported to occur in a laser-based directed-energy deposition
IN625 wall, where the content of Cr decreases as the height
of the BD increases.[57] This indicates that the d0 variation
depends on the process and/or material and cannot be general-
ized to all AM materials. Thus, based on the prior art,[26,27] it is
considered that no compositional variation occurs over the inves-
tigated cross sections.

Finally, the stress balance calculation assumes a linear inter-
polation between the bulk and surface data. The tensile RS values
should be highest at the very surface (corresponding to the XRD
results). In the case of the investigated specimens, it was
observed that the roughness occurring at the lateral surfaces
relaxes the RS values measured at 5 μm depth,[35] and so, subsur-
face maxima are expected to occur at both lateral surfaces. We
therefore consider that the presence of subsurface maxima
underestimates the absolute RS values but not the general trends
observed in Section 3.3.1.

4.2. Main Differences Induced by the Scan Strategy

As expected, the XRD results (Figure 4) show that the long scan
vector strategies lead to higher RS magnitudes than their short
scan vector counterparts due to the presence of larger thermal
gradients.[23,28] Also, the XY-scan strategy induces higher RS val-
ues when compared with those resulting from the Rot-scan strat-
egy, because the 67�-rotation would induce a better redistribution
of the heat flux and internal stresses than the 90�-alternation,
which repeats faster.[32] Apart from the differences in magni-
tudes, all samples exhibit similar RS distributions in the as-built
condition, where the σY values are generally higher (by�50MPa)
than the σX . Note that a longer scan vector does not always imply
larger RS, as it has been observed in a LPBF Ti-6Al-4V material,
where a shorter island scan strategy leads to larger RS.[60] Hence,
and as also stated in the study by Ganeriwala et al.,[60] caution
must be taken when generalizing the presented results beyond
the current material and geometry.

The thinning of the baseplate induces significant σX relaxation
(�250�300MPa), whereas the σY relaxation is lower (�100MPa).
Comparatively, the removal of the thinned baseplate induces low
relaxation (�50MPa) of these two stress components.
Furthermore σVM (Figure 4 d,g) exhibits similar relaxation for
all specimens, whereas the distortion results (Figure 10) show dif-
ferences in relaxation, mainly when changing the scanning strat-
egy fromXY-scan to Rot-scan. As further explained below, this lack
of agreement between surface σVM (which does not take into
account σZ) and distortion results can be explained if one consid-
ers that the σZ=BD exerts the highest influence on the Z-
displacement.

The bulk σVM results show the same tendency at the top plane:
the SRot-scan specimen has slightly lower values than the
SXY-scan one in the TB condition and no significant differences
are observed between the two specimens in the Re condition
(Figure 8). However, the lateral plane and CS1 maps (Figure 9)
indicate higher σVM occurring within the Rot-scan specimen in
the case of the TB condition. And again, these maps show similar
σVM distributions between the two specimens in the Re condition.
Probably, the difference between the results observed in the top
and lateral planes is induced by higher σBD=Z values occurring
in the TB SRot-scan specimen. Higher σBD=Z values in the
SRot-scan specimen than in the SXY-scan one were also reported
in the study by Serrano-Munoz et al.[35]

The differences in the σBD=Z values and distribution suggest a
variation in the interaction mechanism between the successive
layers depending on the scanning strategy.[15,32] The XY-scan
strategy would induce higher RS in the XY-plane, whereas the
Rot-scan strategy would lead to higher RS along the BD.
Hence, the distortion maps (Figure 10) would reflect these differ-
ences in σBD=Z , with the Rot-scan strategy exhibiting higher Z-
displacement at the left end of the two specimens.

Finally, it is also observed that both XY- and Rot-scan strate-
gies lead to significant nonuniform (asymmetric) VM RS fields,
which are inherently generated by the process.[28] This nonuni-
formity is difficult to predict uniquely using XRD methods.
Moreover, increasing the length of the scan vector further
increases the nonuniformity of the RS distribution.
Supposedly, this increase in nonuniformity would lead to the
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twist around the X-axis observed in the distortion maps
(Figure 10c,d).

5. Conclusion

A comprehensive investigation of the variations in RS state
resulting from changes in the laser scanning pattern has been
conducted. EBSD analyses show the primary differences in grain
structure and texture. XRD on the uppermost surface allows to
quantify the differences in RS state and monitor the effect of the
thinning and removal from baseplate. ND gives insight into the
distribution of the bulk RS fields. Finally, distortion maps allow
to examine the differences in Z-displacement between speci-
mens. As a result, the following conclusions can be drawn:

1) The two XY-scan strategies produce columnar grains,
whereas the Rot-scan strategies lead to elongated grains
(i.e., epitaxially grown grains with lower aspect ratio and
increased shape complexity). The main axis of these two types
of grains is predominantly parallel to the BD. The LXY-scan strat-
egy tends to reduce the grains size and texture intensity when
compared with the SXY-scan strategy. The Rot-scan samples
exhibit similar grain structure and texture. 2) XRD results show,
on average, higher RS magnitudes in the as-built specimens pro-
duced using the long scan vector strategies. The SRot-scan strat-
egy leads to the lowest RS values of all investigated specimens.
After total removal from the baseplate, all specimens undergo
significant σX relaxation (�250MPa). The σY relaxation is less
significant (50�100MPa). 3) Neither the raw powders nor the
mechanical filings give a reliable value of the d0 unstressed ref-
erence. 4) σVM maps show an increased nonuniformity when
applying long scan vectors. 5) Different distortion distributions
are observed depending on the scan strategy. Upward bending
along the Z-axis is observed in all specimens, although the long
scan vector specimens also exhibit a certain degree of twisting
along the X-axis. 6) The d0 determination by imposition of stress
balance conditions is done with the main assumption of a unique
d0 value (i.e., no spatial chemical variation over the cross section).
This calculation predicts similar d0 values along the length of the
specimens. The d0 value would also be similar between the
SLX- and SRot-scan specimens. 7) The differences in the distor-
tion behavior are mainly correlated with the effect that the scan-
ning strategies have on the build-up of RS along the BD.
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