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1. Introduction

Inconel 718 (IN718) is a nickel-based superalloy extensively
used by the aerospace and power generation industries due
to its excellent mechanical performance and corrosion resis-
tance at operating temperatures up to 650 �C.[1] In addition,
the good weldability, high price of the raw material and high
tool-wear rates make IN718 alloy an attractive candidate for
additive manufacturing (AM).[2] In fact, AM techniques have
gathered considerable popularity in recent years due to their
unequalled ability to produce intricate near-neat shape parts in

a single build job, thereby allowing signif-
icant savings of raw material and substan-
tial reduction of production steps.[3–5] Laser
powder bed fusion (LPBF) is one variant of
AM, where the information provided by a
sliced 3D-digital model of the component
is used to selectively melt a thin layer of
metallic powder by means of a high-energy
laser beam. Compared with some other
AM techniques, LPBF has the advantage of
unparalleled freedom of design, minimal
feed-stock waste, and high-dimensional accu-
racy. However, LPBF processing is known to
introduce in the as-built parts high residual
stress (RS), even close to the yield strength,
which possesses complex spatial distribu-

tions. Such RS is typically tensile at the surface and balanced by
compression in the bulk. RS results from the repeated localized
melting and rapid solidification induced by the laser source.[6,7]

As the build-up of RS has a high dependence on the process param-
eters (e.g., scan strategy), considerable experimental and numerical
efforts have been dedicated to the control and mitigation of RS by
optimizing the processing conditions.[8–12] In particular,
surface/subsurface RS maxima (which are the largest),[13–15] often
in combination with defects inherent to the processing,[16] are seen
as the most dangerous for the structural integrity of parts.[17–19]

Subsurface triaxial RS is the most challenging to be determined
in a nondestructive fashion: laboratory X-rays can penetrate
only few microns, whereas synchrotron X-rays (depths of
�50–100 μm) mostly yield RS in only two directions. In contrast,
neutron diffraction (ND) yields bulk triaxial stress fields with a
good spatial resolution and can be adapted to determine
subsurface RS.

Nevertheless, the determination of the bulk triaxial RS state
using ND, requires a reliable determination of the strain-free
lattice spacing (d0),

[20] which is not straightforward in AM
materials.[21] The d0 spatial variation (usually observed in weld-
ments) is mostly induced by changes in the chemical compo-
sition.[22] Most commonly, small coupons (extracted from the
very same investigated specimen) are used to measure the ref-
erence lattice spacing, assuming that the cutting process does
not alter the microstructure of the material.[23] Another possibility
to determine d0 is to impose stress balance (SB) across a selected
cross section of the specimen. This method is ideal when one can
assume little chemical variation across the section, i.e., a single
global value of d0. However, the method requires a detailed
map of the lattice spacing across the section, and in particular
at the surface and in the subsurface regions, where the largest
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The residual stress (RS) in laser powder bed fusion (LPBF) IN718 alloy samples
produced using a 67�-rotation scan strategy is investigated via laboratory X-ray
diffraction (XRD) and neutron diffraction (ND). The location dependence of the
strain-free (d0) lattice spacing in ND is evaluated using a grid array of coupons
extracted from the far-edge of the investigated specimen. No compositional
spatial variation is observed in the grid array. The calculated RS fields show
considerable non-uniformity, significant stress gradients in the region from 0.6
to 2 mm below the surface, as well as subsurface maxima that cannot be
accounted for via XRD. It is concluded that failure to determine such maxima
would hamper a quantitative determination of RS fields by means of the stress
balance method.
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macroscopic RS (i.e., Type I[24]) gradients are supposed to occur.
This particularity of AM components represents a striking differ-
ence to conventionally manufactured structures,[13,21,25,26] and tai-
lored ND methodologies need to be defined for AM to correctly
determine d0.

We have observed that using mechanical filings for d0 deter-
mination is unreliable.[27] We also carried out laboratory X-ray
diffraction (XRD) measurements over the cross-sectional
perimeter to impose SB over the section.[27] However, it
was clear that a detailed examination of the subsurface RS gra-
dient and its impact on the accuracy of the SB calculation was
still missing. This is the objective of this letter.

2. Results and Discussion

An EOS M290 machine from Siemens AG (Power and Gas
Division, Berlin, Germany) was used to produce the investigated
specimen; its geometry is shown in Figure 1a. Virgin (i.e., not
recycled) IN718 alloy powder was used to produce prisms by
LPBF. Each layer was rotated by an angle of 67� to the subjacent
one, and a strip width (i.e., hatch spacing) of 75mm was used. A
lateral offset of 50mm between subsequent layers was used
(Figure 1b). To improve surface finishing, the top surface under-
went an up-skin printing process (corresponding to the last three
layers, �120 μm thickness), where the volumetric energy density

(b)(a)

(e)

(c)

(d)

(g)(f)

Figure 1. a) Geometry of the sample (dimensions in millimeters). b) Schematic illustration of the 67�-rotation scan strategy, labelled as LRot-scan. c) Left:
3D rendering of the final geometry used for ND; Right: plot describing the location of the measurement points. Schematic illustration of the ND set-up
d) for measurement of the Y and Z components and e) for the X component. Integrated intensity versus depth for all three components f ) in the top and
bottom regions and g) in the left and right regions.
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was 4% lower than that used in the rest of the specimen. Prior to
the diffraction evaluation, a chunk was removed from the speci-
men for electron microscopy analysis (see Figure 1a). The 67�-
rotation processing generated an elongated and crescent-shaped
grain morphology with their major axis preferentially parallel to
the building direction (BD), as well as a low texture index (1.1�
random).[13,27] Also, the specimen was released from the base-
plate by means of electrodischarge machining (EDM). To avoid
the EDM influence (known to induce high tensile RS[6]) in the
subjacent material, and reliably carry out laboratory XRD analy-
sis, the bottom surface was ground with abrasive SiC papers and
subsequently electropolished.

The ND experiments were carried out on the SALSA diffrac-
tometer of the ILL (Institute Laue Langevin, Grenoble,
France).[28,29] The specimen was removed from the baseplate
and the final length (X axis) after both the extraction of the
microscopy sample and the d0 slice was 78mm (Figure 1c).
An Eulerian cradle combined to the hexapod manipulator
allowed automated sample positioning. The investigated gauge
volume (GV) was defined by radial focusing collimators. The size
of the GV depended on the location of the points (bulk or sub-
surface). All strain components were measured using a GV of
2� 2� 2mm3 for the bulk points (Figure 1d,e). For depth scans
(i.e., subsurface points), the Y and Z strain components were

measured with a 0.6� 0.6� 2mm3 GV, and the X component
with a 0.6� 0.6� 10mm3 one (Figure 1d,e) to increase statistics.
The YZ-cross section (labeled CS2) located at X¼ 27mm was
scanned on a matrix of 6� 6 points (pitch of 2.4mm) in the bulk.
In addition, four depth profiles were run in the subsurface region
(0.4–4.5 mm depth) (Figure 1c right, the depth profiles are
labeled top, left, bottom, and right) with a step size of 0.5 mm
in the 4.5–2mm region, and 0.2 mm in the region between 2
and 0.4mm distance to the surface. The Ni(311) lattice plane
was used (recommended by ISO standard 21 432,[30] thanks to
its negligible intergranular strain and high multiplicity[31]) with
a neutron beam wavelength of λ¼ 1.708 Å. The diffraction elastic
constants (DECs) used for RS calculation correspond to those
determined by the Reuß model (Young’s modulus
E¼ 178 GPa and Poisson’s ratio ν¼ 0.34). The choice of Reuß
model for LPBF IN718 can be justified by the textured micro-
structure.[13] The lattice spacing was calculated by fitting the dif-
fraction peak with a Gaussian function using the ILL in-house
developed software LAMP.

The integrated intensity variation in the subsurface regions is
shown in Figure 1f,g. Some measurements (e.g., top Z axis)
show increased scatter, mainly in the region 2–0.4 mm. Such
scatter is lower than 25%; according to Huchings et al.[32] this
implies a texture variation. The last measurement point
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Figure 2. a) Schematic illustration of the d0 coupon grid. Only the cubes labeled with a letter were investigated. b) Peak position and c) FWHM for the
A–E (black half-filled symbols) and F–I ((blue filled symbols) array of cubes (X and Y components). d) Peak position and FWHM for the A–E array of cubes
(Z component).
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(0.4mm from the surface) is considered as the last point with
fully immersed GV (given that the central half the of the GV
rhombus diagonal yields more than 80% of the diffracted inten-
sity[33]). Closer to the surface, pseudostrain corrections are nec-
essary due to partial immersion of the gauge volume.[34] In this
study, the large dimensions of the investigated IN718 specimen
render impracticable the reliable use of partial immersion meth-
ods, due to a poor signal-to-noise ratio in the subsurface region.

The coupons for the determination of d0 were produced by
extracting a 3mm slice out of the specimen prior to the NDmeas-
urements (the slice location is indicated in Figure 1c). The slice
was further stress relieved by creating a grid of cubes of 3� 3�
3mm3 (interlinked by a thin band of material) produced using
EDM (see Figure 2a). This method was also used by other authors

(see, e.g., the study by Pant et al.[35]). In total, nine coupons were
investigated, corresponding to the A–E vertical and F–I horizontal
central arrays. The X and Y components (lines A–E and F–I) were
measured using a 0.6� 0.6� 2mm3 GV, whereas the Z compo-
nent (lines A–E) using a 2� 2�2mm3 GV. The peak position
exhibits considerable scatter (Figure 2b). Nevertheless, the scatter
does not follow any recognizable trend as the one identified, for
instance, in the study byWang et al.[36] The values of the full width
at half maximum (FWHM) also show considerable scatter without
a discernible trend (Figure 2c,d). Hence, we can assume that a d0
spatial variation associated with macro segregation of the alloying
elements does not occur in the investigated material. The high
scatter (above all in the X and Y directions) is rather attributed
to the small GV size compared with the coupon size (the
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Figure 3. RS maps of the bulk of the specimen for a) the X component, b) the Y component, c) the Z component, and d) the VM equivalent. The average
error is �38MPa. RS depth profiles of the subsurface points corresponding to e) the top region, f ) the right region, g) the bottom region, and h) the left
region. Note that the connection to XRD RS values is indicated with dashed lines.
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macrostress is not completely averaged out), most probably in
combination with local intergranular strain effects. The 2θ0 (peak
position of the reference) value was obtained by taking the
average of all small GV (2θ0¼ 103.25� � 0.02�) and large GV
(2θ0¼ 103.21� � 0.01�) measurements. The lack of an apparent
d0 spatial variation is in agreement with recent investigations
carried out using the same alloy and processing.[35,37]

RS values were calculated using Hooke’s formulae for the
quasi-isotropic case. RS fields are highly non-uniform, and val-
ues are always compressive in the bulk. Moreover, the minima of
all RS components do not lie in the center (Figure 3a–c). Instead,
the minimum is shifted to the right (Y¼ 7mm) and gradients
are anisotropic. The highest compressive values (in excess of
�450MPa) are observed in the Y direction. The RS of X and
Z components shows similar distributions. The contour plot
of the von Mises (VM) RS is even more inhomogeneous
(Figure 3d), with the largest values (>100MPa) along one of
the diagonals of the cross section.

At the sample top, we can hypothesize a limited influence of
the solid-state thermal cycling: the intrinsic heat treatment of the
non-equilibrium microstructure due to cyclic heating and cool-
ing during processing leads to RS fluctuation in the 0.4–2mm
region (Figure 3e). In contrast, the bottom layers would endure
longer intrinsic heating times, leading to the development of a
more uniform stress fields (Figure 3g).[38,39] In the case of the
lateral surfaces (Figure 3f,h), the depth profiles show flat RS
profiles in the 0.4–1.4 mm region, with a marked fluctuation
occurring at 1.2 mm. This feature could be correlated to a change
in the direction of the heat flux and grain growth, from a building
direction dominance toward a thickness (Y axis) preference.[13]

To apply stress balance conditions (for σX within CS2), the RS
state over the perimeter of CS2 was measured with XRD using
the sin2ψ-method. In our case, the XRD penetration depth is
about 5 μm (we used Mn Kα radiation[13]). To apply SB, it was
necessary to interpolate between the surface and the bulk RS val-
ues. The interpolation grid had a 2mm pitch, equal to the size of
the GV used in ND bulk measurements. It is observed that the
RS values calculated with SB (see Figure 4a) are about 100MPa
lower than those obtained using the d0 average from Figure 2d.

The explanation for this difference lies in the presence of sub-
surface RS maxima (Figure 3e–h). At the top surface, given that
the RS is higher than that observed at 0.4 mm depth (�550MPa
against �450MPa in the case of σY, see Figure 3e), we can
assume that the up-skin processing does not induce any maxi-
mum below the surface. At the bottom (Figure 3g), however,
the RS maximum is expected to occur between 5 and 400 μm
depth, indicating that, upon removal, a relaxation of the material
adjacent to the baseplate might occur. In addition, the lateral sur-
faces exhibit some degree of surface roughness, which leads to a
RS relaxation in the vicinity of the surface (see sketch in
Figure 4b). Two studies on LPBF IN718, using the hole-drilling
strain-gauge method[15] and neutron Bragg edge strain scan-
ning,[14] showed that the location of the subsurface maxima
varies considerably, between 0 and 0.6 mm depth. It is also
reported that the maximum subsurface value of σX can reach
up to �300MPa.[14] In our case, we consider that there is not
a maximum but rather a region (0.4–1.4 mm) where the highest
σX tensile (�200MPa) values are observed.

The transition between the �100 MPa (on average) RS val-
ues measured at the surface and the subsurface 200 MPa is
expected to occur at some point between 5 and 400 μm.
When inserting the subsurface values in the plot of
Figure 3a instead of the XRD data, the SB calculation yields
different RS values. The results of such calculation are shown
in Figure 4c. With this assumption, the calculated RS values, as
well as the reference value (2θ0,SB¼ 103.218�) becomes similar
to those obtained experimentally (Figure 2d). Therefore, we
conclude that when subsurface RS maxima are considered,
SB becomes a reliable tool for the determination of the
strain-free reference d0 or a validation tool of the accuracy
of an experimentally determined d0 value.

Assuming that the magnitudes of the RS component normal
to surfaces can be considered negligible (see Figure 3e–h), we
also conclude that coupons, even with the high scatter shown
in Figure 2a, can give a reliable estimate of the strain-free lattice
spacing when statistically relevant measurements are carried out.
Nevertheless, it must be noted that the d0 value measured along
the Z axis in the A coupon (Figure 2d) is significantly different
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from those values measured in B–E coupons. This difference
may suggest that the heat accumulation occurring at the last
layers[38] of the top region induces an intrinsic stress relaxion
and/or a localized solute concentration variation. This is,
however, subject for future work.

3. Conclusions

To conclude, we propose that the combination of ND and labo-
ratory XRD can well be used to map the RS field in LPBF com-
ponents and to determine subsurface RS. To this aim, it is
proposed that the use of coupon grids extracted from different
locations (i.e., need of statistically relevant d0 measurements)
and/or SB conditions are the best alternative nowadays available
for quantitative RS analysis in AM parts. Such procedure implies
much more work and beamtime than a straightforward analysis
applicable to conventional components, but is necessary to tackle
the challenges posed by the complexities of AM components in
terms of microstructure and defects distribution (see also the
study by Fritsch et al.[40]). Importantly, the possibility of d0 spatial
changes due to chemical and/or textural variations over the vol-
ume of a component needs to be evaluated as a function of the
AM technique used, as well as the component size.
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