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� Detail microstructural analysis using
electron microscopy and synchrotron
X-Ray diffraction was done.

� Four phases were identified and their
volume fraction was quantified.

� Residual stresses were evaluated and
the problematics of stress free sample
was discussed in detail.

� It was observed that the selection of
the scanning path can have same
effect as a change of the processing
parameters.
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A comprehensive investigation is undertaken on the effect of laser scanning pattern on the microstruc-
ture of cylindrical samples made of Alloy 718 processed by Laser Powder Bed Fusion. It is observed that
the common alternate direction scanning of the laser results in a more homogeneous microstructure than
the less common concentric line scans where significant microstructural heterogeneities are seen
between the edges and the center of the sample. The investigation focuses on the precipitation, crystal-
lographic texture, grain size, grain morphology and residual stresses utilizing synchrotron X-ray diffrac-
tion, neutron diffraction and electron microscopy. The heterogeneous microstructure of the sample
processed with the concentric laser pattern influences the chemical composition of the matrix, which
alters the reference ‘‘strain free” interplanar spacing used for evaluating the residual strain. The investi-
gation underlines the significance of the processing parameters on the homogeneity of the microstruc-
ture and the effect of the chemical variations on the determination of residual stresses in materials
such as Alloy 718, where strong local chemical variations occur because of different types and extent
of precipitation.
� 2022 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

With the appearance of modern additive manufacturing (AM)
processes, such as Laser Powder Bed Fusion (LPBF), building com-
plex components of metallic materials has become highly attrac-
tive for many corresponding applications. The layer-by-layer
manufacturing process allows building complex structures, which
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are not feasible by conventional manufacturing methods. Various
building parameters influence the microstructure and a significant
ongoing effort focuses on this aspect, e.g. controlling the crystallo-
graphic texture, grain size or precipitation and phases [1–4]. In
contrast, still significant challenges remain, such as building
defects like porosity, cracking, lack of fusion, residual stresses
(RS) and undesired microstructure heterogeneities need to be
overcome or controlled [1]. There are multiple LPBF process
parameters that can be varied and influence the defects,
microstructure or RS. It has been shown that the energy density
has a direct impact on porosity [5,6], the variation of scan speed
and laser power greatly affects the crystallographic texture [6,7],
and also the grain size and morphology are influenced by the pro-
cessing parameters [8]. The RS are a result of the thermal expan-
sion mismatches during the thermal cycles that the material
undergoes [9] and hence, several studies focus on the influence
of the processing parameters on RS both experimentally [10–15]
and with modeling [16,17].

Components from nickel-based superalloys such as Alloy 718
processed by AM methods are highly attractive for several applica-
tions in the aerospace/automotive industry, chemical industry or
nuclear industry as they exhibit good corrosion resistance, and
good mechanical/creep properties at elevated temperatures [1].
However, the mechanical properties of these materials are espe-
cially sensitive to building conditions and post-treatment, as they
are susceptible to forming secondary phase precipitates that alter
their mechanical properties [18]. In general, the studies so far pos-
tulate the heterogeneity of the microstructure of the as-LPBF pro-
cessed Alloy 718 containing a mixture of the matrix c-phase with
precipitates of c’’-phase [15] together with Laves [19,20] and MC-
type carbides [19–21]. As such, the microstructural heterogeneity
in the as-processed LPBF parts leads to mechanical heterogeneity.
Hence, post-processing like Hot Isostatic Pressing (HIP)[22], heat
treatments or a combination of both [23] are necessary to achieve
densification and a homogeneous microstructure with well-
controlled precipitation [24] which simultaneously lead to relief
of the RS [21]. There has been significant work on the effect of pro-
cess parameters on the RS. It is generally observed that the RS are
higher in the direction of the scan vector than in the transverse
direction [25,26] and recent studies suggest that rotation between
each layer and using 45� line scans for rectangular samples helps
reduce the RS [25,27]. Despite the optimization of the processes,
the presence of RS is unavoidable and the current challenge is to
suppress the RS as much as possible already during the LPBF pro-
cess, to avoid wrapping, distortion, delamination and cracking,
while the remnant RS, after the removal of the base plate, can be
relieved with post-built heat treatments [19,28]. As the
microstructure in many alloys is very sensitive to the annealing
conditions, the temperature and time of annealing need to be care-
fully chosen and the initial (i.e. as-LPBF built) microstructure needs
to be known, so that the evolving microstructure during annealing
is well-controlled.

To produce tailored components with desired microstructures
and mechanical properties fundamental knowledge about the
mechanism of microstructure development and evolution during
the LPBF process of metallic alloys is required. Moreover, being
able to control the RS and the microstructure already during the
AM processes is invaluable and bares the promise of being able
to reduce the required number of production steps, and hence
the lead time and investment cost. Within this effort, computa-
tional simulations have become a promising alternative to the cost
and time-consuming parametric experimental investigations of
LPBF components towards understanding the influence of the pro-
cess parameters on the material properties. The models used for
simulating the LPBF processes can predict the microstructure and
RS based on the processing parameters. A fundamental property
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that manifests the material properties is the melt pool characteris-
tics and hence, finite element or phase field models are used to
predict the melt pool parameters [29,30]. Determining the shape
of the melt pool helped understanding porosity [30], crystallo-
graphic texture [7] and grain morphology [17,31]. By simulating
the entire AM process of an entire component and the associated
thermal gradients and cycles, it is also possible to predict the
development of RS in specific components [16,32]. Finally, analyt-
ical tools have been able to help predict the variation and evolution
of different phases in metastable alloys [33]. A necessary precondi-
tion for the development of such kind of simulation tools is to col-
lect enough experimental data, associating the process parameters
with the resulting microstructure and the RS distribution that can
be used for developing and validating the constitutive equations
and models. Finally, due to the variability of the material proper-
ties between different samples, even when a single process param-
eter is altered, it is essential that the RS and microstructure
characterization information is obtained from the very same sam-
ple, which has not been done in any of the above-mentioned
studies.

In this study, we perform a comprehensive characterization of
different as LPBF-built samples from Alloy 718 built with the same
building parameters except for the laser scanning path. The inves-
tigation highlights the strong effect of the laser scanning path on
the sample microstructure, on the RS variation within the sample
and the challenge of obtaining a reliable ‘‘strain-free” standard
for the assessment of RS. Neutron diffraction is utilized for the
characterization of RS, Electron Back Scattered Diffraction (EBSD)
for characterizing the crystallographic texture, grain morphology
and precipitation and synchrotron X-ray diffraction for the identi-
fication of the microstructural heterogeneity and for revealing the
phases present in the microstructure. Finally, this investigation is
the first part of a comprehensive investigation on the optimization
of annealing temperatures/times for relieving the RS while control-
ling the microstructure of the end product.
2. Experimental methods

Two types of cylindrical samples with 25 mm in diameter and
10 mm height were produced with the same process parameters,
but different scanning patterns i.e. one alternate scanning where,
for every layer, the laser travels along lines with alternate direction
(hereafter denoted with AD sample) and one concentric (hereafter
denoted with CO sample) where, for every layer, the laser travels in
circles going from the outer surface to the center of the cylinder. A
schematic of the scanning strategies is show in Fig. 1. The process-
ing parameters were: laser power: 200 W, scanning speed:
900 mm/s, hatching spacing: 120 lm and layer thickness:
30 lm. The base plate was preheated to 100 �C.

The microstructure of the samples was characterized by EBSD.
The samples were ground with 4000 grit SiC paper, polished down
to 0.25 lm with diamond paste and then electro-polished with a
solution of 70 ml H2O, 200 ml glycerol, 720 ml H2SO4 at 40 V for
30 s. A field emission gun scanning electron microscope (FEG
SEM) Zeiss ULTRA 55 equipped with EDAX Hikari Camera operated
at 20 kV in high current mode with 120 lm aperture size. The EBSD
raw data was post-processed using the EDAX OIM Analysis 7.3
software.

Diffraction methods were used to evaluate the RS in the sample.
RS can be calculated according to Eq. (1) by measuring the lattice
strains along the three principal directions of the sample. Due to
the building strategies and the four-fold (for the AD) or cylindrical
(for the CO) symmetry of the samples, these axes correspond to the
building direction, the two perpendicular laser scan directions for
the alternate scanning and two random perpendicular directions



Fig. 1. Schematic of scanning patterns and the areas of ND and XRD.
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for the concentric scanning sample, respectively (see Fig. 1). The
lattice strain is calculated using Eq. (2) comparing the stressed lat-
tice spacing, dhkl; of the hkl family of lattice planes, to the lattice
spacing of a reference, ‘‘stress free” sample, d0;hkl.
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Neutron diffraction (ND) experiments were carried out at the
time-of-flight diffractometer POLDI at the Swiss Spallation Source,
SINQ at the Paul Scherrer Institute, Switzerland. Three positions
were selected for the ND measurements (center, 5 mm and
10 mm radial distance from the center) (Fig. 1). A gauge volume
of 3.8 � 3.8 � 3.8 mm3 was defined by a pair of diaphragms in
the incident beam and a radial collimator in the diffracted beam.
The obtained data were fitted using a Gaussian function in Mantid
[34] to obtain the peak positions, full-width at half maximum and
integrated intensity of the diffraction peaks, which were further
analyzed using in-house Wolfram Mathematica scripts. The error
bars are taken from the standard error of the fitted peak position.
Standard method for the propagation of uncertainty was used.
For the residual strain estimation, the 311 diffraction peak was
used as it is the least affected by the intragranular strain and inter-
phase strains [35]. For calculating the corresponding stress the
plane specific elastic properties of E311 = 200 GPa and v311 = 0.33
[36] were used in eq. (1).

Alloy 718 has face-centered cubic matrix c and its superior
mechanical behavior is due to the presence of coherent and
semi-coherent c0 and c0 0 phase [37] (see Fig. 2. In contrast to the
beneficial c0 and c0 0 phases, the presence of d phase and the Laves
phase result in loss of ductility and higher tendency for high tem-
perature cracking [38–41]. In addition to the above-mentioned
precipitates, niobium and titanium carbides often also form in
Alloy 718. Large variations of the lattice parameters can be found
in literature due the difference in nominal compositions, extend
and type of precipitation that result in (local) variations in chemi-
cal composition and strain fields around the precipitates. In addi-
tion, the diffraction peaks of c0 and c0 0 precipitates strongly
overlap with the diffraction peaks of the matrix c. Hence, using
3

synchrotron X-ray diffraction (XRD) for studying the precipitation
fractions is essential as it offers the flux and resolution to identify
and quantify the different phases (see Table 1).

In order to measure the ‘‘strain-free” lattice parameter and the
phase composition, a thin stripe (100 lm in thickness) was cut
from the samples with electrical discharge machining (EDM) and
XRD measurements were undertaken at the MS beamline at the
Swiss Light Source, SLS, at the Paul Scherrer Institute, Switzerland
using 25 keV energy and a 100 � 100 lm2 spot size. The measure-
ments were undertaken in transmission using a Pilatus 6 M detec-
tor to capture the entire Debye Scherrer rings. The diffraction data
were calibrated using a LaB6 standard and integrated along the
entire azimuthal range using the open source software bubble
[42]. The diffraction patterns were fitted with single-peak fitting
using in-house Mathematica codes for obtaining the peak posi-
tions, FWHM and peak intensity. Rietveld refinement was per-
formed using the open access software GSAS-2 [43] for obtaining
the phase fraction. 17 points were measured for the CO sample
at �0.5, �0.4, �0.3, �0.2, �0.1, 0, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.7,
1, 1.5, 2, 5, 10 mm radial distance from the center, since strong
variations of the d values were expected. Several radially dis-
tributed points were measured for the AD sample as well as points
close to the building plate and top of the sample to investigate the
influence of the distance from the base plate.
3. Results

3.1. Neutron diffraction - lattice parameters

The ND data were analyzed in terms of intensity and peak posi-
tion in order to evaluate the texture and microstrains. The four
strongest diffraction peaks are plotted in Fig. 3. The 220 peak is
the strongest in the building direction for both samples indicating
a strong h110i -texture. The texture is homogenous throughout the
entire ΑD sample along the hoop and radial directions and there is
no significant difference between hoop and radial direction. For the
CO sample the strongest h110i -texture appears in the center and it
becomes less sharp towards the edge of the sample, as apparent by
the decrease in the intensity of the 220 peak. The intensity of the
200 peak increases progressively from the center to the edge in the
hoop direction. In this case, the hoop direction is aligned with the
laser scanning direction.

The lattice spacing for two lattice plane families ({200},{311})
are shown in Fig. 4. The AD sample exhibits less d-spacing varia-
tion than the CO sample. For the AD sample, the lattice spacing
in the radial and hoop directions have the same value within the



Fig. 2. Crystal structures for the possible phases in Alloy 718.

Table 1
Phases in the Alloy 718.

Phase Composition space group Lattice parameters

c 225 F m-3 m a ¼ 3:591� 0:005

c0 221 P m-3 m a ¼ 3:564� 0:004

c0 0 139 I 4/m m m a ¼ 3:624� 0:005; c ¼ 7:406� 0:004

d 59 P m m n a ¼ 5:11� 0:01; b ¼ 4:23� 0:02; c ¼ 4:54� 0:02

Carbide 225 F m-3 m a ¼ 4:506ðNbCÞ; a ¼ 4:327ðTiCÞ
Laves 194 P 63/m m c a ¼ 4:774; c ¼ 7:759
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experimental error, which is lower than for the axial direction. The
CO sample exhibits much higher differences between the lattice
spacing along the three measured scattering vectors. Similarly, to
the AD sample, the lattice spacing in the radial and hoop directions
have the same value in the center, which is lower than the axial
one for the CO sample. The lattice spacing in the hoop direction sig-
nificantly increases towards the edge of the sample, reaching the
value of the lattice spacing in the axial direction while the lattice
spacing in the radial direction increases only slightly.
3.2. Xrd

The XRD patterns were analyzed for the phase composition of
the samples (Fig. 5). Four phases were identified in the as built
samples: the c matrix and c0 0 phase, Laves phase and carbides in
form of precipitates. No reflections corresponding to delta or c0

were identified.
Rietveld analysis (Fig. 5a) was performed on 3 diffraction pat-

terns, in the center, at �0.5 mm and at 5 mm from the center for
the CO sample. The wR values for the fits are less than 10% (i.e.
7.05% and 4.45%). Both fits suggest that the phase fraction of the
carbides is less than 1% and the fraction of Laves around 3%, while
the variation through the sample is within the experimental error.
Compared to that it is possible to observe strong variation in the c0 0

precipitate fraction, as shown in Table 2.
Rietveld analysis becomes very challenging when combining all

4 existing phases, where especially c and c0 0 peaks strongly overlap.
Therefore, instead of Rietveld refinement, single peak fitting was
used to analyze the phase fractions semi-quantitatively. As shown
in Fig. 5(b) the c and c0 0 peaks overlap strongly which results in rel-
atively high uncertainty in defining their position and intensity.
4

The lower symmetry of the c0 0 phase and the lattice parameters
2a � c \ 2a–c results in splitting into 2 or 3 reflections of c0 0

reflections. Fitting of such complex and overlapping groups of
diffraction peaks becomes impossible. In order to follow the shift
of the c lattice parameter both diffraction peaks originating from
c and c0 0 were fitted as a single peak. This approximation can cause
some systematic error in the absolute values of peak positions and
intensities; however, it does not influence the observed trends.

The single peak fitting results for the Laves phase and carbides
are shown in Fig. 6 for the CO sample. The carbide phase clearly
exhibits increase of the lattice parameter and small decrease of
the FWHM towards the center of the sample. The values at the
edge of the CO sample are similar to the values for the AD sample.
The evolution of the lattice parameter for the Laves phase is not as
clear as that of the carbide phases. It is seen that the a parameter
(Fig. 6c) increases towards the center, similarly to the carbide
phase. The c parameter (Fig. 6e) appears to increase at the proxim-
ity of the center, however it decreases at the center. Also, the
FWHM difference is not as strong as the one for the carbides.

The evolution of the lattice parameters for the c matrix is
shown in Fig. 7. In contrast to the evolution of the lattice spacing
in the carbides, the lattice parameter of the c and c0 0 phases
decreases towards the center.

Another way to quantify the extent of c0 0 precipitation is to use

the
P

I
c0 0P
Ic

intensity ratio, where the sum of the integrated intensity

of all measured c peaks (i.e. 111, 200, 220, 311, 222, 400, 331, 420)
and the corresponding c0 0 peaks, within the accessible Q-range, are
considered. Fig. 8a shows a close-up of a diffraction pattern at the
position of the 311 peak, where the intensity is normalized by the
peak height. It is possible to observe the increasing intensity of the



Fig. 3. Diffraction peaks for (a,d) building, (b,e) radial and (c,f) hoop direction, for both concentric (CO) and alternate scanning direction (AD) samples.
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shoulder on the left side of the main peak towards the center of the
sample, suggesting that the fraction of c0 0 phase increases with
annealing. The results from the c0 0

=c ratio are compared to the
results from the Rietveld refinement (Fig. 8b). The intensity ratio
agrees well with the trend observed for the c0 0 phase fraction
obtained from the Rietveld refinement. The phase fraction of the
c0 0 is highest in the center in both cases and decreases towards
the edge, as expected by the accumulation of heat at the center
of the sample during the laser scanning.
5

Similar analysis was undertaken also for the AD sample. There
is no significant variation observed radially, i.e. the c0 0 phase frac-
tion does not vary significantly between the outer surface and
the center of the cylinder. However, the calculation of the c0 0=c
intensity ratio shows statistically significant difference between
the bottom c0 0

=c
� �

bottom ¼ 0:69� 0:06 and top c0 0
=c

� �
top ¼ 0:58�

0:04 part of the sample, suggesting that there is a higher c0 0 phase
fraction in the proximity of the base plate than close to the top



Fig. 4. Lattice spacing of the lattice plane families (a,b) {311}, (c,d) {200} for
samples built with (a,c) concentric (CO) and (b,d) alternate scanning direction (AD)
samples.

Fig. 5. (a) Rietveld refinement and (b) e
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part. Such observation can be explained by the intrinsic heat treat-
ment that the bottom layers experience as new layers are added.

3.3. Microstructure

The grain morphology of the AD sample correlates with the
laser path. It is possible to observe the square grid pattern with
large grains in the middle and smaller grains along the grid in
the building plane, as shown in Fig. 9a. The square grid size is
120 lm, which correlates with the hatch spacing. The microstruc-
ture in the radial direction exhibits a columnar structure, which is
typical for LPBF [44] Fig. 9b.

The crystallographic texture was evaluated from the EBSD by
stitching several EBSD maps and these results were compared to
the results from ND. The inverse pole figures (IPF) show
mild h110i texture in the building direction of the AD sample
(Fig. 9). The strength of the texture depends on the distance from
the center. Both radial and hoop direction exhibit
mild h100i texture.

Similar to the AD sample, the morphology of the microstructure
of the CO sample is influenced by the laser travel path and resem-
bles the concentric scanning pattern, as apparent by the EBSD map
xample of the multiple peak fitting.



Table 2
Lattice parameter and phase fraction fitted with the Rietveld analysis.

a cð Þ a c0 0� �
cðc0 0 Þ c0 0= cþ c0 0� �

0 mm 3.5930 3.6015 7.2412 35.2%
0.5 mm 3.5937 3.6023 7.2445 25.1%
5 mm 3.5940 3.5801 7.2493 11.3%
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and the grain morphology shown in Fig. 10a or under the scanning
electron microscope using the backscattered diffraction (BSD),
shown in Fig. 10b. In both images, slightly increased number of
defects around the center is observed which was observed for con-
Fig. 6. (a,c,e) Lattice parameter and (b,d,f) FWHM

7

centric scanning [45]. In the BSD image, concentric circles are
observed related to the phase contrast. An Energy-dispersive X-
ray spectroscopy (EDX) investigation was undertaken in order to
identify the source of the BSD contrast. It was observed that the
precipitation contrast matches with the high concentrations of
Nb (Fig. 10c and d), which in addition to the XRD analysis, it is con-
cluded that the contrast originates from c0 0 precipitates which are
rich in Nb. Moreover, the c0 0 precipitates preferentially form at
the boundaries of the scanning lines.

Unlike the AD sample, the microstructure and the texture is
strongly inhomogeneous in the CO sample, i.e. strong h110i -
texture is observed in the building direction; however, this texture
of (a,b) Carbide and (c,d,e,f) Laves phases.



Fig. 7. Lattice spacing evolution for the {311}, peaks of the c phase and {312}
+{116} of the c0 0 phase for the CO sample.
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is much stronger in the center and becomes weaker towards the
edge of the sample. In addition, strong h100i-texture is observed
in the hoop direction, towards the edge of the sample. These find-
ings are in good agreement with the ND observations.

The EBSD map was also used to evaluate the grain size in the
hoop direction since similar grain morphology is observed for both
samples. The size of the maps used for the calculation was
1083 � 844 lm2 and the distribution was calculated utilizing more
than 1750 grains for each point. The grain size distribution is
shown in Fig. 11a. They follow Log-normal distributions. The larger
grains are at the center of the CO sample, while the smallest are at
the edge, whereas the AD sample exhibits homogenous grain dis-
tribution radially (Fig. 11b).
3.4. Neutron diffraction - residual stresses

As shown in Eq. (2) the RS are calculated using the measured d-
values, stress free reference d0, Young modulus E and poisson ratio
m. The residual stresses were evaluated from the lattice spacing for
{311} planes shown in Fig. 4b. Acquiring a reliable d0 has been
shown to be challenging and several methods are proposed in lit-
erature [46–48]. As shown before, the pronounced variations in
the type and fraction of precipitates within one sample can have
significant impact on the local chemical composition. Hence, using
the raw powder or annealing the samples are not appropriate due
differences in chemical composition due to evaporation or precip-
itation respectively. Another possibility often used is cutting small
cubes that are considered stress free. These cubes have to be large
enough to be fully inside the beam; otherwise, pseudo strains due
to the partially immersed volume could be measured. Simultane-
ously, they have to be small enough to release fully the stresses.
Fig. 8. (a) Comparison of the normalized 311 peaks (b) Ratio of the integrated intensity of
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The AD sample shows a uniform microstructure throughout the
whole sample volume, therefore, a single d0 value can be used to
calculate the lattice strains. After the measurement of all three
components, there was still significant variation among the three
components. Therefore, a different approach was followed by esti-
mating d0 by minimizing the sum of squares of all three stress
components with respect to d0 (Eqs. (3) and (4)). The result of
the calculated d0, compared to the ‘‘strained sample” measure-
ments together with calculated RS are shown in Fig. 12. The
obtained d0 values for the AD sample show almost no variation
through the sample. Therefore, an average value,
d0AD ¼ 1:08542� 0:00005 Å, was utilized for calculating strain.

d
P3

i¼1rii d1;d2;d3;d0; E; mð Þ2
dd0

¼ 0 ð3Þ

d0 ¼
�2 d1d2 þ d2d3 þ d3d1ð Þ m� 2ð Þmþ d2

1 þ d2
2 þ d2

3

� �
1þ m 3m� 2ð Þð Þ

d1 þ d2 þ d3ð Þ 1þ mð Þ2
ð4Þ

When measured with high spatial resolution by synchrotron
XRD, it is seen that the lattice spacing of the CO sample shows
strong variations, as seen at Fig. 7; and therefore, using a single
d0 value for the whole sample can be disputable. The region away
from the center exhibits the same d-spacing as the AD sample
while the central part shows a sharp decrease in the d-spacing
value (Fig. 7). Despite the observed sharp change in d-spacing it
is still possible to use the single value for the whole sample. When
the data from XRD are averaged over the volume that represents

the ND measurement, the average value of d0

�
, for both center

and near the edge of the CO sample, are very similar within the
experimental error. A full calculation is presented in the Appendix.

Another comparison of the samples can be done by calculating
the von Mises stress (Eq. (5), Fig. 13). This calculation is less sensi-
tive to the d0 value than actual RS (eq. (6)).

rVM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r11 � r22ð Þ2 þ r11 � r33ð Þ2þ r33 � r22ð Þ2

2

s
ð5Þ

rVM ¼ E
d0ð1þ mÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2
1 þ d2

2 þ d2
3 � d1d2 � d2d3 � d3d1

q
ð6Þ

It is possible to observe that there are higher RS in the CO sam-
ple than in the AD sample. The radial and hoop stress magnitudes
are approximately the same within the experimental error for the
AD sample and the stress decreases towards the edge of the sam-
ple. The evolution of the stress in the CO sample is more complex.
All components exhibit compressive stress in the center, higher in
the radial and hoop direction. While the radial stress component
relaxes towards the edge of the sample, the hoop and axial compo-
c’’/c and c0 0 phase fraction obtained from the Rietveld refinement for the CO sample.



Fig. 9. EBSD map of the alternate scanning direction sample in the center of the sample. (a) in the building and (b) in the radial direction respectively. Low angle boundaries
(<5�) are marked with blue line. The IPF coloring is in the out of plane direction of the map. The building direction is indicated at the bottom right of figures (a) and (b) with an
X and an arrow respectively. (c) IPF calculated from EBSD maps.

Fig. 10. Microstructure of the CO sample in the center (a) EBSD, (b) BSD SEM image showing contrast variation due to precipitation and chemical variations, (c) SE image in
high magnification showing contrast due to the precipitates, (d) EDX map showing the distribution of Nb, (e) IPF calculated from EBSD maps.
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Fig. 11. Grain size distribution for (a) AD and CO sample and (b) comparison of the average grain size.

Fig. 12. Measured d-spacing with calculated d0 values for Alternate sample, (b)
calculated RS.

Fig. 13. Estimation of the RS in the (a) CO sample, (b) Von Mises stress for the AD
and CO samples.
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nents gradually become tensile at the edge of the sample. The
Mises stress is much higher in the CO sample, in particular in the
center, i.e. 528 MPa, which is less than 200 MPa below the Yield
point of this material [49].
4. Discussion

The microstructure of both samples correlates well with the
laser-scanning pattern. The AD scanning has the same pattern
within the whole area of the sample and no significant differences
are observed in terms of crystallographic texture, grain size and
precipitation. As a result of the concentric scanning pattern, the
laser travels shorter distance at the center before passing again
at a position as compared to the edge of the sample, which results
in a heat concentration at the center of the CO sample. It has been
shown that the texture in the building direction is strongly influ-
enced by the process parameters [3,6,50]. In the present material,
strong h110i texture is observed at the center of the CO sample
which is related to the heat concentration at the center of the sam-
10
ple during the manufacturing process. For the AD sample, due to
the alternate scanning strategy, the radial and hoop directions
are equivalent in terms of laser scanning direction and they both
exhibit a mild h100i texture. The 100 pole figure correlates very
well with the laser path and has a stronger texture component
than that for 110 in the building direction (Fig. 14). Similarly, the
CO sample exhibits strong h100i texture along the laser scanning
path. These results are consistent with previous observations of
grains aligning with their [100] crystallographic direction parallel
to the scanning vector and the orientation in the building direction
was either [010] or [011] depending on the VED [7,51]. The tex-
ture in the building direction can be strongly influenced by the
heat input, either by changing of the laser process parameters or
tailoring the scanning strategies. The strongest texture component
in the CO sample is the h100i along the laser path, where the scan-
ning can be considered unidirectional. As such the strength of
the h100i texture decreases towards the center of the CO sample,
as shown in Fig. 10c.



Fig. 14. 001 pole figures for the AD sample and CO sample at 10 mm from the
center, RD and HD correspond to the radial and hoop directions respectively. Arrow
shows the laser path direction.
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The different thermal history influences also the grain morphol-
ogy and defect density of the samples. The grains at the center of
the CO sample are larger and columnar in shape with higher aspect
ratio than the grains at the outer surface of the cylinder and the AD
sample. Also higher concentration of defect was observed. All these
observations have been related to samples processed with rela-
tively high VED [3,32]. Hence, both the crystallographic texture
and grain morphology are affected by the relatively high local heat
input in the center of the CO sample.

The phase fraction of the c0 0 phase is also strongly influenced by
the different heating cycles in the middle and at the edge of the CO
sample. Hence, a higher fraction of c0 0 is observed at the center than
the edges of the CO sample, as the material at the center experi-
ences higher temperature for longer time, allowing increased pre-
cipitation of c0 0

: The high c0 0 volume fraction at the center also
significantly influences the c lattice parameter, due to Nb deple-
tion, as seen in Fig. 15 where the lattice parameter of the c phase
is inversely proportional to the fraction of c0 0. The later observation
is in good agreement with [52,53] where the precipitation of c0 0

during isothermal annealing leads to a decrease of the lattice
parameter of the c phase. The scatter in the c0 0 phase volume is
probably associated with the inhomogeneous distribution of c0 0

as seen at Fig. 10b. The higher volume of c0 0 phase at the bottom
of the sample can be explained by different thermal cycles in the
proximity of the pre-heated base plate [54]. The carbides exhibit
also a difference in lattice parameter, which is also an indication
of chemical variations in the CO sample.

The local chemical variation in the CO sample complicates sig-
nificantly the calculation of the residual stress and the choice of
reliable d0 values. However, a reliable method for estimating a ref-
erence d0 value is proposed based on several measurements utiliz-
ing XRD and ND methods. Tensile stresses are thus calculated in
the building direction and compressive stresses in radial and hoop
direction of AD sample. It is apparent that the homogenous scan-
Fig. 15. Dependence of the d0;311 on the c0 0 volume fraction.
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ning pattern of the AD sample results in relatively homogenous
RS in the sample in the range of 150 to 200 MPa in the building
direction and �100 to �150 MPa in the radial and hoop directions.
The strong compressive stresses in the center of the CO sample are
a result of the high concentration of heat input. Therefore, the mag-
nitude of the RS significantly decreases towards the edge of the
sample.
5. Conclusions

Cylindrical samples from Alloy 718 were LPBF manufactured
using the same processing parameters but two different scanning
patterns, namely alternate line scans and concentric circular scans
from the outer towards the center of the cylinder. A detailed syn-
chrotron X-ray diffraction investigation revealed differences in
the volume fraction of the c0 0 precipitates and variation of the lat-
tice parameter of the Laves and carbide phases due to different
chemical compositions in the concentric scanned sample. Electron
microscopy also shows that the c0 0 phase precipitates are located at
the boundaries of the laser tracks in the concentric scanned sam-
ple. The crystallographic texture of the concentric scanned sample
is heterogeneous, i.e. strong h110i texture along the building direc-
tion is observed at the center which becomes less strong towards
the edge of the sample. Relatively strong h110i -texture is
observed in the radial direction for both samples. The concentric
scanned sample exhibits larger columnar grains than the edges
or the alternate scanned sample. The observed differences are
due to the heat concentration at the center of the concentric
scanned sample, whereas the alternate direction of the laser in
the alternate scanned sample results in a more homogeneous dis-
tribution of heat and hence more homogenous microstructure in
terms of precipitation, grain size and morphology. The different
extent of precipitation affects the chemical composition of the
matrix c and results in a variation of the reference d0 value. In par-
ticular, the lattice parameter of the matrix is inversely proportional
to the volume fraction of c0 0 phase precipitates. A reliable stress
free sample for the ND measurement is difficult to obtain. There-
fore, measurements with high spatial resolution were obtained
with XRD and averaged so that they match the gauge volume of
the ND measurements. A reliable reference d0 value is obtained
by minimizing the sum of squares of all three components with
respect to d0. The obtained residual stress results are reasonable
considering the symmetries of both scanning strategies.
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Appendix

Rationale for using of the single d0 in the concentric sample

When measuring a line scan with small step size, using syn-
chrotron XRD, the difference between the d-spacing value in the
center and at the edge is 1:4 � 10�3 Å, which can be misinter-
preted as a pseudostrains of 1300 le in magnitude. The shift of
the averaged d0 value in the center can be estimated by fitting
the lattice spacing measured with XRD (Fig. 7), weighted over
the beam profile. The data were fitted with a pseudo-Voight func-
tion (Eq. (7)) which is the linear combination of Gaussian and Lor-
entzian curve.

f d311 d0;A;r;l; r0; rð Þ ¼ d0 � pA

� ffiffiffiffi
r

p ffiffiffiffiffiffiffiffi
ln 2
pr

r
l2�4 r�r0ð Þ2

r2 þ 1� lð Þr
pðr2 þ 4 r � r0ð Þ2Þ

 !

ð7Þ

d0 is the lattice spacing away from the center, A is the amplitude, r
defines the width of the peak, l is the scaling between the Lorent-
zian and Gaussian contribution, r0 is the center of the distribution
and r is the position. The parameters obtained by the fit are shown
in Table 3.

The neutron gauge volume is given by the beam profile of POLDI
and its detector radial collimator and it can be approximated by a
2D Gaussian function (Eq. (8)), where rcol is given by the collimator
and rbeam by the beam profile. For the current measurement a
radial collimator with FWHM of 3.8 mm was used, which gives

rcol ¼ 3:8=2
ffiffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p
mm. The combination of the beam profile and

horizontal slit opening of 3.8 mm allow us to use the same value
for rbeam.

xGV rcol;rbeam; x; yð Þ ¼ E
� x2

2r2
col

� y2

2r2
beam ð8Þ

For calculating the average d-spacing value within the neutron
gauge volume, the equation for continuous weighted average is

used (Eq. (9)), where f
�
is the average value of the function f xð Þ

and x xð Þ is the weight function.

f
�
¼
R
f xð Þx xð ÞdxR

x xð Þ ð9Þ
d0

�
¼
R
f d311 d0;A;r;l; x0; x; y0; yð ÞxGV rcol;rbeam; x; yð ÞdxdyR

xGV rcol;rbeam; x; yð Þdxdy ð10Þ

where r � r0ð Þ2 ¼ x� x0ð Þ2 þ y � y0ð Þ2 is the transformation
between the cylindrical and Cartesian coordinates in Eqs. (7) and
(10).

By evaluating Eq. (10) an estimation of the mean value of d0

�
in

the center as 1:08428 Å, is obtained. The difference between d0

(away from the center) and d0

�
(at the center) is 2� 10�5 Å which

is less than the experimental error and it introduces a strain uncer-
tainty of only 18 le. Therefore, it is possible to use a single d0 value
for the neutron diffraction experiment on the stress distribution of
the CO sample.
Table 3
Fitted parameters for the 311 lattice spacing.

d0 Å
� �

A Å
� � r l x0 mm½ �

1:0843� 0:0001 0:0011� 0:0001 0:56� 0:08 0:5� 0:7 �0:01� 0:02
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