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A Novel Approach to Robustly Determine Residual Stress
in Additively Manufactured Microstructures Using

Synchrotron Radiation

Behzad Aminforoughi, Sebastian Degener, Julia Richter, Alexander Liehr,*

and Thomas Niendorf

In recent decades additive manufacturing (AM) for years has been in focus of
academia and industry as its underlying production principle allows for the
realization of designs of unprecedented geometrical complexity. However, often
such structures are not realized due to the lack of understanding of structural and
mechanical properties, this fact amongst others related to the unique micro-
structures established by the related processes. In this context, residual stresses,
highly affected by the scan strategy and process parameters used, play an
essential role. Generally, various methods and approaches can be used to
determine residual stress states experimentally. However, especially in case of
the unique microstructures formed by AM, most standard procedures cannot be
applied reliably. Commonly used methods based on X-ray diffraction rely on
laboratory X-ray sources and synchrotron radiation. In present work, a novel
method is proposed for robustly calculating residual stresses based on the linear
regression method (similar to the sin?y approach in reflection mode). Data
obtained by use of synchrotron radiation in transmission mode are applied. To
assess the reliability of the novel procedure, results are validated using
simulations and in situ tensile tests. For these tests the well-known Ni-base alloy
INCONEL 718 processed by laser powder bed fusion (LPBF), being characterized
by a complex microstructure, and a conventionally manufactured 100Cr6 steel
sample are used.

the processing of metallic metals are
mainly divided into three categories: wire
feeding, powder feeding, and powder bed
fusion systems.”®! The latter technique ena-
bles the production of metallic structures
by layer-wise melting of a thin metal pow-
der bed only using AM equipment and a
sliced model generated by a computer-
aided design (CAD) program. The applica-
tion of a powder bed in powder-based AM
technology facilitates the selective process-
ing of individual layers in complex geome-
try. The most commonly used powder bed
fusion techniques are selective electron
beam powder bed fusion (EPBF) and laser
powder bed fusion (LPBF).**! EPBF struc-
tures are produced in a vacuum atmo-
sphere and at a high temperature,
eventually leading to a relatively low resid-
ual stress level. In contrast, LPBF processes
usually take place at temperatures up to
200°C. The localized energy input and
the small melt pool sizes, respectively, in
combination with low build chamber tem-
peratures result in high temperature gra-
dients, whereby residual stresses are
favored.”!

1. Introduction

1.1. Microstructure of Additively Manufactured Materials

Additive manufacturing (AM) is the subject of many recent
publications.’ ! Typical representatives of AM methods for
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Generally, the influence of scan vectors and related strategies is a
complex topic, which crucially has to be dealt with. Scan vector
lengths, orientations, the order of rotation within a specific layer,
and its subsequent layers are variables in every building process.
Only a very limited number of comprehensive studies have reported
on the effect of the scan strategy on the density, microstructure,
mechanical properties, and residual stresses of LPBF parts, as
clearly stated in previous studies.”® Already an increased scan path
length, e.g., due to a change of cross-section of a part, can resultin a
severely decreased relative density as well as fundamentally changed
microstructure.*!”

The influence of parameters on the evolution of residual
stresses was already numerously studied.*'? The authors
showed that the residual stresses are mainly influenced by cool-
ing rates, temperature gradients, and melt pool sizes. Also, a
minimization of the temperature gradient by powder bed pre-
heating is an option to reduce process-induced stresses.'*!
The high influence of the laser power and the effect of scan strat-
egies have been characterized."" The authors of that study
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applied a stripe and a chess-board strategy on their samples. The
stripe strategy led to higher residual tensile stresses, rationalized
by longer scan paths, eventually promoting a more distinct ther-
mal gradient. Especially the stresses parallel to the scan vectors
increased with scan vector length and, thus, most significantly
contributed to the stress state.! A reduction of stresses induced
by short-track scanning was also highlighted for thin walls. Along
the build direction, the stresses were found to alter from com-
pressive stresses at the bottom to tensile stresses at the top.['®
Many studies investigated the influence of rotation in subse-
quent layers.'”) Here and in other studies, it was found that
the strength and ductility are increased by a rotation of 90° in
subsequent layers compared to unidirectional scanning.®
These studies further revealed that rotational scanning can effec-
tively reduce the tensile stresses at the top surface. Reduced
stress by alternated scanning was found in other studies as
well."®! Many more characteristics of the process and material,
respectively, can influence the final microstructure appearance.
The processed material itself can undergo numerous phase
transformations. In this case, the resulting phase composition
has a major influence on the microstructural and mechanical
properties.'2! Induced by the intrinsic heat treatment charac-
teristic of AM processes, the evolution of an isotropic and fine-
grained microstructure is possible. This has been revealed
amongst others for a metastable austenitic CrMnNi steel
recently.[zz] In contrast, numerous materials not showing any
phase transformation upon solidification and cooling tend to pro-
mote the evolution of strongly columnar, coarse-grained micro-
structures with strong <001> texture alongside the build
direction, e.g., shown for stainless steel 316L and INCONEL
718 (IN718).19-23-2¢]

In all studies, the high importance of thermal gradients and
melt pool sizes is emphasized. A direct design of residual
stresses seems possible through a good combination of process-
ing parameters, including part geometry and scanning strategy.
However, experimental evaluation of such considerations is
hardly presented in the literature. Most importantly, the unique
microstructures obtained upon AM pose tremendous challenges
to the established techniques used to analyze residual stress. In
most of the studies available, neither texture nor issues related to
coarse grains are considered and assessed in depth. However, in
conventionally manufactured materials, a strong influence of
such aspects on evaluation of residual stresses has been
reported.”” Current challenges, limitations, and prospects aris-
ing in light of these considerations are detailed in Section 1.3.

1.2. Methods of Residual Stress Analysis

Generally, in engineering applications different methods are
used to determine residual stresses in a component. These mea-
suring methods are classified as destructive, semidestructive,
and nondestructive measuring methods. Using nondestructive
analysis methods, the residual stresses are determined by analyz-
ing crystal lattice distortions of the materials in focus. The mea-
surement of the crystal lattice deformation in a specific direction
enables the calculation of residual stresses. Acoustic and mag-
netic measurement approaches are other techniques of nonde-
structive character. However, both methods have the
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disadvantage that the final results strongly depend on the struc-
tural condition of the material, i.e., the contribution of micro-
structural characteristics other than residual stress is often
significantly higher than the contribution of residual stress to
the overall signals obtained.

(Semi-)Destructive analysis methods include the contour
method and the hole-drilling (HD) method. These kind of anal-
ysis methods (mechanical methods) measure the macroscopic
deformations resulting from a mechanical intervention (e.g., cut-
ting or creating a borehole). These deformations are then used to
evaluate the initial residual stresses. Often the measuring effort
is relatively low.?®?’! However, extreme precision in the cutting
or drilling process is required to analyze the residual stress states
accurately.””) Tt has been revealed that methods such as the HD
technique are susceptible to errors in anisotropic structures, i.e.,
in case of calculation of residual stresses in components with
textured and inhomogeneous anisotropic states.””) A complex
approach to solve the problem of an anisotropic textured state
has been discussed in some studies.””**" Moreover, only the
macroscopic residual stresses of the first type can be determined
with this method. These issues clearly have to be critically
assessed as even in conventionally manufactured components,
residual stresses of the second type can reach absolute values
of hundreds of megapascals.***"

When residual stresses of the second type cannot be ruled out,
more reliable results are obtained using diffraction meth-
0ds.”#*! Two methods are commonly used in laboratory
environments for X-ray residual stress analysis (XSA): first,
angle-dispersive (AD) diffraction using the characteristic radia-
tion of the X-ray source, i.e., one wavelength only, and second,
energy-dispersive (ED) diffraction based on white radia-
tion.[?#3233] [n general, both approaches can be considered to
be nondestructive; however, in the case of the layer-removal
approach (very frequently used in AD-XSA), the technique
changes to a semidestructive method. Focusing on
ED-XSA, the multireflection of different crystal lattices can be
measured simultaneously with an ED detector based on the
white beam continuous characteristic.??*% Based on the white
beam energy variation, the residual stress profile can be deter-
mined over a characteristic depth, i.e., the information depth
(z).5?1 Both methods can be used to determine the residual
stresses using the linear regression slope obtained over the vari-
ation of the measured crystal lattice spacing versus siny, where
w is the inclination angle during the measurement. For this
reason, knowledge of the X-ray diffraction elastic constants
(DECs) of each hkl lattice plane is crucially necessary.*83?

The neutron and synchrotron diffraction techniques are also
to be considered as nondestructive methods. Both are fre-
quently used for the analysis of AM materials. The mentioned
techniques, especially neutron diffraction, suffer from the dis-
advantage that they are not readily available for investigation.
However, as major advantages, the high energy of radiation
and the use of area detectors allow for the simultaneous detec-
tion and investigation of different crystal lattice reflections,
eventually facilitating obtaining an overall picture of the resid-
ual stress states in the AM components at a fast data acquisition
rate. In the case of both techniques, however, Hooke’s approach
is often used to calculate residual stress. In consequence, the
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knowledge of the exact unstressed lattice parameter (Dy) and
the DEC is required.?'**

Obviously, all the methods, detailed previously, used for
residual stress calculation have their advantages, limitations,
and drawbacks.

To summarize at this point, the semi- and nondestructive
methods based on X-ray diffraction can be used to determine
the residual stresses of both the first and second type.l*5*
However, similar to the HD technique, these methods encounter
limits with respect to the calculation of residual stresses with
linear regression methods in the case of highly anisotropic
and textured components. A comprehensive measurement
approach has been discussed for conventionally processed mate-
rials to cope with these challenges.?®! The most critical issues
related to the unique microstructural features of AM materials
are highlighted in the following section.

1.3. Challenges for Diffraction Experiments

As mentioned previously, the microstructures of additively
manufactured components vary significantly according to the
manufacturing parameters and scan strategies applied.*>*¢37)
The utilization of different AM systems, powder particle size dis-
tributions, or even overall component dimensions makes an indi-
vidual adjustment of parameters necessary, in extreme cases
differing for every individual component. The scan paths influ-
ence the thermal history of each part, just as parameters such as
laser power and scan speed do, and need to be chosen carefully to
prevent an early part failure due to porosities and residual
stresses. Whereas the density of a part can be measured easily,
by computed tomography (CT) or the Archimedes method, the
reliable determination of residual stresses for a whole compo-
nent is much more complex. A robust and reliable measurement
method is needed to study the effects of scanning parameters on
the residual stress states. AM components often have a textured
microstructure due to a specific thermal history, which poses a
challenge in terms of residual stress measurement.*® Especially,
cubic lattices tend to solidify in <100>-direction, resulting in a
strong texture, while epitaxial growth at the same time leads to
the evolution of microstructures being characterized by very
large grain sizes.[?>*>*! Eventually, the reliability and applicabil-
ity of the known residual stress analysis methods are detrimen-
tally affected. Whereas the conventional siny-method can be
readily applied for weak-textured, fine-grained samples, the
highly textured, coarse-grained samples of IN718 cannot be reli-
ably probed by this approach. For some specific conditions of
AM microstructures, adapted or even new methods are under
development. A method already has been proposed that is appli-
cable for highly textured AM samples.*” This method was
shown to be relatively robust for assessment of materials char-
acterized by pronounced anisotropy; however, it is not applicable
in case of fine-grained or weakly textured samples. It is further
sensitive to any additional local influence on texture (e.g., due to
localized plastic deformation). Another drawback is the necessity
of conducting a complete texture measurement in advance,
which is not feasible during the measurements in transmission
mode considered here. Thus, in light of the often ill-defined local
texture state in AM samples, the best choice of the approach to be
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considered remains vague. Only during or after conducting a
measurement it can be assessed whether the selected method
was an appropriate choice with respect to the accuracy of the
residual stress calculations. With respect to the calculation of
residual stresses from complete Debye—Scherrer rings (DSRs),
so far the cosa method and the direct method have been consid-
ered mainly focusing on the reflection mode.*"*?! In case of the
cosa method, the sample must be tilted to an appropriate angle
(e.g., in the case of a Ni-base alloy 30° to the incoming beam) to
determine the residual stress components 67;_3; and oy;_33.1*"
The direct method requires a powder distributed on the surface
during measurement, eventually used to correct the recorded
DSR (diffracted from the matrix) before residual stress calcula-
tion using mathematical algorithms can be accomplished.!*”!

In contrast to the cosa method introduced in the previous
paragraph, for the novel method proposed, the beam is oriented
normal to the sample surface, thus making the mathematical
evaluation based on the standard equation of the cosa method
impossible. Furthermore, tilting the sample, especially in
transmission mode, also distorts the irradiated gauge volume,
eventually affecting the evaluation of the residual stress state.
This kind of biasing factor can be avoided based on the novel
approach detailed here.

By adapting the scan strategy during the production of the AM
samples, the impact of texture on the residual stress measurements
can be minimized, at least within the near-surface region.!*>~*"!
Other issues encountered in XSA analysis of AM samples include
surface roughness and internal flaws, such as porosity and lack of
fusion, as addressed in several recent studies.[**™*!

In the case of laboratory measurements in reflection mode,
the influence of such aspects is much more pronounced due
to the lower information depth (penetration depth) of the beam
and the resulting smaller gauge volume (e.g., depending on the
wavelength of the beam, the angle of incidence, and the material
under investigation). However, when measuring in transmission
mode, where the sample is completely penetrated by the beam,
the influence of any effects related to surface roughness can be
neglected with respect to the information stemming from the
remaining entire sample thickness.

In the present study, synchrotron diffraction measurements
were performed on coarse-grained and weakly textured LPBF
processed samples in transmission mode to introduce and vali-
date the novel approach proposed. Principally, the novel method
proposed is based on a linear regression approach, which is com-
monly applied in reflection mode. As in case of the sin?y-
approach, phase-specific residual stresses and the sum of resid-
ual stresses of the first and second order can be experimentally
determined using this approach. However, in present work the
separation of the residual stress types was not considered further
because the focus was on the assessment of the stability of the
novel methodology. The novel method proposed is well applica-
ble for larger sample thicknesses as long as in the thickness
direction the attenuation of the X-ray beam is tolerable. In such
a case, an average value describes the residual stress state of the
sample well. In addition, the DSRs (being affected by grain
morphology and texture) should be preferably more than 50%
occupied, with a peak intensity ratio (qmigems) greater than 3.
Considering these conditions, the residual stress gradient in
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the thickness direction can be evaluated with a depth resolution
in the submillimeter range, e.g., realized by using a conical slit
cell mounted between the sample and the detector.[*”!

To validate the applied method, in situ tensile tests were
performed to investigate the stability of the experimentally deter-
mined strain distribution. Finally, based on the novel approach
detailed, the local variation of residual stresses as a function of
sample position and the influence of processing parameters were
investigated for LPBF IN718.

2. Theory and Experimental Details
2.1. LPBF Sample Processing

The initial IN718 powder, supplied by VDM Metals, was charac-
terized by a particle size distribution between 20 and 63 pm. The
chemical composition of the powder was in the standard range of
IN718. Thin-wall samples and samples for the in situ tensile tests
were produced using an SLM280HL machine from SLM
Solutions GmbH (Liibeck, Germany). Although the system is
equipped with two different laser sources, for sample production
only the laser with a nominal power of 400 W and a Gaussian
beam profile was used. The laser power used for processing

www.aem-jou rnal.com

the IN718 was 250 W with a scan speed of 850 mm s~ '. The layer
thickness was 0.04 mm, and the hatch distance 0.1 mm. All sam-
ples with a size of 20 x 40 x 1 mm® were manufactured with a
substrate heating to 200 °C. For the samples, a bidirectional (Bi-
Di) scanning was considered, where the scan direction was
rotated in every successive layer with an angle of 90° (see
Figure 1).

For tensile testing (Section 2.3), flat samples with dimensions of
34 x 1.6 x 1.5 mm? were cut by electrodischarge machining (EDM)
(see Figure 2a) from a 100Cr6 block (dimensions of 50 x 50 x 20
mm’®) and the LPBF IN718 blocks (dimensions of 20 x 25 x 40
mm?®). The 100Cr6 was characterized by a fine-grained, “fine lamel-
lar” state due to the heat treatment conducted, while the LPBF
IN718 blocks were additively manufactured using the strategy with
90° rotation between each layer. The same laser power was used as
in case of the thin-wall samples (Figure 1a). Stress-relieving heat
treatment was performed on the 100Cr6 samples before tensile test-
ing to remove any residual stresses due to machining. Because
there is no recommendation for stress-relieving or stress-equaliza-
tion as heat treatment of IN718 according to the ASM Handbook,
Volume 4, the sample was subjected to soft annealing in the §-phase
region (960 °C, 1h, air-cooled).***" All tensile test samples were
loaded uniaxially during the synchrotron measurement.

(@) Sample geometry (b) Cross section A-A
Layers n and n+1
. e
90° Rotation =]
é «— 20mm —————¥
(=1
5

ND

Figure 1. Sample geometry and scan strategy used in this work: a) schematic illustration of the sample and b) the Bi-Di scan strategy with 90° rotation

depicted for cross-section A-A, 2 mm distance to the build platform.

g
T

Figure 2. a) The geometry of the flat tensile sample and b) the testing setup including the miniature stress rig. All dimensions in millimeter.
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2.2. Measurement Methods for Residual Stresses Based on
X-ray Diffraction Experiments including the Novel Approach

To calculate residual stresses from experimentally determined
strains related to several lattice planes, the well-known
Equation (1) based on Hooke’s law (considering relevant sample
and measurement coordinate transformations) is most com-
monly used.!*®

wty 1 (hu
el =2

o 611c082psiny + o,,sin?psin®y + 633c08%y)

1
+ 2 sihkl} (613 sin(2¢)sin’y + 613 cos gsin (2y)

+ 0,3sing sin(2y)) + sihk” (611 + 022 +033)
1)
Here, %séhkl} and s{"™
@,y are the azimuth and tilting angle, respectively.
Appropriate DEC values usually are determined from measure-
ments on single crystals (or direct measurement considering
fine-grained samples under load). From these tests, DEC values
are approximated based on different approaches, such as Reuss,
Voigt, and Hill283552 [ the case of these approaches, the same
material and the respective {hkl} have to be considered. For a
coarse-grained microstructure characterized by weak texture,
the coarse grain effect can be reduced by increasing the diffracting
gauge volume. Thus, the use of DEC values similar to the sin?y
approach is thought to be possible. Thus, experimental
determination of DEC values has been refrained from in this
work.
In the following, the concepts used for the development of the
novel formalism proposed in this work are described in detail.

are the already mentioned DECs and
(52]

2.2.1. Generalized Hooke’s Equation

Generally, Hooke’s law assumes that a direct proportionality
between deformation and loading force in the elastic region pre-
vails, especially in isotropic materials. This proportionality is con-
sidered the physical property of the loaded material.*” The area
detector offers the possibility to detect the necessary reflection in
a particular direction, i.e., @ = 0°,90° 180°, and 270°, in a fully
occupied DSR. By applying the following generalized Hooke’s
equation (Equation (2)); the residual stresses in these directions
can be calculated™

{hkl}
{hkl} 1 (hkl} si

i = (&5 = O (611 T €2 T €33) | (2)
El % Sihkl} j y %Sghkl} N 3Sihk1}

where the following is to be considered

1ifi=j
d; = { and (3)
0if i #j

To calculate &, the Equation (4) (a simplified version of
Equation (1)) and the well-known Bragg’s equation'®® are used,

where séhkl} is set to be either 11, 22, or 33.
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N (0 SN 1)}
L) _ sinf ' — sin 0

ij . (hkl}
sin 9;']‘

“)

Based on the measurement in transmission mode and for the
simplification of the calculation, it is assumed that £33 = 0, which
is not always fulfilled and may influence the results. The sample
and detector coordinate system must comply with each other. In
{hkl} {hkl}
§j T
(Equation (2) and (4)) must be calculated separately for the main
sample directions, i.e., the mean value of the calculated strains in
the direction of @ = 0° and 180° for the build direction (BD), and
a = 90° and 270° for the transversal direction (TD).

As mentioned in the introduction, the calculation of residual
stresses with this approach is highly dependent on the exact value

addition, it has to be mentioned that all values of ¢

of the stress-free crystal lattice parameter, i.e., 6’({)hkl} or D({,hkl}. In

the literature, an accuracy of 107" is recommended, if the D({)hkl}
has to be used directly for the calculation of the residual
stresses.’> For determining these absolute values, commonly,
the measurements are performed on a stress-free calibration
powder with the same chemical composition and heat treatment
in case of the investigated sample. However, for AM samples,
calibration powders that meet the requirements are not easily
accessible. For example, according to the standard EN13925-2,
the calibration powder grains should be uniformly sized (less
than 10 pm), randomly textured, stress-free, and have the same
chemical composition as the sample of interest to meet the

requirements for X-ray D({)hkl} determination. However, the size
of the used powders in AM sample production is not uniform,
varying from 20 to 60 pm. Moreover, due to the potential alloying
element vaporization during AM sample processing,”*** differ-
ent chemical compositions along one sample may be present. In
addition to the application of powder measurement for the deter-

mination of D({)hkl}, alternative approaches, including their limi-
tations, were already discussed in the literature.>*>"!
As a result, the use of this approach for AM samples will not
always yield the correct residual stress value in a robust fashion.
By applying all the considerations mentioned before and based
on Equation (2) and (4), Equation (5) can be derived as follows

{hkl} el _ Lk {hkl} {hkl}
011-33 = = 1s{hkl}33 =011 T 033 (5)
2°2

Based on Equation (5), residual stress Gii@d can be calculated

in a similar way as in XSA in reflection mode. Most importantly,
the necessity of knowing the exact value of the stress-free crystal
lattice parameter can be avoided.

2.2.2. Sin*y Approach

The sin?y approach in reflection mode is a well-known method

for the calculation of the residual stress aﬁ'ﬁ”ﬁ based on a linear
regression model. This approach is usually used in reflection
mode, where due to the lower energy of the beam, the penetra-
tion depth and gauge volume are relatively small. However, this
can be regarded as a drawback in the case of residual stress
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Figure 3. Strain distribution over sin?y at constant azimuth angle o.

analysis in AM materials, especially for textured and coarse-
grained samples being characterized by nonadequate grain sta-
tistics in the gauge volume.

The values ¢,, in the fundamental equation of the XSA
(Equation (6)) are a simplification of Equation (1) by neglecting
shear stresses, eventually representing the lattice strains deter-
mined in the directions ¢, y, where @,y are the azimuth and
tilting angle, respectively.*®l

hkl hkl
D) — pfp

T = g1;co82@sin?y + ey,sin@sin’y
Dy

oy =

(6)
+ £33c082y

Figure 3 shows the strain distribution, ¢,,, for a constant

P
azimuth angle ¢ in a plane stress state over sin’y.
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The residual stresses have direct proportionality to the slope of

the linear regression m,{phkl} as shown in Equation (7), and

therefore can be determined straightforward

ki
) _ debryt _ ls{hkl}o_{hkl} )
? osinZy 2% 7
The sin?y approach, in contrast to Hooke’s approach, has the
advantage of simplicity of application. In this case, for the calcu-

L hkD)

lation of residual stresses only one DEC, ie., 35, ', is suffi-

cient.”® Moreover, in the sin?y approach, using mé,hkl} for the
residual stress calculation, the dependence on the exact value

of Géhkl} or D({)hkl} is negligible as the induced error due to the
inaccurate stress-free crystal parameter only shifts all the calcu-
lated data to the same extent and, thus, does not affect the slope
of the regression, the latter being the characteristic value related
to the residual stress state. These advantages are also accom-
plished by the adapted Hooke’s approach (Equation (5)).
Nevertheless, the main advantage of the siny approach is its
robustness against data scattering by considering data obtained
at numerous sample tilting angles.

2.2.3. Sin%a Approach

The proposed sin?a approach can be used in transmission mode

residual stress analysis. Here, the residual stress aﬁ'ﬁl% is calcu-

lated through linear regression, similar to the sin’y approach in
reflection mode.

Using an area detector, the sin’a approach incorporates the
advantage of capturing the full DSR. This implies that the crystal
lattice diffraction data of the respective DSR can be used to deter-
mine the residual stresses based on the linear regression
method.

For this purpose, the transmission mode measurement
configuration is defined as highlighted in Figure 4.

(b)
nthkl} nsample _
(hkl} R
Yo set \\'\
» A £ o\
Scattering vector /:T A ! \
! i || Detector

1
\
: i

_______ .

i :
Incident 'I !
beam : ,'
Gauge H N

Volume N

33,0 Loi..! !
./
.
Sample
11, (ND) 22, (TD) DSR

Figure 4. Schematic representation of the measurement configuration in case of thesin’a approach in transmission mode in a) front view and
b) side view; in both schematics, the incoming beam is oriented perpendicular to the sample surface and the beam fully penetrates the sample.
The red box represents the gauge volume and the blue lines represent the diffracting crystal lattices; the yg.: represents the angle between the normal
to the surface, nS3™Ple and the crystal lattice scattering vector nthikd} n (a), each quarter of the detector is labeled with roman letters, I, 1, I1l, and IV, where
the starting angle, a = 0°, and its direction are highlighted on the detector image by the white arrow.
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Table 1. Angles between the orthonormal vector to the crystal plane and

the normal to the sample surface ‘l’l{#ﬁt for seven different lattice planes of

ferrite.

hkl 110 200 211 220 310 222 321

20" (deg) 402 569 697 805 901 987 1066

{hki}

Vi, (deg) 2.01 2.85 3.49 4.03 4.50 4.93 5.33

Similar to the Hooke’s-approach an q/;{);;fslit prevails. In trans-

Rkl
mission mode, this offset is equal to 26"2 . Obviously, this offset

can influence the calculated results. However, due to the high—

energy synchrotron radiation, the ZGéhkl} of all diffraction inter-

ferences are small. As a result, the influence of this offset on the
determined residual stresses is thought to be negligible. Table 1

shows y/igf’;le}t and 20({)th} for the synchrotron energy of 87.1keV

calculated for the o-ferrite phase of steel.

By taking the ™ of each DSR quarter and forming a linear
regression over sin’a (Figure 5), the residual stress difference
can be calculated using Equation (8).

{hkl}
k) dea ~ 1 (ki) _{hkl)

1 (hay (nid
OsinZa 272 TR ®)

22-33 — 22 33-22

In the equation m{"} is the slope of the linear regression line

over ei™™ _sin2a. As the main difference to Hooke’s approach, of

the linear regression over all quarters minimizes the influence of
the detector calibration, including the detector tilt effect, the det-
rimental effects of texture and coarse grains, and eventually
effects related to statistics in general. It can also be assumed that
in transmission mode, due to the equilibrium condition of the
residual stresses, the macroscopic residual stresses of the first
type in the thickness direction will be equal to zero.
Furthermore, it is important to note that in present work only
the residual stresses of the matrix phase are analyzed.

quarter |
ity quarter 11
&q quarter 111
~ quarter IV
= Lin.reg.over all quarters

hkl A
9elhkl}

==5,

(hkl} _
m =
Jsina 2

v

sina

Figure 5. Strain distribution over sin?a.
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2.3. Setup, Measurement Conditions, and Data Processing

For the experimental validation of the methods, in situ tensile
tests were performed at the beamline P02.1 at DESY (Deutsches
Elektronen-Synchrotron, Hamburg, Germany).’® Synchrotron
radiation energy of ~59.8 keV was applied in an in situ approach
using a miniature stress rig (Kammrath&Weiss, Figure 2b)
focusing on two fundamentally different materials: a convention-
ally manufactured 100Cr6 steel that already had been studied in
depth before,””*® and LPBF processed IN718 (see Section 2.1).
The former was studied to validate the applicability of the novel
approach, and the latter was used to assess the reliability and
robustness of the approach for characterization of weakly tex-
tured, coarse-grained material. Prior to residual stress analysis,
the detector measurements were calibrated using an LaB6 stan-
dard as well as a Python-based tool, named “pyFAL”**¢% This
program was also used in a Python script for azimuthal integra-
tion (caking) with a step size of 2° and a nominal radial resolution
of 0.015°. For importing the TIFF images in Python, FabIO was

used.® For the calculation of residual stresses in MATLAB fol-

lowing both approaches considered the median of all oL

DSR was taken as Héhkl} (stress-free diffraction angle) from the first
image. This step is thought to be absolutely reasonable due to the
prior heat treatment eventually minimizing the resulting error
when using Hooke’s approach. Moreover, any influence of varia-
tion of composition on the results can be neglected here as all
measurements were always performed on a single measurement
point (MP).

After initial data analysis, both approaches were applied to the
in situ tensile test data, and all residual stress values were sub-
tracted by the mean stress values calculated from the first ten
images. This step provided a robust basis for meaningful
comparison of the values taken from the tensile testing machine
with the values calculated from the diffraction patterns.

Finally, synchrotron measurements of LPBF processed IN718
samples were performed at HZG beamline PO7-EH1 station
(Petra III, DESY) in transmission mode.*” The energy of
87.1keV and a Perkin Elmer XRD 1621 area detector (with
2048 x 2048 pixels, size of 200 x 200 pm” each) were used for
all measurements. The beam dimensions for the space-resolved
mapping were set to 0.5 x 0.5 mm? For the area detector image
analysis, the same procedure was performed as described for the
in situ tensile tests (including data from simulated conditions to
correct the detector tilt effect and allow for an adequate peak fit).
Subsequently, the residual stresses were calculated using the
sin?a approach proposed here. The synchrotron beam and the
area detector enable the simultaneous detection of the DSR of
different crystal lattice planes and eventually allow for efficient
residual stress mapping. For the residual stress mapping, 200
measurement points were defined on each LPBF IN718 sample
surface. The measurement points near the sample edges were set
at a distance of 1 mm from each edge; the distance between adja-
cent points was set to 2mm. The measurement procedure was
highly automated so that after alignment of the sample and defin-
ing the sample edges, a script was executed moving the sample
perpendicular to the incident beam in 2 mm steps horizontally
and vertically. The time for acquiring a single image at each mea-
surement point was set to 0.1 s. Still, the overall measurement time

of each
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of one sample yielded about 30 min, the total elapsed time mainly
caused by sample movement. For illustrative purposes, the results
were plotted using the MATLAB function contourf-

Microstructure analysis was conducted using a Zeiss ULTRA
GEMINTI high-resolution SEM operating at 20kV. The SEM sys-
tem is equipped with an electron backscatter diffraction (EBSD)
unit. For EBSD measurements, all samples were mechanically
ground to 5 pm grit size using SiC paper and then vibration pol-
ished for 12h using a conventional oxide polishing suspension
(OPS) with a grain size of 0.04 pm. All measurements were per-
formed using the same working distance, magnification, and step
size, i.e., 14 mm, 200x, and 0.5 pm. Postprocessing of EBSD data
sets was conducted using the Bruker ESPRIT software.

3. Results and Discussion

3.1. Microstructure of the Investigated Samples

Figure 6 shows an example of the microstructural characteristics
of a single LPBF IN718 sample processed using the Bi-Di scan
strategy and 90° rotation, where a slightly preferred grain orienta-
tion with the <001> alongside BD can be seen (Figure 6b). The
EBSD analysis was performed at a distance of about 150 pm (in the
depth direction [ND]) to the sample surface.

Furthermore, grains are relatively coarse (Figure 6b). The
EBSD micrograph shows an inverse pole figure (IPF) map col-
ored according to the standard triangle (shown as an inset to
Figure 6). Grains and clusters of grains of virtually the same ori-
entation with respect to the BD are seen, where individual grains
are characterized by a diameter of around 50 pm. In contrast to
data shown in the literature for IN718,2* however, no notable
grain elongation alongside the BD is resolved due to the plane
of view depicted. This coarse-grained, anisotropic microstructure
leads to ill-defined DSRs (Figure 6c¢) as indicated by the high vari-
ation of intensities alongside every individual ring (Figure 6d).
This observation holds true even at beam sizes of 1 x 1 mm®.

Whereas the pronounced texture affects the detector images in
the same way across the entire sample surface, the effect of the
coarse microstructure is different for each detector image and,

Cross section A-A

4[ 20mm —»

ND

(@)

BD

BD

W s 1]
(101]
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thus, hinders straightforward determination of residual stresses.
This effect is even more pronounced when characterization
under lab conditions in reflection geometry is considered due
to the more limited gauge volume. By increasing the gauge vol-
ume to the entire sample thickness in transmission mode at high
X-ray energies using synchrotron radiation, the grain statistics
can be significantly improved. Thus, residual stress analysis
was thought to be possible even considering the prevalent micro-
structure. The following sections prove that the novel approach
proposed is well suited for robust analysis of residual stress for
such kinds of microstructures. Based on simulations and experi-
ments, data are assessed and validated.

3.2. Residual Stress Analysis by Hooke’s Law and Sin’a
Approach in Simulation

The simulation was performed step by step as described in the
following to verify the applicability of the methods introduced
here. At the end of this section, a calculated detector image is
shown. This data set is then used for experimental validation.
Afterwards, the analysis protocol is applied for determining
the residual stresses in the LPBF IN718 samples.

For the simulation, the parameters of ferritic steel with a lat-
tice spacing of a, = 0.28665 nm were used, and an energy of
87.1keV was chosen to represent the synchrotron radiation
(in line with the used energy at the HZG beamline PO7-EH1,
DESY, Hamburg). Furthermore, the sample-to-detector distance
(SDD) was set to 734 mm.

In the next step, a triaxial residual stress state was defined,
with residual stress components that could be randomly chosen.
Equation (9) was used to calculate the strain variations.”®!

1 (hu
ezkl:_si }(

2
+ 21mmy) + Sihkl}

O']ln% —+ O'zzn% —+ 0'331’1% + 2’[23112”3 =+ 21'31113”1
(011 + 022 + 033)

where the components of the rotated scattering vector ny, n,, and
n3 (according to the definitions for the cos a approach in reflection
mode, e.g., in Tanakal*!) were used to obtain a complete DSR.

40 5 6 0080 90
(o in degree

Figure 6. a) Schematic A-A cross-section of the LPBF IN718 sample, see also Figure 1a; b) EBSD IPF map; c) a detector image acquired at 2 mm distance
from the build platform (HZG, PO7) where the intensity distribution for the 111-lattice plane in the red-dotted section is plotted in (d). The red box in (a)

indicates the location of volumes probed by EBSD.
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ny = Sineo (10)
n, = cos fysina (11)
ns3 = cosp cosa (12)

For the simulation with respect to the transmission mode, a

angles varied from 0° to 360° and the Géhkl} angle (Table 1) was
calculated for each DSR as follows

2 2 2
o) = sin~1 (iih +k ”) (13)

Zao

Afterwards, the calculated strains were transformed into
204 using Equation (14) and (15)12%3°)

Dihkz} _ D({)hkl}.(gihkl} +1) (14)
ity _ g A
0y =sin <2D({lhkl}) 13)

Taking the predefined pixel size and SDD in micrometers, in
this step, the respective radii on the detector in pixels can be cal-
culated by the following equation (Equation (16))1*"

{hkl} SDD- tan 20({,th}
rog = —

1
pixel size (16)

To simulate an area detector image similar to the one used,
i.e., an area detector Perkin Elmer XRD 1621, a matrix with

Simulated Area Detector Image for IN718
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2048 x 2048 elements was defined, and the center was set to
[Xcenters Yeenter) = [1024,1024]. Using Equation (17) and (18),
the polar coordinate system was transferred to the Cartesian

coordinate system (for details, see, e.g., Hel*").

xihkl} = Xecenter + rihkl} - cosa (17)

Ve = Yeemer + 16" - sina (18)
After rounding the obtained pairs of xi™ and yéhkl}, an inten-

sity of 1000 counts was allocated to each pair. As a result, a matrix
of third order was created (x and y positions on the detector
image and intensity). Finally, the matrix was saved as an image
in the “.TIFF” format (Figure 7).

The simulated area detector image was used as a reference in
the analysis program (written in MATLAB) to directly compare
the output with the residual stress inputs. Finally, this program
was used to analyze all experimental data obtained.

After determining and indexing of 29({lhkl} for each DSR, resid-
ual stresses were calculated using Equation (8).

For the evaluation of residual stresses in LPBF IN718 samples in
this study, the DEC values according to the Reuss approach were
used (Table 2) as recommended in previous studies.***”!

Figure 8 shows the results calculated using the sin?a
approach and Hooke’s equation, respectively, for the selected
values 6,, = 800 MPa, 633 = 100 MPa, and 6;; = 50 MPa.

{hkl}

i
0 MPa. Based on these sets of data, both methods should yield
0))_33 = 700 MPa.

It is important to note that all shear stresses ), ’ were set to

(b) 3.03

392

= 20,

linear regression| |

3.91

39

3.89 \

3.88

26 (deg)

rad
3.87 m2? = _1.020c-04

0 0.2 04 0.6 0.8 1

s 2
sin“«

= 20,

linear regression| -

20 with 0.004° noise

7.= 200 MPa
i

26 (deg)

rad
m??" =_1.046¢-04 " a

0 0.2 0.4 0.6 0.8 1

.y )
sin“«

Figure 7. a) Representative example of the simulated area detector image for IN718 with an energy of 87.7 keV and an SDD = 1123 mm. The first six

lattice planes were identified (white numbers); b) 263, — sin?

a course for the case without noise and ogp_1p = 700 MPa, the calculated slope is

m?™ = —1.020 x 10*; c) The same diagram with 0.004° noise over 26;,;, and 7; = 200 MPa, the calculated slope is m*™ = —1.046 x 10-*.
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Table 2. DEC values according to the Reuss approach used in the present
work.

Material {hkl} sy [Pa] Isa [Pa]

100Cr6 110 —-1.27 5.8
200 -1.9 7.7
211 -1.27 5.8
220 —1.27 5.8
310 —1.67 7.02

LPBF-IN718 11 —8.4 431
200 —-2.91 7.53
220 —1.35 5.86
3N —1.93 7.6
222 —8.4 431
400 —2.91 7.53

Both methods yield relatively correct values for the calculated
residual stress from different DSRs of different lattice planes.
However, the absolute values obtained exhibit a minor deviation

(max. 10 MPa) from the set values (700 MPa), which is due to the

{hkl}

offser Value, which increases

aforementioned influence of the y
as the 20"} increases.

To simulate a more realistic case, like in the case of coarse-

grained, anisotropic AM samples, the 200 were randomly
noised by 0.004°. Such a value is in good agreement to a noise
level resulting, e.g., from insufficient irradiation time, detector
inaccuracy, or sample-related characteristics such as unfavorable
grain morphology, texture, and ill-defined sample thickness.
Furthermore, the possible detector tilt leading to distortion of
the DSR was simulated by defining shear stress components of
o — 0 — 2 — 200 MPa.

The principal residual stresses remained the same as in the pre-
vious case. The results obtained by the sin?a approach (Figure 9a)
represent a much better fit to the target value (700 MPa) than the
results obtained from Hooke’s approach (Figure 9b).

For each lattice plane, the standard deviation of ten consecu-
tive simulation results is given in form of error bars. For the

a N . i2
( )1000 ) Smllulatlpn/sm a gpprogch i .
I residual stress
950 | error bar 1
900 - 1
£ 850 ]
=
2 800 i
2 set value
&
@n
=
=
2
3
&

111 200 220 311 222 400 331
Lattice Distance / hkl

420 422
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simulation case without noise, all errors were equal to zero.
However, in the case of 0.004° random noise over 20, the results
of both approaches exhibit obvious deviations. In this case, sig-
nificant scatter for the Hooke’s approach results are seen.

For the case that the stresses in the thickness direction are not
in an equilibrium state, e.g., during a tensile test, 61, yp in the
simulation was set to 400 MPa. In such a case, an absolute resid-
ual stress value variation of less than 2 MPa was observed for
each lattice plane.

It has to be noted that the influence of this scattering
is maybe even more significant in the case of real
measurements.

3.3. Validation of the Proposed Novel Approach by In Situ
Experiments

For validation of the novel approach, in situ tensile tests were
conducted for the reference material and the material in the
focus of this work, i.e., 100Cr6 and LPBF IN718. For both mate-
rials, detector images were analyzed using the sin?a approach
and Hooke’s approach. The loading stresses versus calculated,
measured stresses are shown in Figure 10 and 11, respectively.
The results of the linear regression of these curves are given in
Table 3. Furthermore, the fit parameters and quality values of
linear regression for each curve are listed in Table 3. For both
materials, detector images were calculated by the sin?a approach
and Hooke’s approach. As can be seen, the calculated residual
stresses obtained by both methods correlate well with the loading
stresses in the case of the 100Cr6 reference material. This holds
for stress-relieved posttreated LPBF IN718 at relatively low abso-
lute values of stress as well. However, it can be seen that at the
high loading stress level, the calculated residual stress values in
case of some lattice planes deviate significantly from the loading

stress values. This can be attributed to both the w({)?ftle}t and the

possible local onset of plastic deformation in the samples.
Furthermore, as shown in Figure 10a, the calculated stresses
start to deviate from the values of the loading stresses by
~10 MPa when the load stress equals 50 MPa. This deviation
increases continuously to about 50 MPa when the loading stress
reaches 300 MPa. Due to the lateral contraction, stresses are

b Simulati .
( )1000 _ Simulation / Hooke's-approach
[ residual stress

950 T errorbar 1
900 [

£ 850

2

2 8001 set value

£

& 750

S 700 |- Qe i - i - p - e e e m o~ o2 -

32

S 650

g 65
600
550

111 200 220 311 222 400 331 420 422

Lattice Distance / hkl

Figure 8. Calculated residual stress values based on simulated data for IN718, matrix phase applying a) sin?a approach and b) Hooke’s-approach; errors

are equal to zero.
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Figure 9. Calculated residual stress values for IN718 and matrix phase taking into account simulated data with 0.004° noise in 26 values and

(hkt) _

Tl | = r%'kl} = T§§“}: 200 MPa applying a) sin’a approach and b) Hooke’s-approach.
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Figure 10. Tensile test results for the 100Cr6 sample: stresses calculated by a) sin?a approach and b) Hooke’s approach, respectively. Linear regression

lines are shown for lattice planes 110 and 220 by dotted lines.
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Figure 11. Tensile test results for the LPBF IN718 sample: stresses calculated by a) sina approach and b) Hooke’s approach, respectively. Linear regres-

sion lines are shown for lattice planes 111 and 311 by dotted lines.
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Table 3. Parameters m and b (in MPa) obtained by linear regression of calculated stresses versus load stresses upon applying sin’a approach and
Hooke’s approach for 100Cr6 and LPBF IN718 (including parameters indicating the quality of fit: R%, mean square error (MSE) in MPa?).

Material Lattice plane Sin’a approach Hooke's approach
m b R MSE m b R MSE

100Cr6 110 1.1070 4.607 0.9987 12.7832 1.2970 25.38 0.9841 210.650
200 1.1683 —0.822 0.9993 7.4038 1.2732 2.524 0.9959 51.5844
211 1.1575 4.534 0.9987 13.7078 1.1985 15.16 0.9937 70.6420
220 1.1464 2.321 0.9986 14.2206 1.1936 14.32 0.9946 60.0043
310 1.1505 3.011 0.9991 9.7235 1.1910 12.92 0.9948 57.2891

LPBF IN718 111 1.6416 —12.81 0.9959 73.0649 1.7354 —21.09 0.9919 162.651
200 1.5422 3.098 0.9990 16.3265 1.5922 —6.397 0.9976 40.4307
220 1.5591 —5.093 0.9988 19.4563 1.741 4.992 0.9943 114.044
3N 1.4085 1.168 0.9994 8.4808 1.3238 1.149 0.9969 36.4932
222 1.5972 —12.46 0.9935 109.486 1.8223 15.56 0.9492 1174.18
400 1.5674 —2.375 0.9908 149.116 1.4865 3.859 0.9940 88.6814

present transversely and in thickness direction in the tensile test.
Obviously, stresses induced by tensile testing are, in contrast to
the residual stresses, not in a state of equilibrium; therefore, on
one hand, the sum of the stresses in the thickness direction is not
zero and, on the other hand, as the presented method calculates

the oiﬁi} - %:L}sverse (Equation (8)), these stresses have an

impact on the calculated residual stresses. Here, the influence
of the latter is expected to be more pronounced. At this point,
the positive deviation indicates that the transverse stresses are in
compression. The magnitude of the stress deviations due to the
transverse stresses depends on the general mechanical proper-
ties (e.g., Young’s modulus and Poisson’s ratio). This explanation
also applies to the LPBF IN718 sample. Knowing that the LPBF
IN718 tensile samples were subjected to soft annealing heat
treatment, the onset of plastic deformation is expected to start
earlier due to the reduced yield strength. Furthermore, texture
of the sample affects the mechanical properties.2**>%3
However, further measurements need to be performed to explain
these deviations comprehensively and exclude any other possible
influencing factors, e.g., internal defects in the case of the LPBF
tensile test sample. The anisotropy of microstructure in case of
the LPBF IN718 has to be considered in addition to the potential
explanations given earlier.

Obviously, the results obtained by Hooke’s approach
(Figure 10b and 11b) show a more pronounced deviation and
noisiness in their pattern than those obtained by the proposed
sin?a approach (Figure 10a and 11a). On the one hand, this could
be somehow affected by the detector tilt in case this has not
been entirely eliminated. On the other hand, the not fully occu-
pied DSR (as is the case of the LPBF IN718) and, thus, the
missing reflections in the necessary directions, i.e.,
a = 0°,90°,180°, and 270°, could be the reason for the miscalcu-
lation by Hooke’s approach.

The sin?a approach and Hooke’s approach should also be appli-
cable similarly for the compression test; here, the measurements
were not performed due to the geometry of the samples used.

Anyhow, for both cases the considered sin?a approach is char-
acterized by superior stability and, thus, reliability. This is clearly
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proven by the residual stresses being directly induced by the load-
ing stresses in the validation in situ tests detailed here.

3.4. Space-Resolved Residual Stress Measurements Using
Sina Approach

In the following, as an application case, the residual stress map-
ping of the LPBF IN718 sample is evaluated using the sin’a
approach. The LPBF IN718 sample was fabricated following
the scanning strategy detailed before (cf. Section 2.1) and was
characterized using synchrotron radiation in transmission mode.
The analysis of area detector images covering the whole DSR pat-
terns of many lattice planes is an essential aspect of the applied
diffraction experiments. Based on such data, residual stresses
can be determined robustly, and information related to peak
intensities and profiles for a wide range of grain orientations
can be analyzed. Furthermore, texture can basically be assessed
by a single detector image; however, quantitative analysis is
highly challenging.!**!

Due to masking/shadowing effects imposed by the sample
holder during the measurement, some of the captured detector
images were ill-defined and, thus, could not be evaluated
(Figure 12a,b, 38 mm to the top).

In Figure 12a, the residual stress profile of the sample (for the
lattice plane 311) is shown. The sample exhibits a characteristic
profile: a tensile residual stress state at the sample edges prevails
in addition to a compressive state in the sample interior. For
instance, at 1 mm to the left and 17 mm to the top, the tensile

residual stress is o311 1 = 755 MPa, while a compressive resid-

ual stress 631 1 = —330 MPa is seen at the same distance to
the top, but 11 mm to the left.

In previous studies including data from simulation, it was
observed that during the production of samples applying a bidirec-
tional scanning strategy with 90° rotation, in each layer the middle
region (layer cross-section) is the last position to cool due to the
accumulation of residual heat.®>®® This leads to a maximum
deflection in the middle region. As a result, depending on the
magnitude of the deflection, decreasing tensile residual stresses

© 2021 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 12. a) Residual stress and b) FWHM mapping of the 311 lattice plane of the LPBF IN718 sample processed according to the Bi-Di scan strategy

being characterized by a 90° rotation between each layer.

from the center to the sample edges in TD can be observed.
Corresponding to the fact that the measured stresses are a com-
bination of the stresses in BD minus the stresses in TD it can be
assumed that in the same region increasing compressive residual
stresses in the direction of BD can occur. The results shown in
Figure 12a are in good agreement with this assumption.

It is well known that the generation of residual stresses in AM
samples is influenced not only by the scan strategy and, as a
result, by the thermal history of the samples, but also by the sam-
ple geometry. Furthermore, residual stress relief has been
reported as a consequence of sample detachment from the build
platform. Furthermore, residual stress relief can occur in the
lower layers while scanning the upper layers.!"! Furthermore, heat
accumulation in the samples along the sample height during
manufacturing should also be considered.*”) However, the inves-
tigation of these influences was not in the focus of present work.

The introduced sin?a approach is also sensitive to full width at
half maximum (FWHM) values, which are evaluated in the form
of mean values for each detected DSR, as shown for the 311 lat-
tice plane in Figure 12b. The FWHM values decrease to the top
and the edges of the sample. Caused by the complex, partly het-
erogeneous microstructure, the local variation of the FWHM val-
ues had to be expected. Regarding this perception, further
analysis of the LPBF microstructure has to be conducted in fur-
ther work.

Adv. Eng. Mater. 2021, 23, 2100184 2100184 (13 of 15)

4. Conclusion

In present work, a novel residual stress evaluation method
based on linear regression, the sin’a approach, is proposed to
be applied for synchrotron measurements in transmission mode
to analyze locally different residual stresses in additively manu-
factured samples. The effect of local microstructural characteris-
tics (such as texture, grain size, and morphology) on the
experimentally determined strains seems to lead to miscalcula-
tions of the residual stresses using standardized approaches,
such as Hooke’s approach.

As a first step, simulated detector images with complete
DSRs recorded using an area detector during synchrotron beam
measurements in transmission mode were analyzed, and the
residual stresses were calculated using both methods (Hooke’s
approach and sina approach). The simulations clearly revealed
the robustness of the sin?a approach as compared to Hooke’s
approach.

In a second step, the sin?a approach was evaluated experimen-
tally using in situ tensile tests on two tensile test samples of con-
ventionally produced 100Cr6 steel and additively processed
(LPBF) INCONEL 718. The same set of experimentally deter-
mined data were evaluated using both methods, where the
sin?a approach shows better robustness in calculating residual
stresses from both materials.
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Finally, residual stress measurements were performed on a
LPBF IN718 sample additively manufactured using a bidirec-
tional scanning strategy with 90° rotation between each succes-
sive layer. Due to its unique characteristics, the sin’a approach
seems to be very useful even for in situ measurements during
AM processing, where the acquisition time for data is minimal.
Thus, the method is excellent for taking advantage of fast meas-
urements with high-intensity beams and multiple completely
detectable DSRs on area detectors at synchrotron facilities.
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