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� A mechanism-based material model
was applied to model residual
stresses.

� Synchrotron diffraction was used to
measure residual stresses of AM
material.

� The full ring fitting method was
compared with the sin2 w method.

� The measured and computed residual
stress field agree qualitatively very
well.

� The effect on texture is small when
varying the laser power and scanning
speed.
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a b s t r a c t

Residual stresses in metal additive manufactured components are a well-known problem. It causes dis-
tortion of the samples when removing them from the build plate, as well as acting detrimental with
regard to fatigue. The understanding of how residual stresses in a printed sample are affected by process
parameters is crucial to allow manufacturers to tune their process parameters, or the design of their com-
ponent, to limit the negative influence of residual stresses. In this paper, residual stresses in additive
manufactured samples are simulated using a thermo-mechanical finite element model. The elasto-
plastic behavior of the material is described by a mechanism-based material model that accounts for
microstructural and relaxation effects. The heat source in the finite element model is calibrated by fitting
the model to experimental data. The residual stress field from the finite element model is compared with
experimental results attained from synchrotron X-ray diffraction measurements. The results from the
model and measurement give the same trend in the residual stress field. In addition, it is shown that
there is no significant difference in trend and magnitude of the resulting residual stresses for an alterna-
tion in laser power and scanning speed.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Additive manufacturing (AM) is a manufacturing method of
growing interest that provides many advantages compared to con-
ventional methods. With AM, including proper design for manufac-
turing (DfAM), it is possible to produce lightweight parts that are
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optimized both for function and production [1,2]. In addition, AM
gives shorter component lead time and less waste compared to tra-
ditional manufacturing techniques [3]. However, the rapid heating
and solidification in the AM process typically result in elevated
residual stresses in the built part. For one single weld string, tensile
stresses are generally formed inside and in the very vicinity of the
weld while compressive stresses are formed in the nearby region
to ensure equilibrium [4]. As an AM printed part typically consists
of several thousand weld passes, resulting in overlaying stress
states, the final residual stress state is not possible to predict that
easily. The residual stresses in turn, triggers deformations when
removing the part from the build plate and further deformations
are expected if a post-heat treatment process is applied. Also,
residual stresses increase the probability of crack initiation, both
during the building process and later in combination with in-
service loading. If manufacturers understand how the process
parameters affect the final part, they can tune these to reduce
undesirable deformations and high residual stresses. The final
shape and its corresponding residual stresses of AM samples have
been investigated, both experimentally but also numerically, by
several researchers [5,6].

The most widely used non-destructive methods to measure
residual stress are diffraction methods such as neutron diffraction,
laboratory X-ray diffraction and synchrotron X-ray diffraction [7].
X-ray diffraction is advantageous over neutron diffraction in that
it allows a smaller gauge volume with a shorter sampling time,
and thus is more suitable for high-resolution residual stress map-
ping [8]. With high-energy synchrotron X-rays it is possible tomea-
sure the residual stresses at an arbitrary depth in contrast to
conventional laboratory X-ray diffraction, which is limited to the
surface. The application of synchrotronX-ray diffraction for residual
stressmeasurements onAMproduced samples is relatively newand
only a few publications can be found in the literature, e.g. [8–11].

In the literature, two main modeling techniques have been used
to model the process of printing full-scale parts with acceptable
computation times and level of accuracy. These are the inherent
strain method, and the agglomeration or lumping technique [6].
The inherent strain method is very time-efficient and the computa-
tion effort is significantly lower than thermo-mechanical simula-
tions of full-scale parts [12]. In the inherent strain method, only
a mechanical model with a predefined inherent strain tensor is
applied as an initial condition for the added elements. The chal-
lenge in this approach is to determine the inherent strain tensor
which either can be done through experiments or detailed simula-
tions. Examples of AM simulations with this method are found in
[13–17]. Typically, the inherent strain method does not give the
same accurate prediction of residual stress as the thermo-
mechanical lumping approach. The reason may be the inability to
account for the effect of part geometry on the thermal history
[6,18].

In the lumping technique, physical layers are merged and added
as larger sections in the modeling. In the work by William et al.
[19], the geometry was divided into blocks and deposited sequen-
tially at its melting temperature. They compared the measured dis-
tortion with the modeled with very good agreement. Similar
approaches were applied by Zaeh and Branner [20] and An et al.
[21], but they heated the material by applying a heat flux for a
short time which was comparable to the heating sequence in the
physical process. Yang et al. [22] used a line heating model and a
layered heating approach. In the line heating model, the heat
source proposed by Goldak [23] was integrated over the time it
takes to heat a line, and the entire line could be heated in a single
time step. Papadakis et al. [12] used models at different scales also.
A transient model of every single pass was compared with models
where each pass was simulated in a single step and a model where
heat was applied to larger regions at once.
2

In this work, residual stresses in laser powder bed fusion man-
ufactured alloy 625 samples are simulated with a thermo-
mechanical finite element (FE) model using the lumping technique.
A mechanism-based material model is used to describe the flow
stress, including relaxation effects, during the manufacturing pro-
cess. Two different samples are produced and modeled. Electron
Backscatter Diffraction (EBSD) was used to study the microstruc-
ture of the produced material and to study the average grain size
which is needed in the material model. The calibration of the heat
source of the FE model is done by comparing the deflection after
partially detaching the sample from the build plate. The second
sample is used to compare modeled residual stresses with experi-
mentally measured residual stresses by synchrotron X-ray diffrac-
tion at P21.2, the Swedish Materials Science Beamline, Deutsche
Electron Synchrotron, Germany.
2. Experiments

The experimental task includes manufacturing of samples used
to calibrate the heat source in the FE model and manufacturing of a
second geometry used to compare the FE modeling results with
experimentally obtained. Both geometries were manufactured
using Laser-Based Powder Bed Fusion (PBF-LB). The calibration
samples were partially cut from the build plate and the deflection
was measured to serve as input for the calibration. For the second
geometry, residual strains and stresses were evaluated from Wide
Angle X-ray Scattering (WAXS) data attained from a high-energy
synchrotron experiment.

2.1. Printing of bridges and walls

Two different geometries were printed using an EOS M100 laser
powder bed fusion system equipped with a 200 W Yb-fiber laser
having a 45 mm focus spot. The pre-alloyed Inconel 625 powder
was supplied by Sandvik OspreyTM and was produced using vacuum
induction melting and subsequent gas atomization using nitrogen
gas. The resulting powder had a particle size range of 10–53 mm.
The composition of the powder is specified in Table 1 and samples
were printed whilst having the entire build chamber purged with
argon gas.

The calibration sample had the same geometry as that in the
NIST AM Benchmark 2018 [24], and are henceforth referred to as
‘‘bridge”, see Fig. 1. In total, three bridges were printed on one
build plate. For the printing of these bridges, a bidirectional scan
strategy was used with hatch lines being parallel to the y-
direction for all layers using the process parameter set A as speci-
fied in Table 2.

The second geometry, henceforth referred to as ‘‘wall”, see
Fig. 1, was printed once per build plate using two different process
parameter sets A and B, as specified in Table 2. The scan strategy
used for the wall was also bi-directional with hatch lines parallel
to the y-direction. To reduce the surface roughness of the wall,
contouring was used.

2.2. Deflection measurements of bridges

The purpose of the bridge is to calibrate the thermal model by
measuring the deflection at specific points of the bridge using a
CNC controlled Coordinate Measuring Machine (CMM). Measure-
ments were done by using a preconfigured CNC program before
and after partially cutting the bridge from the build plate, as indi-
cated in Fig. 2. To ensure reliable measurements, the ridges on the
top of the bridge that serves as measuring positions were ground
flat using a plane grinder. Since the build plate had to be removed
from the CMM when performing the partial cutting, a fixture for



Table 1
Chemical composition of the pre-alloyed 625 powder as specified by the supplier (wt%).

Ni Cr Mo Nb Fe Ti Al Si C Mn

Bal. 21.10 8.80 3.80 1.10 0.18 0.14 0.07 0.01 0.01

Fig. 1. Illustration of the two geometries used in this work, the bridges to the left and a wall to the right.

Table 2
Parameter sets for the two processes used in this work.

Energy density Laser power Speed Hatch distance Layer thickness Scan strategy

Parameter set A 69,4 J/mm3 100 W 1200 mm/s 60 mm 20 mm Bi-directional along y-axis
Parameter set B 95,2 J/mm3 160 W 1400 mm/s 60 mm 20 mm Bi-directional along y-axis

Fig. 2. Measuring points used when measuring the upward deflection after partially cutting the bridges from its build plate. The horizontal cut was made from left to right
along the cutting line.
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the CMM was used to ensure that the build plate was placed in the
same lateral position after cutting. Furthermore, measurements
were also made on the build plate itself. This way, any small vari-
ations of the build plate position in the z-direction could be noted
and corrected for.
2.3. Wall microstructure measurements

Microstructural investigation was performed using a Zeiss Mer-
lin scanning electron microscope equipped with a detector for
3

Energy-Dispersive X-Ray Spectroscopy (EDS) and a Nordlys Max
EBSD detector. EBSD measurements using 20 kV acceleration volt-
age and 2nA beam current were taken from small cubes cut from
the interior of the two walls, see Fig. 3. Each cube was analyzed
both on a horizontal surface (i.e. in an xy-plane) and a vertical sur-
face facing sideways (xz-plane) to study the grain morphology and
to obtain microstructural data such as grain size and aspect ratio.
The Oxford Instruments AZtecHKL software package was used to
extract statistical data from the EBSD measurements. Individual
grains were defined as areas with a crystallographic misorientation
less than 10

�
comprising more than 200 pixels.



Fig. 3. Illustration of sample location and orientations of the surfaces analyzed
using EBSD; the xy-surface (green) in the build direction and the xz-surface
(orange).
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2.4. Synchrotron X-ray diffraction measurements of walls

The residual strains in the two walls were measured using high-
energy Wide-Angle X-ray Scattering (WAXS) from a synchrotron
source at P21.2 DESY. The method relies on detecting differences
in the mean lattice spacing when illuminating the sample and a
reference mechanically stress-relieved sample having the same
composition. To produce a representative reference sample, a sec-
tion was cut from each of the two walls, see Fig. 4, using an electri-
cal discharge wire cutting machine. These sections were then used
to form mechanically stress-relieved combs that serve as reference
samples, similar to [25]. The diffraction rings were detected using a
VAREX XRD4343CT detector positioned 1.75 m behind the sam-
ples. The detector distance and orientation were calibrated using
a NIST certificated reference material 660a (LaB6). The energy of
the incident beam was 100 keV with a size of 0.4 � 0.4 mm2.

A raster of regularly spaced measuring points was used for each
wall, see Fig. 4. Looking in the direction of the beam, the first point
was located 1 mm from the absolute top of the wall and 1mm from
the left edge. All subsequent points were spaced 2 mm apart in the
x- and z-direction. For each point in the raster, the wall was rotated
relative to the incoming beam between the angles �45

�
in steps of

5
�
, where 0

�
represents the angle where the normal of the wall is

parallel to the incoming beam, see Fig. 5. Before any measure-
ments, the beam was aligned on the rotation axis and all samples
were positioned along the y-direction such that the rotation axis
was at the half thickness. Furthermore, the sample x- and z-
directions were aligned parallel to the x- and z-translation direc-
tions, respectively. The collected WAXS data was subsequently
analyzed as described in section 4.1 below.
Fig. 4. Location of the measurement points of the WAXS measurements. The hatched
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3. Finite element modeling

A modeling approach using the FE method is developed to vir-
tually investigate how the process parameters affect the residual
stresses in a part. In the modeling, several physical layers are
lumped and added in bundles to reduce the computation time, in
a similar way as [26]. A constant heat flux is applied for the acti-
vated bundle of physical layers; thus, the actual movement of
the laser is not modeled. All the thermal and mechanical material
properties are temperature-dependent. A mechanism-based mate-
rial model is used to describe the thermo-mechanical flow stress
behavior of the material. The main driving force for the flow stress
in this model is the evolution of the dislocation density. This mate-
rial model also includes influence from the grain size, and it inher-
ently accounts for relaxation effects.

The finite element software MSC.Marc 2017 is used in the sim-
ulations with a large strain and large deformation formulation. The
thermal and mechanical analyses are coupled by the so-called
staggered approach. This means that, for the current time step,
the thermal problem is first solved and then the mechanical prob-
lem is subsequently solved. The geometry is discretized with eight-
noded hexahedron elements. By applying the constant dilatation
approach the volumetric strain is evaluated over the whole ele-
ment and not for each integration point. This alleviates the incom-
pressibility criterion and helps to avoid locking. The assumed
strain formulation modifies the interpolation functions such that
the shear strain variation is represented by higher-order functions,
which improves the bending behavior of the element.

The calibration of the heat input model is made with the
bridges. In the printing process, three identical bridges are built
on one baseplate. Only one of these bridges is modeled to decrease
the problem size, but deflection data is taken as mean values from
all three bridges. The baseplate was modified to a hexahedron
shape, 88 � 30 � 14 mm3, which is one-third of the volume of
the actual baseplate. The mesh for the bridge is shown in Fig. 6
and contains 71 420 hexahedron elements. To validate the heat
source and the concept of modeling, the wall is used. The mesh
for the wall is shown in Fig. 7 and contains 127 804 hexahedron
elements.
3.1. Modeling of material addition and heat input

In the current model approach, several physical layers are
lumped and added as a modeled layer both for the wall and for
the bridge. One modeled layer is activated and heated in each
cycle. The modeled layer is 250lm in thickness which is also the
thickness of the elements. It means that the 625 physical layers
of the bridge and the 1500 physical layers of the wall were grouped
into 50 and 120 modeled layers. The addition of material is mod-
eled with the inactive element approach [27]. The elements are
activated in two independent steps. For the thermal activation, a
area is cut from the wall from which the material reference sample is taken out.



Fig. 5. Experimental set-up during WAXS measurements of the wall. The incident beam is illustrated in red. In (a) an overview and in (b) a top view is shown, indicating the
incremental rotation between �45

�
to þ45

�
in steps of 5

�
. w0 is the tilt angle of the sample, a is the azimuthal angle and g is the angle between the incoming beam and the

normal direction of the diffraction plane. Also, the scattering vector q is indicated.

Fig. 6. Mesh of the bridge used to calibrate of the FE model.

Fig. 7. Mesh of the wall used to validate the FE model.
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control volume is used to locate the elements that are to be acti-
vated. The mechanical activation is temperature controlled, and
the elements are activated if the temperature is below the melting
temperature (Tsolidus) and decreasing.

All the physics occurring in the interaction between the heat
source and the material is modeled with a homogenized heat
source model. The heat flux is derived to conserve the total applied
heat, i.e. this modeling technique gives the same total applied
energy as modeling all individual passes transiently. In the physi-
cal process, the heated material volume per unit time, Vq, is calcu-
lated as

Vq ¼ whv ð1Þ
where w is the hatch distance, h is the layer thickness and v is

the scanning speed. Using Eq. (1), the applied energy per cubic
length, EV , is calculated as

EV ¼ Qg
whv ð2Þ

where Q is the power of the laser and g is the efficiency. The
efficiency factor is a calibration parameter and in this work it
includes both the absorptivity of the laser in the material and the
heat loss due to radiation [28].

The heat source model in this work is calculated with Eq. (2),
and by introducing a fictive time, t�, which is the time the heat flux
is applied in each integration point in the activated element layer.
The heat input in power per cubic length is calculated as

q� ¼ Qg
t�whv ð3Þ

The parameters Q , w, h and v are known variables extracted
from the experiments and given in Table 2. g and t� were deter-
mined in a calibration process described in section 5.2. In this
work, t� is calibrated for a process where the scanning speed is
1200 mm/s. When the heat source model is used with a different
scanning speed, e.g. the wall, the value of t� is changed such that
t� is proportional to the inverse of the scanning speed. Fig. 8 illus-
trate the modeling method in the current work.

3.2. Boundary conditions

The thermal boundary conditions that are used to model the
heat loss from the part consider both the heat transfer to the sur-
rounding powder bed and the heat transfer downwards through
the base plate support. The heat loss from the top surface was
not modeled explicitly but is implicitly accounted for via the effi-
ciency of the heat source, g. The heat transfer to the surrounding
powder bed was modeled with a heat transfer coefficient, with a
value of 5.0 W/m2K, used by Chiumenti et al. [29]. In the physical
printing process, the baseplate is placed on a ring formed base
Fig. 8. The modeling method where one layer of finite elements (with the thickness
of several physical layers) is activated and heated momentarily.
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plate support and kept in position by pumping to a low pressure
on the bottom side of the baseplate. A part of the bottom of the
base plate area is in contact with the ring formed base plate sup-
port, Acontact , and the rest of the area is in contact with air,Aair .
The conductive heat transfer can be mimicked by applying a fictive
heat convection coefficient [30,31], e.g. hcontact 500 W/m2K, [32]. An
equivalent heat transfer coefficient, h�, is computed as the ratio
between the metal-to-metal contact area, the area subjected to
air and the fictive convection coefficient as

h� ¼ hcontactAcontact

Aair þ Acontact
ð4Þ

For the current case, h�, evaluates to 115 W/m2K and is applied
over the whole bottom area.

Mechanical boundary conditions are applied so that the base
plate is free to expand due to thermal expansion, but rigid body
motion is prevented. For the bridge, Fig. 6, all four corners at the
bottom side are fixed in the z-direction, one corner is fixed in the
x- and y-direction and one corresponding corner is fixed in the
x-direction.

3.3. Material model

All material data used in the simulations are temperature
dependent. The material properties included are the thermal
expansion coefficient (data from [33,34]), conductivity (data from
[35]), specific heat (data from [34]), Younǵs modulus (data from
[33]) and Poisson’s ratio (data from [34]). These data are collected
and given in [32]. The latent heat was set to 150 kJ/kg in the tem-
perature interval 1189–1336 �C for both melting and solidification
[36].

The flow stress model used in this work is comprehensively
described in [37] and only a brief summary is given here. It is a
mechanism-based model where mechanisms can be included or
excluded depending on if they are present in the material. In the
material model for alloy 625 the flow stress is the sum

ry ¼ rG þ rHP þ r� þ rs; ð5Þ
where rG is the effect of the long-range interactions with the

substructure of the immobile dislocations and rHP is the grain
boundary strengthening effect (Hall-Petch effect). The experimen-
tal results (see Fig. 10 and Fig. 12) show that there is a large distri-
Fig. 9. Stress vs strain tests (discrete points) were executed at a nominal strain rate
of 0.01 s�1 to calibrate the mechanism based material model (solid lines). The figure
is taken from [37].



Fig. 10. EBSD images of the two process parameters sets, A ((a) and (c)) and B ((b) and (d)). The top row images ((a) and (b)) are acquired close to the edge of horizontally
prepared surfaces, and the black areas in the bottom of the images are outside the printed material, cf Fig. 3. The bottom row images ((c) and (d)) are acquired on surfaces
prepared facing sideways.
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bution in grain size and that the grains are columnar in the sam-
ples. In the material model, the grains are modelled to be equiaxed
with a fixed grain size. A grain size of 20 lm is used in the current
work. This was the value used in [37] and it can be seen from
Fig. 12 that this value is reasonable, between the measured major
and minor size of most of the grains. r� is the short-range contri-
bution that prescribes the stress required to move dislocation past
short-range obstacles and rs is an additional contribution for the
solid solution strengthening.

With the material model described, the flow stress evolution is
calculated increment by increment. The total equivalent strain and

temperature are given as input. The equivalent plastic strain, e
�
p,

and immobile dislocation density, qi, are internal state variables.
The plastic strain increment is found by iterations which are done
with a radial return algorithm [38].

The yield stress model has been calibrated and validated for
conventionally produced material in a previously published paper
[37] based on compression tests executed with a strain rate of
0.01 s�1. PBF-LB processed materials commonly get significantly
higher yield stress than the same material produced convention-
ally. This is usually explained as an effect of the complex disloca-
tion network that is formed during the rapid cooling from melt
to solid. Essentially, materials produced using PBF-LB can be con-
sidered strain hardened already in the as-built condition. Conse-
quently, the stress–strain behavior of such material will not be
the same as that of the conventionally produced material, neither
at room temperature nor at higher temperatures. This rules out
comparisons to and validation against materials processed conven-
tionally. However, the model includes strain hardening during the
process. The effect of this is evidenced by regions of the modeled
wall which reach effective stresses in the range of 700 MPa. This
is on par with yield stress in room-temperature tensile tests per-
7

formed on samples produced with PBF-LB [39]. This shows that
the modeled PBF-LB material is strain hardened in the simulation
and that the modeled material behaves differently compared to
the conventionally produced material. The stress and strain
response of the flow stress model in the current work is shown
in Fig. 9 which is the results after the calibration performed in
[37]. The solid lines represent the yield stress model and the dis-
crete points the tabulated data.

4. Strains and stresses in walls from diffraction data

Modeled residual stress result from the walls are compared
with computed residual stresses from the measured synchrotron
X-ray diffraction data acquired as described in section 2.3. This is
done by applying the full-ring fitting method [40]. To confirm
the results from the full-ring fitting method, the well-known

sin2 w – method is applied to the data also.

4.1. The full ring fitting method

The full Debye ring fitting method uses information from the
entire Debye ring [40], which is similar to the cosa method
[41,42]. Azimuthal integration of the diffraction data was done
with the pyFAI module in Python in steps of 5�, which gives 72
angles, each with its data of intensity vs 2h (where h is the Braggs
angle). For each azimuthal angle, the Braggs angle of the (311)
plane is obtained by fitting a distribution function to the intensity
vs 2h data using the module for curve fitting, lmfit, with the pear-
son7 model in Python. The experimentally obtained strain is
derived from Braggs law,

2d sin hð Þ ¼ nk ð6Þ
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where d is the lattice spacing, n is an integer, and k is the wave-
length of the X-ray beam. By using Bragg’s law in the definition of
engineering strain,

ea ¼ da � d0

d0
¼ sinðh0Þ

sinðhaÞ � 1 ð7Þ

where h0 and ha are the Bragg’s angles for a stress-free sample
and the sample with residual stress, respectively. Eq. (7) is subse-
quently calculated for each measurement point on the wall and h0
is obtained from the corresponding point on the stress-free sample
in the z-direction, see Fig. 4. Eq. (7) specifies the total elastic strain
and can be decomposed into tensorial components as a function of
the scattering vector qi as [40]

ea ¼ q2
1exx þ q2

2eyy þ q2
3ezz þ q1q2exy þ q1q3exz þ q2q3eyz ð8Þ

where eij are the components of the strain tensor. With a single
rotation about the z-axis, see Fig. 5, the scattering vector [40] can
be expressed as

qi ¼
sin w0ð Þ cos gð Þ þ cos w0ð Þ sin gð ÞsinðaÞ

� sin gð ÞcosðaÞ
cos w0ð Þ cos gð Þ � sin w0ð Þ sin gð ÞsinðaÞ

2
64

3
75 ð9Þ

where w0 is the tilt angle of the sample, a is the azimuthal angle
and g is the angle between the incoming beam and the normal
direction of the diffraction plane, see Fig. 5b. Using the plane stress
condition, two strain components in Equation (8) can be ignored,
i.e. exy ¼ eyz ¼ 0. Eqs. (7) and (8), can now be combined to,

ea ¼ da � d0

d0
¼ sinðh0Þ

sinðhaÞ � 1 ¼ q2
1exx þ q2

2eyy þ q2
3ezz þ q1q3exz ð10Þ

Thus, there are four unknown components of the strain tensor
in the problem. In the current work, 72 diffraction vectors for each
Debye ring were used, each having it owns value of a and g. The
measurements were performed for tilt angles �45

�
< w0 < 45

�
in

steps of 5
�
for each measurement point, see Fig. 5b. The resulting

system of equations containing 1368 equations, is overdetermined
and can be expressed as,

q2
1 q2

2 q2
3 q1q3

..

. ..
. ..

. ..
.

2
4

3
5

exx
eyy
ezz
exz

2
6664

3
7775 ¼

sin h0ð Þ=sinðhaÞ � 1

..

.

" #
ð11Þ

or in compact form as q! e!¼ e!a. The system can be solved with
linear least square fitting by solving the normal equation
q!T q! e!¼ q!T e!a using a QR decomposition.

The strains are converted to stresses using Hooke’s law for
plane stress, that is

rxx ¼ E
1� m2 exx þ mezzð Þ ð12aÞ

and

rzz ¼ E
1� m2 ezz þ mexxð Þ ð12bÞ

where E is Young’s modulus and m is Poisson’s ratio. Since the
stresses in Equation (12) are compared with those from the FE
modeling the same values of E and m are used to obtain the same
scaling factor when converting from strain to stresses. Thus E
and m are taken as the room temperature values used in [32]. This
assumes an isotropic stress–strain relation and is an approxima-
tion. It is justified by that the Debye ring for the (311) plane is
applied for the strain calculations. This plane is applied since there
are more (311) planes in different directions for a certain gauge
volume than there are (111), (200) or (220) planes, meaning that
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there are more grain orientations captured for each measured
diffraction vector. Also, for alloy 625, the (311) has a value of
the elastic constant (E311 = 193.8 GPa) that is approximately a
mean value of all different planes in the fcc structure and about
the same as the macroscopic elastic modulus of the material
(E = 207.5 GPa) [43]. The (311) plane in fcc structures is weakly
affected by intergranular strains [44,45] and is thus convenient
for calculation of the macroscopic residual stresses in the material.
Another method that has been used for strain calculations from
diffraction data that also considers the texture is the bi-scale opti-
mization method used by Park et al. [46,47].

4.2. The sin2w –method

The sin2 w�method is a widely known technique for calculating
residual stress from X-ray diffraction data and has been used for
over 50 years [48]. The method utilizes multiple w tilts and fits a

linear function to a plot with e vs sin2 w. The resulting equation

in the sin2 w –method with plane stress condition is

ew/ ¼ dw/ � d0

d0
¼ exxcos2/þ exzsin2/þ ezzsin2/� eyy

� �
sin2wþ eyy

ð13Þ
Note that w and / is not the same as w0 and /0 [40]. In the cur-

rent work the calculation is executed fora ¼ 0
�
, see Fig. 5b. Then

/ ¼ 0 and w ¼ w0 þ g [40] and Equation (13) reduces to

ew/ ¼ dw/ � d0

d0
¼ exx � eyy

� �
sin2wþ eyy ð14Þ

Now, exx and eyy can be solved by plotting ew/ as a function

ofsin2 w. eyy is obtained from the point where the curve intersects
the vertical axis, and the slope of the curve is the
differenceexx � eyy.

5. Results and discussion

5.1. Experimental

In the following section results from the experimental part are
presented, accompanied by relevant discussion. The microstruc-
tural results offer the reader both a holistic view of the printed
material and gives information of grain size and aspect ratio. After
partially cutting the bridge from its build plate, the deflection was
measured to serve as input to the model. In addition, residual
strains within the wall were extracted from diffraction data and
compared to those from the model.

5.1.1. Microstructure
The processed material proved to have a relative density above

99.9 %. This was confirmed using image analysis on micrographs
from polished cross-sections. Hence, no impact of porosity on the
residual stresses in the material should be expected. Microstruc-
tural characteristics that can be seen in the acquired EBSD-IPF
images in Fig. 10, include a pronounced [100] texture along the
build direction. This was found for both process parameter sets,
and it is a common observation for PBF-LB produced materials
using this type of scan strategy. The EBSD images for the xy-
plane of the walls, see Fig. 10, clearly show the contouring used,
where smaller grains are seen at the very edge of the sample, see
Fig. 10 ((a) and (b)). This is a result of the temperature gradient
having a larger magnitude and a different direction during solidifi-
cation of this region compared to that during the printing of the
bulk material. This larger thermal gradient can be explained by
the fact that the individual contour lines can be regarded as soli-



A. Malmelöv, Carl-Johan Hassila, M. Fisk et al. Materials & Design 216 (2022) 110548
tary, where no heat from adjacent hatch lines is present. The thick-
ness of the resulting contour region can be seen to be about
150 mm. Given the overall thickness of the wall, its influences on
the subsequent WAXS measurements and residual stress analyses
is negligible. The xz-plane was imaged and is presented in the bot-
tom row of Fig. 10. The yz-plane and xy-plane were both deemed
less representative, the former because the very position of the
cut will highly influence what grain morphology is revealed in
the periodic structure and the latter because of the columnar
growth. No other phases than c-Ni were identified, neither from
the EBSD measurements nor from the phase analysis of the diffrac-
tion patterns.

When analyzing grain boundaries, grains comprised of 200 or
more pixels in size were included in the grain analysis. Also, since
the grain structure in the contour is not representative of the wall,
all grain analysis was performed on images from bulk regions. The
results show that low angle grain boundaries, see Fig. 11, are concen-
trated to the center of the melt pool. This consequently results in
regions with smaller and less defined grains. These are difficult or
impossible to index using EBSD which means these regions have
most of the unindexed pixels in the EBSD measurements. This is
especially true for material produced with process parameter set A
which had the lowest energy density. A material processed in this
way is more prone to form locally high dislocation densities which
further complicates the indexing process which could have resulted
in higher dislocation densities in the center of the melt pools for pro-
cess parameter set A compared to that of set B. The grains in the cen-
ter of the melt pools, that were successfully indexed, appear
columnar and oriented in parallel to the build direction. As the cen-
terline of the melt pool has also experienced the largest temperature
gradient in the melt pool, a different grain growth should be
expected here than in the periphery of the melt pool. Marattukalam
et al [49] who used an identical printing equipment when processing
316L, also noticed columnar grains in the center of the melt pools.
They suggested that this was attributed to the Marangoni convection
(thermo-capillary convection), which according to the authors dis-
tributes heat from the top of the melt pool downwards via convec-
tion. In contrast, however, neither did the authors discuss its
influence on low angle grain boundaries, nor does their data reveal
any concentration of unindexed pixels in the center of the melt pool
as seen in the current work. The reason behind this could be locally
high dislocation densities.

In Fig. 12 individual grain aspect ratios are plotted versus grains
size. Also plotted in Fig. 12 is the accumulated percentage of the
analyzed surface area that the grains contribute to. From this it
should be noted that although most grains in the analysis are
small, the majority of the analyzed surface, and thus of the volume,
is manifested by a limited number of larger grains with aspect
ratios below 5. This is true for both A and B.
Fig. 11. Grain boundary map for the two process parameter sets. Low angle grain bou
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5.1.2. Deflections
The deflection of the three bridges, presented in Table 3, were

very consistent. The range of the data is very small in comparison
to the total deflection measured for the positions 1–8, indicating a
small systematic error rather than a variation of the actual
deflection.
5.1.3. Residual strains and stresses
The calculated residual strains can be visualized as a strain field

by superimposing them on the FE mesh in MSC.Marc 2017. The
wall is meshed with elements of 2 mm � 2 mm in the XZ-plane,
which means that the center of each element is located at the same
positions as in the WAXS measurements. The computed residual
strain of a measurement point is applied for all integration points
in the corresponding element as an initial condition utilizing the
subroutine UINSTR.

The residual strain field of exx from the full Debye ring fitting

method and the sin2 w-method are shown in Fig. 13 and the agree-
ment between them is very good. The ezz component could not be

calculated with the sin2 w-method since the wall was only tilted
about the z-axis in the experiments. In principle it is possible to
compute eyy in both methods. However, this was not done because
the result for eyy would not be trustworthy as the component of the
scattering vector in the y-direction is too small for most of the
measurements.
5.2. Calibration of the heat source model

The parameters determined through calibration are the effi-
ciency, g and the fictive time the activated material is heated, t�,
which are both needed for the heat input model, Equation (3). In
the calibration procedure, the bridge was simulated with different
sets of calibration parameters, and the resulting deflection of the
bridge after detachment from the baseplate was compared with
the result in section 5.1.2.

As several physical layers are added instantly, instead of model-
ing the laser spot transiently, a fictive heating time of the entire
modeled layer must be used. A short heating time will result in
high peak temperatures, high temperature gradients and a larger
volume of melted material as there is little time for the heat to dis-
sipate into the surrounding body. Correspondingly, a long heating
time will result in lower peak temperatures, low temperature gra-
dients and a smaller volume of melted material. In Fig. 14b the
results from three different heating times are shown where the
efficiency is given at the x-axis. For low efficiencies the resulting
heat input is not enough to melt the material, marked as a grey
area in the figure, and for high efficiencies overheating occurs. It
should be noted that when the efficiency is above approximately
ndaries are shown in yellow while high angle grain boundaries are shown in red.



Fig. 12. Each analyzed grain is represented in the scatter plot where the grains aspect ratios are plotted versus their grain size. The red line is the grains’ accumulated
contribution to the total analyzed surface.

Table 3
Upward deflection upon detachment from the baseplate. Positions are numbered from left to right in Fig. 2. The values (mean and range) are based on measurements of all three
bridges.

Position 1 2 3 4 5 6 7 8 9 10

Mean [mm] 1.2 0.9 0.68 0.50 0.34 0.22 0.12 0.055 0.013 0.0018
Range [mm] 0.030 0.019 0.015 0.017 0.006 0.010 0.0025 0.0025 0.0025 0.0025

Fig. 13. Calculated residual strains,exx , of the full ring fitting method (a) and the sin2 w -method (b).

Fig. 14. a) Modeled upward deflection after partial detachment from the baseplate. b) The modeled maximum upward deflection (cf. position 1 in Table 3) for different values
of efficiency and fictive heating times of the activated modeled layer.
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Fig. 15. a) Upward deflection from experiment and simulation with the calibrated final model. The results of the simulations are shown for two different ways of modeling
the flow stress; with temperature and strain dependent tabulated data of flow stress or with the mechanism-based flow stress model described in section 3.3. b) The
immobile dislocation density evolution in the mechanism-based material model during the AM simulation for a material point in the bridge.
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0.5 there is very little difference in the resulting upward deflection
with different fictive heating times. The model is thus more stable
for efficiencies above 0.5. From the calibration study, a value of
0.55 for the efficiency was selected. This is within the range of
what is reported in the literature, e.g. [50,51].

All tested fictive heating times 0:05 � t� � 0:4s give about the
same result for an efficiency of 0.55. Moreover, t� ¼ 0:4s was cho-
sen for the final model since it gives a reasonable size of the melted
zone. The deflection results with the calibrated final model are
shown in Fig. 15a using the tabulated flow stress or flow stress
from the physical model. The tabulated flow stress is the measured
stress vs strain tests in Fig. 9 which were used for calibration of the
material parameters in the physical flow stress model. The physical
model is described in section 3.3. The results in Fig. 15a show that
modeling with tabulated flow stress gives an overpredicted
upward deflection whereas the result for the physical flow stress
model is in good agreement with measurements. Using tabulated
flow stress data in the model does not take relaxation into account,
while it is inherently included in the physical model, which may
contribute to the difference in deflection. Fig. 15b shows the evolu-
tion of the immobile dislocation density for a material point in the
bridge when the mechanism-based material model is used in the
simulation. The total decrease in dislocation density of the material
point in the two cycles results in a corresponding decrease in the
yield stress at room temperature of 45 MPa.

5.3. Experimental and modeled stresses

As described in section 2.4, a section of the wall was machined
to be used for a stress relived comb before the residual stress mea-
surements. Fig. 16, however, shows the predicted residual stress
field for parameter set A from the FE model before the cut. The
residual stress field is symmetric about a vertical axis in the middle
Fig. 16. Modeled residual stress field for par
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of the wall. This is as expected with the utilized modeling tech-
nique where several physical layers were bundled and added
momentarily. Conversely, Fig. 16 is unsuitable for comparisons
with the stress field measured on partially cut walls. For this rea-
son, the FE model is sectioned to mimic the walls used in the mea-
surements. Fig. 17 and Fig. 18, show the residual stress fields after
machining for synchrotron X-ray diffraction measurement and for
FE modeling using the parameter set A and B, respectively.

A comparison of Fig. 16, before the cut, and Fig. 17, after the cut,
illustrates the asymmetry in the residual stress field as a result of
the cutting. The modeling method with the lumping technique ele-
gantly captures this behavior. The measurement and FE analysis
give the same trend in the residual stress field for both parameter
sets. However, the results show that the FE analysis gives some-
what higher stress magnitudes. Plane stress condition is assumed
in the stress calculations from the diffraction measurements
because of the relatively small thickness of the walls. However,
the models show that the stress varies to some extent through
the thickness. The modeled stress fields are taken from an xz-
plane in the middle of the wall (along the y-axis). Thus, the residual
stress field from the synchrotron X-ray diffraction measurements
should be taken from the same section. However, the gauge vol-
ume in the measurements is extended in the y-direction through
the wall. This may result in lower measured stress magnitudes
than expected since the stress is highest in the middle and
decreases towards the edges. Another explanation to the difference
in magnitude of the modeled and measured stresses can be the
large difference in number of modeled layers in the calibration case
(50) and subsequent modeling of the walls (120) which may con-
tribute to an overprediction of the residual stresses in the model-
ing of the walls.

Comparing the two process parameter sets, Fig. 17 and Fig. 18,
there is no significant difference in the residual stress field and
ameter set A right after the AM process.



Fig. 17. Measured ((a) and (c)) and modeled ((b) and (d)) stress components for parameter set A after the AM process and subsequent cutting. The measured stresses were
calculated with the full ring fitting method.

Fig. 18. Measured ((a) and (c)) and modeled ((b) and (d)) stress components for parameter set B after the AM process and subsequent cutting. The measured stresses were
calculated with the full ring fitting method.
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both the trend and magnitude are almost identical. Thus, the
admittedly rather narrow parameter range, chosen within a well-
established parametric window for alloy 625, was not wide enough
to clearly show any influence in the residual stress fields.
6. Summary and conclusions

Residual stresses in PBF-LB manufactured alloy 625 samples
have been simulated with a thermo-mechanical finite element
model using the lumping technique. A mechanism-based material
model was applied to describe the flow stress behavior. Samples
with two different parameter set-ups have been manufactured
and experimentally investigated using synchrotron X-ray diffrac-
tion. The heat source in the finite element model was calibrated
12
with measured deflection of a NIST-bridge. The residual stresses
obtained from the experiment are compared with the results from
the finite element model.

The mechanism-based material model in the current work is
isotropic while the microstructure analysis indicates that there is
anisotropy present. It is known that the scan strategy can play an
important role for the resulting texture and residual stresses
[52,53]. The scanning strategy was kept the same in all processes
in this work and the modeling method of the process does not
account for different scan strategies. Even though the residual
stress field was successfully modeled with the modeling approach
in this work, the applicability of the model can be extended if the
anisotropy and scan strategy dependence is taken into account,
which should be considered in future work.
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The Debye ring representing the (311)-plane was used in the
strain calculations. The full ring fitting method was used to extract
the stresses from the diffraction data. With this method, all in-
plane strain tensors can be calculated from a single Debye ring.
In this work the sample was rotated about the z-axis (see Fig. 5)
for each measurement point, which result in more captured grain
orientations in the gauge volume and improved accuracy of the
calculated exx. The full ring is advantageous over the more known

sin2 w – method, where ezz can not be extracted from the experi-
mental data. After the manufacturing process of the walls, a section
of the wall was machined to create a stress relived comb for cali-
bration of the lattice spacing parameter. The combs were made
with the same thickness as the wall and may have been too thick,
since the measurements of those gave slightly oval Debye rings
indicating that those were not entirely stress-relieved which could
have affected the magnitude of the calculated stresses.

The capacity of the model, once calibrated, to capture the main
character of the stress field in the material, both after printing and
after release from the build plate, is very promising. This kind of
fast models are crucial to optimize process parameters, contribute
with necessary data for deep learning in the field, and enable pro-
duction of future high-quality components using additive
manufacturing.

The main conclusions from the current work are summarized
below:

� The mechanism-based material model captures stress relax-
ation, which is not possible with tabulated flow stress data. It
is shown that this mechanism influences the resulting deforma-
tions and subsequently the residual stresses.

� The laser-based powder bed fusion process was successfully
modeled, where the overall trend agrees very well with the
measured stress field.

� The full ring fitting method gives similar results as the more

well known sin2 w– method but is more advantageous since it
allows calculation of both exx and ezz.

� The approach to map the residual strains from the diffraction
data to a finite element mesh is a viable method to visualize
and compare the stresses from the finite element simulations.

� The effect on texture is small when varying the laser power and
scanning speed according to the current parameter setup. No
significant difference in trend and magnitude of the resulting
residual stress can be seen either.
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