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Abstract

Unwanted distortions as a result of residual stress in metal additive
manufacturing caused by the high local temperature gradients and
cooling rates influence its efficiency strongly. Computationally efficient
prediction methods for residual stress and strain are needed to simplify
the complex multi physics phenomena. The inherent strain method is
such a tool and has been used in literature and commercially available
tools alike. In this work a sensitivity analysis with Ansys Additve Print
2020R2 is performed. It uses the inherent strain method for fast residual
stress and distortion prediction. To investigate the implementation of
inherent strain a control inherent strain model is implemented directly
in Abaqus CAE.
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Chapter 1

Introduction

1.1 Motivation

Additive manufacturing processes (AM) build parts by continuously building
it in a layer by layer fashion [1]. The most common metal Additive Manufac-
turing processes (MAM), like laser or electron beam melting (LBM, EBM), are
powder based approaches. With LBM and EBM a part is built out of a powder
bed by multiple layers of micro welding seams. Other MAM technologies are
laser cladding or powder deposition welding [2, 3]. Nonetheless, most MAM
technologies share the same basic principle of melting a metallic material and
its subsequent solidification. The melting of material in MAM is achieved
with different heat sources with high local energy densities which result in
high cooling rates and temperature gradients during the build process [3].
High thermal strains and residual stresses are created in the built part. These
residual stresses and strains cause unwanted distortions for example during
the cutting of support structures through redistribution to a new equilibrium
[3, 4]. Unwanted distortions are a critical factor of MAM, since they increase
manufacturing costs, times and generate unusable scrap parts. Often cor-
rective measures can only be applied after production through a trial and
error approach. An experimental approach that lacks flexibility and cost
efficiency. Alternatively, preventive methods based on numerical methods
can predict distortions in the design phase already and be a powerful tool
for part design and optimization [5, 6]. Although being a relatively new field
there have already been introduced many MAM simulation approaches in
Literature [6]. The different approaches differ in the physical phenomena
considered and numerical methods applied. Micro scale models consider-
ing complex multi physics phenomena can simulate many process related
thermo-fluid dynamic effects but require extensive computational power and
use non standard numerical methods. Therefore, only small domains are
practical (a few ms and a fraction of mm3) [6, 7]. A different approach is the
continuum thermo-mechanical finite element method (FEM). Through the

1



1. Introduction

definition of thermo-mechanical properties of the used material, it is possible
to find stress and strain states at each time step. But again the computational
power for part size calculations is impractical and therefore not applicable
to bigger models [6, 8]. For the simulation of part size models therefore it
is necessary to reduce the computational power drastically [3, 5, 6]. Two
different approaches have been used so far. The inherent strain (IS) method
and the equivalent scanning method. With the IS method the thermal stress
build up through the production is implemented with a strain tensor that is
activated in a model in a layer wise fashion [3, 6]. The equivalent scanning
method applies a representative surface or body heat flux to a target volume
or entire layer [6].

1.2 Goal

In this work a sensitivity analysis for the commercially available Ansys
Additive Print 2020 R2 software is conducted and the implementation of IS
investigated using a control IS model set up in Abaqus CAE.
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Chapter 2

Theory

2.1 Original inherent strain method

Originally the IS method was introduced in welding mechanics to reduce
calculation time of large welding problems such as steel ship hulls [9, 10].
Generally in welding mechanics the total strain in an element in the weld
seam can be decomposed as follows:

ε = εel + εp + εt + εc + εtr (2.1)

where ε is the total strain, εel the elastic strain, εp the plastic strain, εt the
thermal strain, εc the creep strain and εtr the strain produced by phase
transformation [11]. After welding the elastic strain in a weld seam is
released. Therefore, the residual stress in a single seam weld is the result of
plastic strain, thermal strain of the weld metal, creep strain and strain due to
phase transformation [12]. The IS is defined as the difference between the
total strain ε and the elastic strain εel .

ε∗ = ε− εel = εp + εt + εc + εtr (2.2)

Since only the final cooled state of the weld is considered in the original
IS theory usually the thermal strain εt, the creep strain εc and strain due to
phase transformation εtr are neglected [13].

ε∗ = εp (2.3)

Using this convenient definition the components of the IS tensor caused in a
welding problem can be found easily either by a short single bead thermo-
mechanical FEM analysis or directly measured from welding experiments
[14]. Through measurements of the residual strain in a weld seam at different
points the inverse IS problem can be formulated to find the IS tensor [15].
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2. Theory

Under the assumption that the weld seams in large parts show a similar
thermal history the found IS is applied as initial strain in the heat affected
zone (HAZ) of the weld region to calculate the distortion in a static FEM
analysis [14].

2.2 Inherent strain method in metal additive manufac-
turing

In the work of Keller et al. [3] the original IS method is directly applied
to a LBM process under the assumption that the process is in fact a layer
by layer micro multi pass weld. The characteristic IS is found through a
multi scale calculation approach. A small scale thermo-mechanical analysis
simulates the laser passing over a small hatching region to calculate the IS
tensor. The found IS is then applied to a macro model in a layer by layer
fashion [3]. However the work of Bugatti et al. [6] showed that the prediction
capabilities of this approach are very poor. The output of the MAM layer by
layer IS model completely rely on the computed IS values of the small-scale
thermo-mechanical simulation which can have high uncertainties due to
the difficulty of capturing the temperature dependent material properties
correctly [6]. Bugatti et al. [6] showed that the results can be improved by
implementing a hybrid experimental-numerical approach were the IS tensor
is found through a regression based optimization problem.

Although the original IS method can be directly implemented in MAM and
produce reasonable results using accurate IS values, the original theory makes
simplifications that do not necessarily hold in the context of MAM. In the
work of Liang et al. [16] a modified IS method is introduced to capture the
nature of the layer by layer effect in MAM. Other than in a single pass weld in
MAM the assumption of the elastic strain being fully released after cooling to
ambient temperature does not hold for MAM since the newly formed layers
act as a mechanical constraint on layers beneath it. Therefore the assumption
that the IS is only composed of the plastic strain εp is invalid and has to be
adjusted to also consider elastic strains εel arising due to the layer by layer
shrinkage during the cooling process coupled with the inter layer constraint
of newly added layers. The modified IS is defined using an intermediate
and steady state characteristic for MAM processes. The intermediate state
is defined as the state when the heat source just passes by an element and
the local (compressive) mechanical strain reaches the largest amplitude due
to large thermal expansion. The steady state is defined as the state of the
element after cooling to ambient temperature.
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2.2. Inherent strain method in metal additive manufacturing

The modified IS is defined as the difference between the total mechanical
strain at the intermediate state and the elastic strain at the steady state
[13, 14].

ε∗modi f ied = ε
pl
intermediate + εel

intermediate − εel
steadystate (2.4)

The modified IS shows a far better distortion prediction for MAM than the
original theory. Liang et al. [14, 13] investigated a IN718 double cantilever
beam with the calculated distortion having an error of less than 10% using
the modified inherent strain method implemented in a multiscale approach
similar to the work of Keller et al. [14].
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Chapter 3

Inherent Strain Model

3.1 Ansys Additive Print 2020 R2

Ansys Additve Print (AAP) is a interface offered by Ansys that provides
different MAM simulation possibilities. The simulation methods use a layer
by layer accumulation of IS to predict distortion and residual stress during
the build. Other possible outputs are for example displacement after support
cutoff or possible recoater blade crash warnings. Three different calculation
modes can be chosen that differ in accuracy and calculation time. These
are assumed strain (AS), scan pattern strain (SPS) and thermal strain (TS).
A voxelisation method is used to mesh a part whereas a voxel is a 8 Node
hexahedral element. AAP uses a calibration approach to estimate the IS
apparent in a build [17]. Following an overview of the most important
aspects of AAP is given. For an in depth explanation see AAP user guide
[17].

Assumed Strain

The AS calculation mode assumes an isotropic IS that is activated in each
voxel of a build layer. The IS is equal to the strain scaling factor (SSF)
multiplied by yield strength and divided by elastic modulus. Whereas the
SSF is found through a calibration step [17].

ε∗ = SSF ∗ σyield/E (3.1)

Scan Pattern Strain

In the SPS calculation mode the same IS ε∗ is implemented as in AS but
isotropy is no longer assumed. The IS tensor is corrected with respect to the
scan pattern applied in the build. For each voxel the average scan vector is
evaluated and the IS tensor rotated to align the individual scan direction of
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3.1. Ansys Additive Print 2020 R2

each voxel. With the three anisotropic strain coefficients (ASF) it accounts
for the effect that in the direction of the scan path more strain is apparent
than in the perpendicular and out of plane build direction. The ASF are also
found through a calibration step [17].

ε∗‖ = ASF‖ ∗ ε∗ (3.2)

ε∗⊥ = ASF⊥ ∗ ε∗ (3.3)

ε∗z = ASFz ∗ ε∗ (3.4)

Thermal Strain

Other than in AS and SPS in the TS calculation mode thermal cycling effects
are also considered in the simulation. The thermal ratcheting algorithm
assigns a base strain for each individual voxel as it solidifies. If already solid-
ified voxels are heated above a threshold of 40% of the liquidus temperature
the base strain is increased by an unknown amount. In case of remelting the
base strain is reset. The found strain is passed on as ε∗ to the mechanical
solver and implemented as inherent strain through the SSF and ASF factors
similarly as in the SPS calculation mode [17].

Voxelisation

Figure 3.1: Effect of voxel size on geometrical simplification of model [18].
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3. Inherent Strain Model

Before the mechanical analysis the geometry of a part is simplified using
cubic voxels and meshed with 8 node hexahedral elements of the same size.
Figure 3.1 illustrates the effect of voxel size on geometrical simplification of a
part. The voxel size has a direct impact on the implementation of IS since it
defines the thickness of the layers to which the IS is applied. Generally the
voxel size should be at least 1/4 of the smallest feature size [17].

Material model

Either an elastic or elastoplastic material model can be chosen for all three
calculation modes. For the elastoplastic material model AAP considers a von
mises J2 flow criterion with linear hardening rule. The slope of the linear
hardening rule Et is parametrised through the user defined hardening factor
µ [17].

Et = µ ∗ E (3.5)

Calibration

AAP uses an iterative approach to define the IS in a build. It is assumed
that the same powder properties and machine parameters give a unique IS
independent of printed geometry. Therefore a simple calibration geometry
can be used to experimentally find the IS. In the first iteration the distortion
of the calibration geometry for example a cantilever beam is calculated
in the intended calculation mode with SSF = 1, ASF‖ = 1.5, ASF⊥ = 0.5
and ASFz = 1 and compared with the distortion of the printed calibration
geometry. In the following iterations the SSF and ASF factors are adjusted
that the simulated distortions fit the measured distortions. The found SSF
and ASF factors are then used in the actual simulation [16].

3.1.1 Cube model

For the sensitivity analysis of the three calculation modes a simple 2x2x2mm
IN718 cube has been setup in AAP with a simple stripe print strategy as
indicated in figure 3.2. The SSF and ASF are set to the arbitrary values of
SSF = 1, ASF‖ = 1.5, ASF⊥ = 0.5 and ASFz = 1. Therefore the solutions
are not expected to give a realistic prediction of the actual residual stress
or strains but to give insight on trends with changes in input parameters.
Following the parameters for the three calculation modes are listed.
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3.1. Ansys Additive Print 2020 R2

Figure 3.2: AAP cube model with stripe print strategy indicated on top layer.

Material Property value
Material IN718
Stress Mode J2 Plasticity
Load Stepping Type Dynamic Load Stepping
Hardening factor 0.0048
Elastic Modulus [GPa] 211000
Poisson Ratio 0.3
Yield Point [MPa] 1040

Table 3.1: Predefined material properties of IN718 in AAP.

Parameter AS SPS TS
Voxel Size [mm] 0.1 0.1 0.1
SSF 1 1 1
ASF‖ - 1.5 1.5
ASF⊥ - 0.5 0.5
ASFz - 1 1
layer Thickness [ µm] - 20 20
Hatch Spacing [ µm] - - 100
Laser Power [W] - - 300
Scan Speed [mm/s] - - 1000
Laser Beam Diameter [ µm] - - 100
Base Plate Temperature [°C] - - 80

Table 3.2: Input parameters for the AAP AS, SPS and TS calculations.
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3. Inherent Strain Model

3.2 Control Inherenet Strain Model

To investigate if the implementation of IS in the AAP follows the understand-
ing of IS implementation found in literature a control IS model has been set
up in Abaqus CAE using the equivalent thermal expansion method and layer
wise activation.

Equivalent thermal expansion

To achieve the intended IS in each element of a layer the thermal expansion
coefficient α of the material is defined equal to the IS intended and a unitary
temperature increase is applied. This way both isotropic and anisotropic IS
can be applied to a model [6].

α∗ = ε∗ (3.6)

or in the case of anisotropic IS

α11∗ = ε11∗ (3.7)

α22∗ = ε22∗ (3.8)

α33∗ = ε33∗ (3.9)

Layerwise activation

To simulate the additive process layers are sequentially activated and given
IS through unitary temperature increase. Initially all layers are deactivated
using the model change feature in Abaqus CAE and then reactivated one
layer after another.

3.2.1 Control cube model

A similar 2x2x2mm IN718 cube as in AAP has been set up. Two different
cases have been considered. One with an isotropic IS definition similar to
AAP AS and another considering anisotropic IS similar to AAP SPS. For
the anisotropic model the same stripe print strategy in x direction without
rotation between layers as in AAP SPS analysis is assumed. Therefore the
average scan direction of each element is equal to the x coordinate direction.
The cube is partitioned in 0.1mm layers and meshed with 0.1mm C3D8R
elements corresponding to the voxel layers in AAP as shown in figure 3.3.
The following tables give an overview of the used parameters.
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3.2. Control Inherenet Strain Model

Figure 3.3: Abaqus cube model with partitioned slices.

properties isotropic model
parameter value
Elastic Modulus E [MPa] 211 000
Poisson Ratio ν 0.3
Yield Stress σ [Mpa] 1040
Hardening Rule isotropic
Tangent modulus Et [MPa] 1.012
Thermal Expansion Coefficient α -0.004928

Table 3.3: Employed material parameters in Abaqus for representing isotropic
IS analysis.

Properties anisotropic model
parameter value
Elastic Modulus [MPa] 211 000
Poisson Ratio 0.3
Yield Stress [Mpa] 1040
Hardening Rule isotropic
Tangent Modulus Et [MPa] 1.012
Thermal Expansion Coefficient
αxx -0.00739
αyy -0.00246
αzz -0.004928

Table 3.4: Employed material parameters in Abaqus for representing
anisotropic IS analysis.
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Chapter 4

Results

4.1 Comparison between AAP AS, SPS and TS

In Figure 4.1 the on plate residual stress and displacement of the three AAP
calculation modes are shown. Whereas on plate refers to the cube still being
attached to the build plate. A few qualitative aspects corresponding to the
different implementations of IS in the calculation modes can be observed.
AAP AS gives a symmetric solution to both the x and y plane corresponding
to the isotropic character of the IS tensor. The solution of AAP SPS on the
other hand is only symmetric to the y plane. Since the scan pattern used
is always aligned in x direction ε∗xx > ε∗yy holds for all voxels and leads to
a larger build up of strain in the x direction. For the case of TS the same
influence of the scan pattern regarding the symmetry of the solution is
apparent. In addition the thermal ratcheting algorithm increases the inherent
strain in some points. Due to the calculation not being calibrated it is difficult
to interpret voxels with elevated IS through the thermal ratcheting algorithm.
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4.1. Comparison between AAP AS, SPS and TS

(a) on plate residual stress AS (b) on plate displacement AS

(c) on plate residual stress SPS (d) on plate displacement SPS

(e) on plate residual stress TS (f) on plate displacement TS

Figure 4.1: Comparison of AAP AS, SPS and TS on plate residual stress and
displacement. 13



4. Results

4.2 Comparison between AAP AS and Abaqus isotropic
IS

In Figure 4.2 the on plate residual stress and displacement of the AAP AS
calculation is compared with the control isotropic IS model setup in Abaqus
CAE. Qualitatively the two solutions match regarding on plate residual stress
and displacement very well. To quantitatively compare both calculations
characterising stress/displacement features are investigated. By cutting the
cube through the y symmetry plane a characteristic tooth shaped stress
field is found (Fig.4.2 (c) and (d)). For the displacements the outer edges
of the cube are considered. Figure 4.3 and Figure 4.4 show the on plate
residual stress and displacement of the control IS calculation plotted over
lines through each characteristic feature. The on plate residual stress and
displacement of both models match very well for all but the first two layers.
In Figures 4.4 (a), (b), and (c) the displacement data shows non smooth
results. This might be a computational instability due to high strains applied
to very thin material in the first layers. Another possible source of error is
that the extracted values are extrapolated from the integration point which
can be problematic at free surfaces.
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4.2. Comparison between AAP AS and Abaqus isotropic IS

(a) on plate residual stress control isotropic IS (b) on plate residual stress AAP AS

(c) model (a) cut along symmetry plane (d) model (b) cut along symmetry plane

(e) on plate displacement control isotropic IS (f) on plate displacement AAP AS

Figure 4.2: Comparison of AAP AS and Abaqus isotropic IS.
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4. Results

(a) von mises stress plotted over line from [1,1,0] to [1,1,2]

(b) σxx = σyy plotted over line from [1,1,0] to [1,1,2]

(c) σzz plotted over line from [1,1,0] to [1,1,2]

Figure 4.3: Comparison of on plate residual stress between AAP AS and
Abaqus isotropic IS.
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4.2. Comparison between AAP AS and Abaqus isotropic IS

(a) on plate displacement magnitude plotted over line from [2,2,0] to [2,2,2]

(b) on plate x-displacement=y-displacement plotted over line from [2,2,0] to [2,2,2]

(c) on plate z-displacement plotted over line from [2,2,0] to [2,2,2]

Figure 4.4: Comparison of on plate displacement between AAP AS and
Abaqus isotropic IS.
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4. Results

4.3 Comparison between AAP SPS and Abaqus anisotropic
IS

Figure 4.5 shows the on plate residual stress and displacement of the AAP
SPS calculation compared with the control anisotropic IS model setup in
Abaqus CAE. Same as in the case for isotropic IS qualitatively the two
solutions match regarding on plate residual stress and displacement very
well. To quantitatively compare both calculations the same characterizing
features as for the isotropic case are investigated. Figure 4.5 (b),(c),(d) and (e)
show the considered tooth shaped stress field when the cube is cut as well as
the displacement of the cubes outer edge. Considering the data in figures 4.7
and 4.6 also quantitatively the two models compare well. Overall the general
shape of the residual stress and displacement plots fit well. Although in
figure 4.7 (b) and (c) the curves show an offset and the same numerical issues
already found in the isotropic case. However, the data of both the isotropic
and anisotropic case appear sufficient to confirm that the implementation of
IS in AAP follows the principles of the original IS method found in literature.

18



4.3. Comparison between AAP SPS and Abaqus anisotropic IS

(a) on plate residual stress control anisotropic IS (b) on plate residual stress AAP SPS

(c) cut view along y symmetry plane (d) cut view along y symmetry plane

(e) on plate displacement control anisotropic IS (f) on plate displacement AAP SPS

Figure 4.5: Comparison between AAP SPS and Abaqus anisotropic IS.
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4. Results

(a) von mises stress plotted over line from [1,1,0] to [1,1,2]

(b) σxx plotted over line from [1,1,0] to [1,1,2]

(c) σyy plotted over line from [1,1,0] to [1,1,2]

(d) σzz plotted over line from [1,1,0] to [1,1,2]

Figure 4.6: Comparison of on plate residual stress between AAP SPS and
Abaqus anisotropic IS.
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4.3. Comparison between AAP SPS and Abaqus anisotropic IS

(a) on plate displacement magnitude plotted over line from [2,2,0] to [2,2,2]

(b) on plate x-displacement plotted over line from [2,2,0] to [2,2,2]

(c) on plate y-displacement plotted over line from [2,2,0] to [2,2,2]

(d) on plate z-displacement plotted over line from [2,2,0] to [2,2,2]

Figure 4.7: Comparison of on plate displacement between AAP SPS and
Abaqus anisotropic IS.
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4. Results

4.4 Sensitivity Analyisis AAP

For the sensitivity analysis of the three AAP calculation modes the on plate
residual stress and displacement have been investigated along the two char-
acteristic stress and strain fields described in chapter 4.2.

4.4.1 Assumed Strain

Voxel sensitivity

The initial voxel size of 0.1mm has been changed to the following set of values
[0.5mm, 0.25mm, 0.05mm, 0.025mm]. Figure 4.8 (a) and (b) shows voxel size
significantly influences both on plate residual stress and displacement. It
can be seen that with a voxel size of 0.5mm and 0.25mm the characteristic
residual stress and displacement curves are not captured. For the voxels of
size 0.1mm, 0.05mm and 0.025mm a converging solution is found showing
the same characteristics. The calculation time was 1 minute for the 0.1mm
voxel, 8 minutes for the 0.025mm voxel and 2 hours for the 0.025mm voxel.
A 0.1mm voxel is a good trade off since it captures the general characteristic
and calculates quickly.

4.4.2 Scan Pattern Strain

Layer thickness

The initial layer thickness of 20µm has been increased to 30µm as well as
decreased to 10µm. Figure 4.9 (a) and (b) show no sensitivity to layer
thickness in regards to on plate residual stress and displacement. Since the
scan vectors are all aligned in the x coordinate direction the average direction
of each voxel will stay the x direction independent of layer thickness and
result in the same IS applied to each voxel.
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4.4. Sensitivity Analyisis AAP

(a) on plate residual stress plotted over line from [1,1,0] to [1,1,2]

(b) on plate displacement plotted over line from [2,2,0] to [2,2,2]

Figure 4.8: AAP AS sensitivity to voxel size.
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4. Results

(a) on plate residual stress plotted over line from [1,1,0] to [1,1,2]

(b) on plate displacement plotted over line from [2,2,0] to [2,2,2]

Figure 4.9: AAP SPS sensitivity to layer thickness.
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4.4. Sensitivity Analyisis AAP

4.4.3 Thermal Strain

For the sensitivity analysis of the TS parameters it has to be noted that
changing machine parameters would demand a recalibration of the SSF and
ASF since these are seen as unique for the set of real print parameters. In the
TS sensitivity analysis however a single parameter has been changed with
the rest of the parameters being constant. Therefore, the results can not be
expected to be physically meaningful but trends regarding the application
of the thermal ratcheting algorithm can still be investigated. Each input
parameter has been varied with an increased and decreased value and its
sensitivity to on plate residual stress and displacement investigated.

Laser scan speed

The initial laser scan speed of 1000mm/s has been increased to 1500mm/s as
well as decreased to 500mm/s. Figure 4.10 (a) shows that the laser scan speed
affects the on plate residual stress where the material does not yield strongly.
However, no clear trend regarding residual stress and change in laser scan
speed is apparent. Figure 4.10 (b) shows that the on plate displacement is
also sensitive to changes in laser scan speed. Vastola et al. [19] found that
with decreasing the laser scan speed or laser power in a thermo-mechanical
single track EBM FEM model the HAZ decreases. A possible explanation that
the laser scan speed of 500mm/s shows the smallest on plate displacement is
that through the larger HAZ the IS of more voxels is reset due to remelting
at some point during the build. Whereas with a higher laser scan speed the
same voxels are still given elevated IS values resulting in an overall higher
distortion.

Laser Power

The initial laser Power of 300W has been increased to 400W as well as
decreased to 200W. Figure 4.11 (a) shows that same as for laser scan speed
the laser power affects the on plate residual stress. Again where the material
does not yield the sensitivity is larger. Figure 4.11 (b) shows significant
sensitivity to on plate displacement with a trend of higher displacement with
lower power. The observed trend can be explained similarly to the effect
found with varying the laser scan speed. Voxels that are given elevated IS
values when using a low laser power are already being reset when using a
higher laser power.
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4. Results

(a) on plate residual stress plotted over line from [1,1,0] to [1,1,2]

(b) on plate displacement plotted over line from [2,2,0] to [2,2,2]

Figure 4.10: AAP TS sensitivity to laser scan speed.
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4.4. Sensitivity Analyisis AAP

(a) on plate residual stress plotted over line from [1,1,0] to [1,1,2]

(b) on plate displacement plotted over line from [2,2,0] to [2,2,2]

Figure 4.11: AAP TS sensitivity to laser power.
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4. Results

Laser beam diameter

The laser beam diameter of 100µm has been increased to 110µm as well as
decreased to 90µm. From Figure 4.12 (a) and (b) can be seen that the tooth
shaped stress field and edge displacement are not sensitive to a change in
laser beam diameter. The displacement shows a trend of more displacement
with increasing laser beam diameter. Francis et al. [20] showed that with
increasing the laser beam diameter the melt pool becomes wider and shal-
lower. However it is difficult to explain how this affects the thermal algorithm
implemented in AAP since the sensitivity is only small.

Hatch spacing

The initial hatch spacing of the stripe scan pattern of 100µm has been in-
creased to 110µm and decreased to 90µm. Figure 4.13 (a) shows that the
hatch spacing affects the on plate residual stress where the material does
not yield strongly with a trend of higher residual stress with larger hatch
spacing. From Figure 4.13 (b) can be seen that the edge displacement shows
a very small sensitivity to changes in hatch spacing where with larger hatch
spacing the displacement becomes smaller. Dong et al. [21] showed that
with increasing the hatch spacing the maximum temperature and heat ac-
cumulation reduce. A possible explanation for the found trend is that with
increasing the hatch spacing there will be voxels that now fall just outside of
the 40% threshold. Wheres the same voxels are still given elevated IS values
with a lower hatch spacing.

Base plate temperature

The initial base plate temperature of 80◦C has been increased to 140◦C as
well as decreased to 40◦C. Figure 4.14 (a) shows that there is no sensitivity
to the tooth shaped stress field with varying base plate temperature. Figure
4.14 (b) shows that the edge displacement is sensitive to an increase in base
plate temperature. A possible explanation that the base plate temperature
of 140°C shows the highest on plate displacement is that by increasing the
initial temperature of voxels there now will be voxels that just overcome the
40% threshold leading to more voxels with elevated IS values.
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4.4. Sensitivity Analyisis AAP

(a) on plate residual stress plotted over line from [1,1,0] to [1,1,2]

(b) on plate displacement plotted over line from [2,2,0] to [2,2,2]

Figure 4.12: AAP TS sensitivity to laser beam diameter.
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4. Results

(a) on plate residual stress plotted over line from [1,1,0] to [1,1,2]

(b) on plate displacement plotted over line from [2,2,0] to [2,2,2]

Figure 4.13: AAP TS sensitivity to hatch spacing.
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4.4. Sensitivity Analyisis AAP

(a) on plate residual stress plotted over line from [1,1,0] to [1,1,2]

(b) on plate displacement plotted over line from [2,2,0] to [2,2,2]

Figure 4.14: AAP TS sensitivity to base plate temperature.
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Chapter 5

Conclusion and Outlook

The goal of this project was to investigate the implementation of IS in AAP as
well as conduct a sensitivity analysis to the parameters of the three calculation
modes AS, SPS and TS. To investigate the implementation a control isotropic
and anisotropic IS model according to literature were implemented in Abaqus
CAE.

AAP AS

• Follows the theory of the original IS method as found in literature [6, 3].

• Generally the voxel size should be defined through a voxel sensitivity
study. AAP is optimized for part scale calculations. A voxel size of 1/4
of the smallest feature size will not always be sufficient for convergence
especially in small scale parts.

AAP SPS

• Follows the theory of the original inherent strain method as applied in
literature [6, 3] with the improvement of rotating the IS tensor of an
element in the direction of average scan vector.
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AAP TS

Since machine and powder parameters as a set are assumed to give unique
SSF and ASF changing a parameter in the sensitivity analysis would also give
different SSF and ASF values. Nonetheless a few trends have been observed.

• The Parameters laser beam diameter, hatch spacing and base plate
temperature do not affect on plate displacement.

• The parameters laser power and laser scan speed affect both on plate
residual stress and displacement.

Valuable further investigations would be to use a part scale test piece to
compare the trends found in this work. To verify how the change in param-
eters affect the HAZ the change in melt pool dimensions with the varied
parameters could be studied using for example Ansys Additive Science single
bead or thermal history calculations. Also since a few parameters only show
very small sensitivity in the TS calculation a further investigation in the SSF
and ASF could be promising. It could be possible that a recalibration is not
necessary for a subgroup of machine parameters.
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