
DOCTORA L  T H E S I S

A
ndreas M

alm
elöv   Sim

ulation of additive m
anufacturing using a m

echanism
 based plasticity m

odel

Simulation of additive 
manufacturing using a mechanism 

based plasticity model

Andreas Malmelöv

Material Mechanics



Simulation of additive
manufacturing using a mechanism

based plasticity model

Andreas Malmelöv
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Abstract

This thesis presents finite element (FE) simulations of additive manufacturing (AM)
and physically based material modeling of alloy 625 and alloy 718. In recent years,
there has been an increasing interest in AM and there has been a dramatic increase in
publications in the field. AM can be beneficial compared to conventional manufacturing
methods in many applications. The method offers short component lead times and large
design freedom with the possibility to create complex components. Alloy 625 and alloy
718 are nickel-based superalloys used in high-temperature applications owing to their
high-temperature strength. The materials are difficult to manufacture by conventional
machining due to rapid tool wear and low material removal rates. Thus, the alloys are
appropriate for the AM technology with its near-net shape potential.

Owing to the rapid heating and solidification in the AM process, residual stresses
are induced in the component. This is a well-known problem and causes distortion of
the samples when removing them from the build plate. The residual stresses may also
deteriorate the fatigue properties. It is important for the manufacturer to understand
how the choice of process parameters and scanning strategy affect the residual stresses to
minimize those and improve the quality of the components. Simulation can be used as a
tool while developing the process parameters and support the experimental efforts. FEM
is generally the preferred method for simulation of deformations and residual stresses
in AM. The simulation technique used when modeling AM has its origin from welding
simulations that was performed already since the beginning of 1970. However, it is not
possible in practice to simulate an AM process in the traditional way due to a large
number of elements and time increments to be calculated. This is especially true for the
laser-based powder bed fusion (PBF-LB) process where the process of a full-scale part
may comprise many thousands of added layers, and the passes are lengthy relative to
their thicknesses and widths.

The aim of this thesis work is to develop FE simulation techniques that reduce the
computational effort when modeling residual stresses in AM processes to enable simu-
lation of full-scale parts. This has been done with thermo-mechanical FE-models using
different lumping techniques e.g., lumping of layers and lumping of hatches. Lumping
of layers and hatches means that several physical layers, or several physical hatches, are
merged and added in one modeled layer or hatch respectively. Lumping allows fewer time
steps and a coarser mesh which reduces the computational effort. An existing mechanism
based flow stress model has been developed to fit the mechanisms typical for alloy 625
and alloy 718 and implemented in the FE model. Also, synchrotron X-ray diffraction
was performed to measure the residual stress for comparison with the models. The stress
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was extracted from the diffraction data using the full Debye ring fitting method.
In this work, using the lumping techniques described above, it was possible to simu-

late AM processes with up to physical 1500 layers. For different process parameter sets
and scan strategies, thermal behavior, deformation and residual stresses have been mod-
eled and compared with experiments. Using the lumping of layer technique resulted in
modeled residual stresses showing the same trend as measured stresses from synchrotron
X-ray diffraction for two different process parameter sets. Utilizing lumping of hatches,
the resulting deflection in a part was modeled successfully for different scanning strate-
gies. In the modeling, the larger deflection was seen for the samples printed with the
scanning direction parallel to the long-side which was also shown experimentally.

The results in this work shows that the presented lumping approaches are promising
when it comes to modeling of the deformations and residual stresses in AM. Using lumping
approaches, it is also possible to simulate different scanning strategies for processes of
larger parts. The description of the mechanical behavior of the material is improved, using
the mechanism based material model, compared to when the flow stress was modeled
with tabulated data, since it takes mechanisms as viscoplasticity and stress relaxation
into account. The mechanism based model includes microstructural information as grain
size and solutes and can thus more easily be combined with a microstructure model. The
combination of the mechanism based material model and the use of lumping techniques
is thus an advance in the development of predictive models of the AM process.
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Chapter 1

Introduction

This chapter introduces the work in this thesis. It gives the objective, background,
scientific background and the scope of the thesis. The scope also includes two research
questions.

1.1 Objective

The objective of the work presented in this thesis is to evaluate and develop modeling
techniques with the finite element method (FEM) that can be used to predict the me-
chanical behavior during the additive manufacturing (AM) process. The focus lies on
reducing the computational effort and improving the modeling of the mechanical material
properties to make it possible to model the deformations and residual stresses in full-scale
parts. The ability to model the AM process may lead to faster process development by
increasing the knowledge of the process. The knowledge gained by the digital models can
then be used to tailor the process for a minimum of residual stress and deformations in
the components.

1.2 Background

Additive manufacturing is a manufacturing method of growing interest in many fields,
ranging from medical to aerospace. The method has many advantages compared to
conventional manufacturing. AM provides great freedom in design for creating complex
components, the waste is minimized, it enables a faster and cheaper prototyping and
shorter component lead times [1].

In AM, the material is built by adding material layer by layer. The different types
of AM processes can be categorized in powder bed fusion (PBF) and directed energy
deposition (DED). In PBF, a powder bed is created by raking a powder layer across
the working area and the pre-programmed heat source, which is either a laser beam or
electron beam, melts the powder into the part. Laser-based powder bed fusion (PBF-
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LB) is typically performed at room temperature in an environment with an inert gas.
Electron beam melting (EBM) is performed at an elevated temperature in a vacuum and
has a higher manufacturing speed compared to PBF-LB. In DED the material, either in
form of powder or wire, is deposited through a nozzle onto the part where it is melted by
a laser or electron beam. PBF-LB and DED using powder and laser beam were modeled
in the current work. There is a significant difference in layer thickness between these
processes, which in the current work was 20 µm in the PBF-LB process and 900 µm in
the DED process.

In the AM process, the deposited material undergoes a unique thermal cycle that starts
with rapid heating due to the high energy intensity of the heat source. Subsequently,
rapid solidification due to the small melt pool and finally re-melting when a new layer is
added on top. This thermal cycle results in residual stresses in the component [2]. The
residual stresses may result in undesired thermal cracks, distortions and tensile stresses
in the surface layer. These defects are problematic in the industry which tries to produce
high-quality components [3]. It is known that the choice of process parameters and
scanning strategy influence the residual stress in the part and those must be chosen in
a way that limits the negative impacts of residual stress. Simulation can be used as a
tool while developing the process parameters which in turn can reduce the experimental
efforts.

Alloy 625 and alloy 718 are nickel-based superalloys where alloy 625 is widely used in
the aeronautic, marine, aerospace, petrochemical, and chemical industries [4] and alloy
718 is used in power plants and also commonly utilized in jet engines [5, 6]. The materials
have characteristics such as high strength and mechanical properties at high tempera-
tures. Alloy 625 is a solid solution strengthened material, strengthened by chromium,
niobium, molybdenum and iron [7], and alloy 718 is a precipitation strengthened mate-
rial, strengthened by the body-centered tetragonal (bct) γ′′ - particles (Ni3Nb) [6]. Alloy
625 and alloy 718 have excellent weldability while they are difficult to manufacture by
conventional machining owing to excessive tool wear and low material removal rates [8].
Thus, additive manufacturing is a viable manufacturing method for these materials.

1.3 Scientific background

This section will describe the scientific background of the three areas covered in this work;
modeling of additive manufacturing, material modeling and residual stress measurements.

1.3.1 Modeling of additive manufacturing

AM is the same physical process as welding and can be seen as a process consisting of
many ‘welds’. The FE modeling technique of AM thus has its origin from welding simu-
lations that have been performed already since the beginning of 1970. FEM is generally
the preferred method for simulation of AM due to the advantage of handling nonlinear
problems [9]. However, simulation of AM is challenging and often computationally ex-
pensive. One reason is that the region of interest must utilize a fine mesh due to the
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large gradients in temperature from the rapid heating and cooling and the thin layers,
about 20 - 100 µm in powder bed processes, resulting in a large number of elements in
the mesh. Also discretizing the laser movement in time result in a high number of time
increments due to the relatively long scanning patterns.

There have been a lot of efforts in simulations of deformation and residual stress
in AM in recent years. Many publications are about techniques applied in FEM that
reduces the computational effort aiming to enable simulations of full-scale parts. Spatial
reduction by remeshing, either layer-by-layer [10–12] or locally, near the heat source [13,
14], is one way to increase the computational efficiency. History reduction by merging
or lumping layers and passes in different ways are other techniques [15–19]. Williams et
al. [20], divided the geometry into blocks that were deposed sequentially at its melting
temperature. Pant et al. [21] used a similar approach and modeled how the residual stress
was affected with different print orientations. In the approach by Zaeh and Branner [22],
the 200 physical layers were merged into 10 equal sections in the modeling, meaning that
20 original layers were lumped into one section. When deposited, the section was heated
with 200 W for 20 ms which was comparable to the heating sequence in the physical
process. There have also been some publications with a focus on modeling the effect
of different scan strategies on residual stress. This was done by modeling up to three
layers with transient thermo-mechanical models in [23–25]. Parry et al. [23] simulated
single layers with a transient thermo-mechanical model and concluded that the highest
residual stress was in the direction parallel to the scan vector. Cheng et al. [24] simulated
different scanning strategies with a part comprised of 3 layers using a transient model.
In their work, the “out-in” scanning pattern resulted in the maximum residual stress
while the 45◦-line scanning resulted in the lowest. However, to the author’s knowledge,
there are no publications where thermo-mechanical models have been used to investigate
how the scanning strategy affects the deformation and residual stress of large PBF-LB
processed parts. The inherent strain method is another efficient approach to model
deformation and residual stress in additive manufacturing [26–29]. The method was first
proposed for welding by Ueda and coworkers [30–32]. The basic idea with this method
is that each material point experience the same temperature history and thus the same
subsequent plastic strain field [33]. In this method, an inherent stress or strain tensor is
first decided through experimental calibration or thermo-mechanical process simulations.
The calibrated or computed strain field is applied as an initial condition for each added
layer in a mechanical simulation of the full part. One limitation of this approach may
be the inability to consider for heating up of the part during the process. It has also
been shown that the prediction capability with the method may be poor. Bugatti and
Semeraro [34] showed that using an inherent strain tensor calibrated for one geometry
failed to predict the deformation of another geometry. The reason for this is probably that
the material points in the two geometries experience significantly different temperature
histories.
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1.3.2 Material modeling

In FE modeling of manufacturing processes, the material properties must be described.
One part in the current work will focus on improving the modeling of the flow stress
behavior in the process modeling of AM. The flow stress behavior of the material in
AM simulations has in previous works been described in different ways. A common
way is that temperature-dependent yield stress, interpolated from experimental data, is
used in the process modeling. There are also material models which are suitable for
this purpose, e.g. the empiric-based Johnson-Cook model [35] and the physically based
Armstrong-Zerilli model [36]. These models give a better physical representation since
they include strain hardening and viscoplasticity. In the current work, the dislocation
density model was studied, which is a physically based model proposed by Bergström [37].
The evolution of the dislocation density is modeled, which is the main driving force for
the flow stress, and there is a coupling between the dislocation density and the flow stress.
This model includes many material mechanisms, e.g. dislocation glide, dislocation pile-
up and thermally activated dislocation climb. Thus, it naturally accounts for stress
relaxation, which cannot be modeled with the Johnson-Cook model or Armstrong-Zerilli
model. Also, mechanisms that are present in a specific material or at specific physical
condition can be included as contributions to the resulting flow stress in the model. Two
examples are Babu and Lindgren [38] with a model of globularization for Ti-6AL-4V and
Fisk et al. [39] that included a precipitate model for alloy 718 in their model. In the
work by Yadav et al. [40], they showed that the model gave similar trend in evolution
of the dislocation density as the boundary dislocation density measured with electron
backscatter diffraction, when they applied it to 304 HCu stainless steel. This model
has also been used in FEM simulations of AM by Babu et al. [41] and Lundbäck and
Lindgren [42]. In the current work, the model was adapted to alloy 625 and alloy 718
and implemented in a FE model with the specific mechanisms present in AM.

1.3.3 Residual stress measurements

The FE simulations are validated by comparing the deformation and residual stresses with
measured results. The methods to measure residual stress in a component can be cate-
gorized into non-destructive-, semi-destructive- and destructive methods [43], depending
on how much the component is destructed in the measurements. To the non-destructive
methods belong barkhausen noise, ultrasonic, neutron diffraction and X-ray diffraction.
Semi destructive methods are hole drilling, ring core and deep hole methods and destruc-
tive methods are sectioning technique and contour method. The residual stress measured
with the hole-drilling method by Denlinger et al. [44] was used for validation of the FE
model in paper B. Measurements with synchrotron X-ray diffraction were performed in
papers D and E to compare with modeled results. Using a synchrotron gives a higher
intensity compared to a laboratory X-ray source. The X-rays can thus penetrate centime-
ters in metals, instead of just measuring at the surface. Synchrotron X-ray diffraction
has the advantage over neutron diffraction in that it allows a smaller gauge volume with
a shorter sampling time and it thus enables higher resolution [45]. Synchrotron X-ray
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diffraction is a relatively new method to calculate the residual stress in AM-produced
components, with only a few publications, e.g. [46–49].

1.4 Scope of the thesis

The scope of this thesis is on modeling techniques for accurate and efficient AM sim-
ulations. The model should be able to predict deformation and residual stress in a
component manufactured by AM. Two research questions have been formulated:

Q1: How can FEM be used to efficiently predict the resulting deformation and residual
stresses in an AM process ?

Q2: How should a material model of alloy 625 be formulated for use in simulation of
AM ?

As stated in the first research question, FEM will be used in the modeling of the
AM process. Different lumping approaches, where several physical hatches and layers
are bundled together, will be developed and evaluated. The process model needs a heat
input model viable for this modeling approach. It should be able to couple the parameters
in the heat input model with the process parameters in the physical process to end up
in a model that takes process parameter changes into account. The use of adaptive time
stepping also contributes to an increased efficiency in AM simuations where the variation
in time scale is large during the process.

As stated in the second research question, the thesis also includes material modeling for
the description of the material behavior during the process. The model will be adapted
for the specific conditions that take place when alloy 625 and alloy 718 are processed by
AM. It is known that alloy 625 is a solid solution strengthened material and alloy 718 is
precipitation strengthened. The material model must be valid for a temperature range
from room temperature to near melting.

The research questions are first handled separately during the development of the
lumping approaches for the process modeling and development of the material model.
Subsequently, the material model is implemented in the process model. The results of the
process models will be compared with measured deformations as well as residual stresses
from synchrotron diffraction.
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Chapter 2

Finite element simulation of
additive manufacturing

The additive manufacturing process is simulated with thermo-mechanical finite element
models in this work. The so-called staggered approach is used for the coupling between
the thermal and mechanical analyses. The thermal problem is first solved in the current
time step and the resulting thermal load is used as input in the mechanical problem. The
mechanical problem is then solved and the geometry is thereafter updated. Updating of
the geometry in the thermal analysis is lagging one step behind and the heat generated
from the plastic deformation is added to the thermal analysis in the next step.

In AM, new material is added continuously. The addition of material is modeled
by activating new elements in the analysis. There exist two different approaches to
model element activation, quiet element, and inactive element [50]. In the quiet element
approach, the elements of the filler material are included in the system of equations
throughout the whole simulation. However, in the beginning of the analysis, they are
given material properties that are scaled and do not affect the surrounding structure
to any large extent. In some simulations, the quiet elements represent the powder [12].
The properties are changed to solid material properties when the heat source melts the
material. In the inactive element approach, the elements of the deposited material are
not included in the system of equations before they are activated.

The inactive element approach is used in the current work. In the thermal analysis,
a control volume is used to find which elements that are to be activated in the cur-
rent time step. In thermo-mechanical analyses, the subsequent mechanical activation is
temperature-controlled. An element is activated when the mean temperature within the
element is below the melting temperature (Tsolidus) and decreasing.

Modeling the physics of the interaction between the heat source and the material is
complex in AM. The material undergoes melting and convection occurs in the melt pool.
In the FE simulation, a simplified heat source model replaces the physics. The model
calculates the heat input for each integration point and in each time step. For all AM
processes within this project, the heat source has been a laser beam. Denlinger et al. [44]
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measured the laser beam in an AM process to have a Gaussian profile at the surface.
In AM, the laser is in convective mode, resulting in a melt pool shape that is shallower
compared to melt pools in keyhole mode.

2.1 Finite element formulation of nonlinear heat trans-

fer

The FE formulation for the thermal problem is derived from the heat equation. The heat
equation is derived by considering the heat flow and heat generation in an infinitesimal
cube. It is written as

−
(
∂qx
∂x

+
∂qy
∂y

+
∂qz
∂z

)
+Q = ρc

∂T

∂t
(2.1)

qx, qy and qz is the local heat flux density, Q is the heat generation rate, ρ is the density
and c is the specific heat capacity. The FE formulation of the thermal problem is de-
rived by using Galerkin’s method and applying the divergence theorem. With boundary
conditions the FE formulation can be written as

∫
V

ρc
∂T

∂t
NidV −

∫
V

[
∂Ni

∂x

∂Ni

∂y

∂Ni

∂z

]
qdV =

∫
V

QNidV −
∫
S1

qTnNidS

+

∫
S2

qsNidS +

∫
S3

h (T − Te)NidS +

∫
S4

(
σεT 4 − αqr

)
NidS

(2.2)

where Ni are the so-called shape functions. The last terms in the equation describe
the thermal boundary conditions e.g., convection and radiation [51]. This is the FE
formulation of the thermal problem. It is more compact written like

cṪ + kT = f (2.3)

The heat radiation, as well as temperature-dependent conductivity and specific heat
capacity, makes the thermal problem nonlinear. Hence, it must be solved with an iterative
technique, e.g., the Newton-Raphson approach. A residual is introduced as

n
i+1Rth = CṪ + KT− F (2.4)

where the capital letters of the matrices C, K, and F indicate that this is the assembled
system for all elements, unlike Equation 2.3, which applies to one individual element. The
subscript i denotes the iteration number, and the superscript n denotes the increment
number. The time derivative of the temperature in Equation 2.4 can be approximated
to
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iṪ≈
n+1T− nT

∆t
(2.5)

A taylor expansion of Rth in Equation 2.4 leads to the equation that is solved in each
iteration in the problem,i.e.,

−∂
n
iRth

∂T
iδT = n

iRth (2.6)

The temperature is thus updated in each iteration as

n
i+1T = n

i+1T + iδT (2.7)

2.2 Finite element formulation of nonlinear deforma-

tion

The derivation of the nonlinear solution procedure can be found in [52]. Here is the
principle of virtual work used. The internal virtual work equals the external virtual
work, gives

∂Wint = ∂Wext (2.8)

From Equation 2.8 it follows that

∂UTFint = ∂UTFext (2.9)

and

Fint = Fext (2.10)

where Fint and Fext is the internal and external forces respectively.
fint which holds for an individual element is assembled to Fint which holds for the

whole structure,

fint =

∫
Ve

BTσdV
assembling−−−−−−→ Fint (2.11)

B has the first derivatives of the shape functions, σ is the Cauchy stress in vector form
and Ve is the volume of the element.
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Similarly, Fext is assembled,

fext =

∫
Ve

NTqdV
assembling−−−−−−→ Fext (2.12)

where N includes the shape functions and q is the body force per unit mass. For the
nonlinear solution procedure, a residual is introduced, which is written

n+1
i+1R = n+1

i+1Fext − n+1
i+1Fint = 0 (2.13)

Like in the thermal problem i denotes the iteration number and n the increment number.
The iterative method was performed with the same principle as in the thermal problem
above.

2.3 Thermo-mechanical modeling of additive manu-

facturing

When performing the most accurate simulations in this work, the heat input in each step
of the moving heat source is calculated. It is then reasonable to choose a time step in the
simulation such that the heat source moves half the spot size in each step [53, 54]. With
a large number of layers and long weld paths in the additive manufacturing process,
it is not possible in practice to simulate all individual scans with the computational
power of today’s computers. There are different methods that can be applied to reduce
the computational effort and make AM simulations possible. The two main approaches
are thermo-mechanical lumping techniques and the inherent strain method [33]. In this
work different lumping techniques have been developed and studied. Adaptive time
stepping was also utilized, allowing shorter time steps in the heating sequences when
the temperature gradient is high, and longer time steps in the cooling sequences when
the temperature gradient is reduced. Adaptive time stepping improve the efficiency
significantly in AM, where the time step used when the heat source is active must be
very short in comparison to that used during the cooling time between the layers.

The transient modeling approach was used for simulation of smaller parts, with the
aim to compare efficiency and accuracy with the different lumping techniques. The heat
input was modeled with the double ellipsoidal heat source proposed by Goldak [55] that
has been used widely to model moving arc and beam heat sources. The heat source can
be described with

qf (x, y, z) =
6
√

3ffQ

abcfπ3/2
e
−3

(
x′
a

)2

e
−3

(
y′
cf

)2

e
−3

(
z′
b

)2

(2.14)

and
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qr(x, y, z) =
6
√

3frQ

abcrπ3/2
e
−3

(
x′
a

)2

e
−3

(
y′
cr

)2

e
−3

(
z′
b

)2

(2.15)

The parameters a, b, cf and cr decide the size of the ellipsoid in the directions according
to Figure 2.1. The local coordinate system follows the heat source.

Figure 2.1: Goldak’s double ellipsoidal heat source.

This heat input model can reproduce the physical weld pool shape in the modeling
when the heat source parameters have been calibrated [56].

2.3.1 Lumping techniques

Instead of modeling each individual pass, the computational effort can be reduced if
passes are merged or lumped and added momentarily. This modeling approach will
reduce the number of time steps and may also result in a reduced number of elements in
the model.

In this work, thermo-mechanical finite element modeling has been used and different
lumping approaches have been developed and evaluated. The methods are briefly de-
scribed in this section including a summary of the pros and cons of the methods. A
schematic sketch of the different approaches is shown in Figure 2.2.
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Figure 2.2: a) Detailed model acting as reference, b) Lumping 3 passes, c) Layer-by-layer
modeling and d) Hatch-by-hatch modeling.

The model in Figure 2.2a shows a detailed transient model and acts as a reference to
describe the principles with the lumping techniques in Figure 2.2b-d. Here the moving
heat source is modeled transiently, and each individual weld pass is modeled. Figure
2.2b shows the lumping approach studied in paper B. The figure illustrates how three
physical passes are lumped in the build direction to one modeled pass that is added
with a modified scanning speed and cooling time. The modified parameters are directly
associated with the actual scanning speed, cooling time and the number of layers that are
lumped together. The calculation of the modified scanning speed is shown in Equation
2.16,

v∗ =
v

n
(2.16)

and the effective cooling time in Equation 2.17,

t∗c = tc n (2.17)

v and tc are the actual scanning speed and cooling time and n are the number of lumped
passes. No other calibration or tuning compared to the detailed model is necessary.
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A Comparison of the results with respect to residual stresses and deformations for the
detailed model and a model where three layers are lumped are shown in Figure 2.3. The
overall trend for the displacement, at the end of the cantilever, shows that the deflection
of the substrate is upwards. For each pass with the laser, there is a small deflection in
the downward direction and an upward deflection during the subsequent cooling. The
heating and cooling with the resulting deflection are illustrated in Figure 2.4. When
lumping layers, the up-and-down oscillations become more pronounced, as seen in Figure
2.4, but the overall trend remains the same. The larger oscillations in the model with
lumping are due to the increased heat input per modeled layer and extended cooling time.
A comparison of the residual stresses, Figure 2.3, shows that the stresses are slightly lower
for the model with lumping, but overall agrees very well with the detailed model.

Although this approach reduced the simulation time significantly, with maintained
accuracy of the result, it is still not enough for taking on the task to simulate a full-scale
component. Particularly for the PBF process which can consist of many thousands of
layers.

Figure 2.3: Computed displacement and residual stress when three passes are lumped.

Figure 2.4: Mechanical behavior during the AM process. The baseplate is bending
downwards during heating (left figure) and upwards during the subsequent cooling (right
figure).
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The lumping approach in Figure 2.2c was introduced in paper A and studied further
in paper D. Here, either one or many physical layers are merged and added momentarily
as a modeled layer. The heat source is simplified to a constant heat flux applied for all
integration points of the elements representing the newly added layer. In paper D and
paper E, the heat input was derived as

q∗ =
Q η

t∗ w h v
(2.18)

where Q is the laser effect, η is the efficiency, t∗ is the fictive time that the heat is applied
on each integration point in the activated layer, w is the hatch distance, h is the layer
thickness and v is the scan speed. η and t∗ were obtained from a calibration procedure
whereas the other parameters were known from the process. In [22, 57, 58] they used
a similar heat input model with constant heat flux. Another approach was utilized by
Williams et al. [20]. They activated the elements with an initial temperature set as the
melting temperature.

Figure 2.5 shows modeled and measured residual stresses of a wall built with the PBF-
LB method from paper D. The lumping approach in Figure 2.2c was utilized here, and the
measured residual stress was extracted from synchrotron X-ray diffraction measurements.
A section on the right side of the wall was cut after the AM process from which a stress-
free reference material sample, used in the synchrotron measurement, was produced. The
residual stress result in Figure 2.5 is thus shown after the cut. The overall stress field of
the measurement and modeling are in good agreement, but the magnitude is lower for
the measured stress.
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Stress from synchrotron X-ray diffraction Stress from finite element model

Figure 2.5: 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.

The lumping approach in Figure 2.2d was also introduced in paper A and studied
further in paper E. Here, either one or several physical hatches were merged and added
as one modeled hatch. This hatch-by-hatch approach is not as computationally efficient
as the layer-by-layer approach since it will result in more time increments to be calculated.
However, with the hatch-by-hatch method, it is possible to simulate the effect of different
scanning strategies which was the main objective in paper E. In Figure 2.6 the measured
and computed deformations after partly cutting a cantilever structure from its build
plate can be seen. The cantilever was built with two different scanning strategies, XX
and YY. The scanning strategy XX means that the laser was only active when moving
in the x-direction. From the measurements, it is obvious that the XX scanning strategy
produces the largest deformations after cutting. The hatch-by-hatch model also captures
this behavior but underestimates the magnitude somewhat. It should be noted that with
calibration it would be possible to match the measured deformations. Calibration of the
efficiency factor, η, that gives the absorptivity of the laser in the material was not done,
but the same value was used as in paper D. As indicated above, the layer-by-layer method
is not able to mimic the effect of different scan strategies.
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Figure 2.6: Modeled and measured deflections of a bridge processed with scan strategy
XX (scan vectors parallel to the x-axis) and scan strategy YY (scan vectors parallel to
the y-axis).



Chapter 3

Material Modeling

A FE model for simulation of additive manufacturing needs a description of the ma-
terial’s mechanical and thermal properties. For most temperature-dependent material
properties such as Young’s modulus, Poisons ratio, thermal expansion, heat conduction
and specific heat, simple two dimensional tables have been used in this work. For the
description of the material flow stress behavior, special care has been taken. In FE
simulations of AM the flow stress is commonly obtained by interpolation (e.g., piecewise-
linear) of tabulated stress-strain data, without using any flow stress model. A common
approach is to describe the temperature-dependent yield stress [11, 59–61], which gives
an ideal plastic behavior. In paper B, the flow stress was modeled as temperature and
plastic strain-dependent which captures the strain hardening. An example of a strain
and temperature dependent flow stress surface is shown in Figure 3.1. To include the
effect of the strain rate on the flow stress, a multi-dimensional table is required (e.g., a
four-dimensional table).
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Figure 3.1: Temperature and strain dependent flow stress.

The flow stress can also be described by a mathematical model. The material models
can be categorized into empirical based, also named engineering models, or physically
based models.

Empirical based models are determined by fitting mathematical equations to exper-
imental data without considering the physical processes which result in the observed
behavior. One of the simplest models is the Ludwik’s power law which is written

σy = A+Bε̄p
n

(3.1)

where A is the initial yield strength of the material and B and n are other material
constants. The Johnson-Cook model [35] is the most commonly used empirical model
for representing rate-dependent material behavior,

σy = (A+Bε̄p
n

)

(
1 + C ln

˙̄εp

ε̇ref

)(
1−

(
T − Troom

Tmelt − Troom

)m)
(3.2)

The first factor represents the strain hardening of the yield stress, the second factor
indicates the increase in yield stress at elevated strain rates and the third factor represents
the decrease in yield stress due to local thermal effects [62]. A, B, C, n and m are
constants.

Physically based models are models where knowledge about the physical process is used
to formulate the constitutive equations. One simple physically based material model is
the Armstrong-Zerilli model [36] written like

σy = C0 + C1 e
−C3T+C4 ln ˙̄εp + C5 ε̄

pn (3.3)
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In this case, C1, C2, C3, and C4 are material parameters. C5 and n are the same as B
and n in the Johnson-Cook model.

The dislocation density-based model used in this work is a physically based model.
In the work by Domkin [63], he made the following conclusions about the dislocation
density model; There is no guarantee that this model is more accurate than empirically
based models but the accuracy depends on the equations describing the mechanisms that
dominate deformation. There are also strong reasons to believe that physically based
models can be extrapolated to a wider range of strains, strain rates and temperatures if
the same mechanisms are dominating. Also, the parameters of the dislocation density
model usually have physical interpretations and can thus be obtained from other sources
than material testing. Babu [64] concludes in his work that developing a physically based
model requires more experiments and analyses on different scales compared to empirical
based models.

The fundamentals of deformation mechanisms in metals and the dislocation density
model, in brief, is described in the next section.

3.1 Deformation mechanisms in metals

Plastic deformation is mainly driven by dislocation motion. Dislocations are defects or
irregularities within the crystal structure. The main types of mobile dislocations are edge
and screw dislocations. An edge dislocation can be seen as an extra half atomic plane
in the lattice and moves in the direction of the applied shear stress, see Figure 3.2a.
The screw dislocation moves perpendicular to the applied stress, see Figure 3.2b. The
dislocation, whether it is an edge or screw dislocation, moves through the lattice until it
enters a grain boundary or another obstacle where it is immobilized.
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(a)

(b)

Figure 3.2: a) a) Motion of an edge dislocation. b) Motion of a screw dislocation.

Several different mechanisms may affect the dislocation motion in the material. Hard-
ening and softening are a result of the interactions with the substructure of immobile
dislocations. An increase in the immobile dislocation amount results in hardening. At
deformation, the dislocations are piled up at grain boundaries and other obstacles, shown
in Figure 3.3. With more immobilized dislocations, the mobility of the remaining dis-
locations is reduced. Due to lattice distortion around the dislocations, elastic energy is
stored in the material, which also hinders the motions of the dislocations contributing
to isotropic hardening. The internal stresses can alleviate the dislocation motion in the
opposite direction in the so-called Bauschinger effect, also known as kinematic hardening.
Dislocations can also be annihilated by dislocation glide as shown in Figure 3.4.
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Figure 3.3: Dislocation pileups.

Figure 3.4: Annihilation of dislocations by dislocation glide.

3.2 Physically based dislocation density model

The dislocation density model described here is built on the framework of Bergström [37]
and Estrin and Mecking [65]. In this model, the main driving force for the flow stress
is the evolution of the dislocation density. The model has been further developed and
adapted to AISI 316 L [66], alloy 718 [39] and Ti-6Al-4V [38].

In alloys, many strengthening mechanisms are operative at the same time. It is assumed
that the contribution from each mechanism can be summed [38, 66]. Thus, contributions
can be added or removed depending on if they are present in the current material and the
process to be modeled. The overall yield strength for alloy 625 and alloy 718 is written
as

σy = σG + σHP + σ∗ + σs (3.4)

where the contributions are the following: σG is the effect of the long-range interac-
tions with the substructure of the immobile dislocations. σHP is the grain boundary
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strengthening (Hall-Petch effect) determining how the overall grain size affects the flow
stress. Dislocations are piled up at grain boundaries during deformation. To continue
into the adjacent grain the dislocation must change direction, which requires energy.
Smaller grains result in more rapid immobilization and more strain hardening. σ∗ is the
short-range contribution that prescribes the stress required to move the dislocations past
short-range obstacles. The obstacles can be solutes or precipitates. σs is an additional
contribution for the solid solution strengthening. When solute atoms are added to the
material they cause local non uniformity in the lattice and hinder the dislocation mo-
tion. The strengthening mechanism by precipitation hardening was not included in the
current model, as no γ′′-precipitates could be found in the AM processes modeled in this
work. For other types of manufacturing processes, the inclusion of this mechanism can
be crucial. Fisk et al. [39] used the mechanism based model for alloy 718 and included a
precipitation hardening contribution when modeling heat treatment by aging.

Equation 3.4 is not valid at higher temperatures. Some of the mechanisms are then
replaced with new dominating mechanisms that control the flow stress. Frost and
Ashby [67] found a relationship between flow stress and strain rate at temperatures
above 0.6Tm, and stresses above 10−3G, which they call power-law breakdown, σPLB.
With σPLB included, the resulting flow stress can be written as

σy = min(σHP + σ∗ + σs, σPLB) + σG (3.5)

σG is an athermal contribution, and it is assumed that this contribution is always ac-
tive, therefore it is a separate term. The contributions σ∗, σHP , and σs are mechanisms
controlling the flow stress at low temperatures. σ∗ breakdown at higher temperatures ac-
cording to Frost and Ashby [67] and is replaced with a contribution for high-temperature
plasticity. σs is a similar mechanism as σ∗ and can thus be treated in the same way.
Schneibel and Heilmaier [68] showed that the breakdown of σHP occurs due to a variety
of thermally activated mechanisms.

The different contributions are described in more detail in paper C.

3.3 Advantages with the mechanism based material

model

Stress relaxation effects and viscoplasticity are examples of material behavior that can
be captured with the mechanism based model, while a conventional table-driven material
description is lacking this feature. Stress relaxation tests and tests at different strain rates
were performed in paper C, see Figure 3.5. In the material model, relaxation occurs owing
to a decrease in the dislocation density when dislocations climb and annihilate each other.
Annihilation of dislocations by climb is also the main reason to lower flow stress with
lower strain rate shown in Figure 3.5b.
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(a) (b)

Figure 3.5: Stress relaxation test (a) and strain rate dependency (b) of alloy 625 modeled
with the mechanism based material model. The measured curves include error bars. The
stress relaxation test was performed in two cycles where the material was deformed about
15 % in true strain in each cycle.

Another advantage of the mechanism based material model is its ability to simulate
manufacturing chains including manufacturing processes with very different ranges in
temperatures, strain and strain rates e.g. AM, welding, forming, machining, and heat
treatment. Forming is characterized by high strains and in machining, the material un-
dergoes very high strain rates. In welding and AM the material experiences temperature
variations from room temperature up to melting and in heat treatment the material may
experience relaxation effects and microstructure changes. Tersing et al. [69] simulated a
manufacturing chain including forming, machining, welding, metal deposition, and heat
treatment. A challenge in their work was that the simulations were performed by multi-
ple people, using their own software and material models. They conclude in their work
the need for a material model that is valid for a large range of temperatures, strains, and
strain rates together with a varying microstructure. A physically based material model
can solve this problem as long as it includes all the mechanisms that are present in the
material during the processes.
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Chapter 4

Residual stress from synchrotron
diffraction

This chapter deal with the residual stress calculation from synchrotron diffraction
measurement to compare with the results from the FE modeling in paper D and paper
E. The experimental set-up during the synchrotron measurements is shown in Figure
4.1. Synchrotron X-rays are penetrated through the sample and give Debye rings on the
2D -detector shown in the figure. Totally stress free samples result in perfectly circular
Debye rings. Owing to the residual stress the Debye rings become oval to some extent.
The residual stress can be calculated by measuring how the Bragg angle, θ, varies with
the azimuthal angle, α, on the Debye ring.

(a)
(b)

Figure 4.1: Experimental set-up during synchrotron measurements of the wall compo-
nent. The incident beam is illustrated in red. To the left an overview and to the right a
top view is shown, indicating the incremental rotation between -45◦ to 45◦ in steps of 5◦.

The residual strain was calculated with the full Debye ring fitting method in the current
work. This method uses the information from the entire Debye ring and is thus convenient
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when a 2D-detector is used in the measurements. Other methods are the similar cosα-
method [70, 71] and the sin2 ψ-method [72]. The sin2 ψ-method is a common method
that has been used for decades to calculate residual strains from X-ray diffraction. The
method utilizes multiple ψ tilts and fits a linear function for d vs sin2 ψ. The method was
used in paper D to confirm the results obtained from the full Debye ring fitting method.

The derivation of the full ring fitting method will follow below. Bragg’s law gives the
angles of coherent diffraction in a crystal lattice. The equation gives a strict relation
between the wavelength and scattering angle and can be written as

2d sin θ = nλ (4.1)

where d is the spacing of the crystal layers, θ is the incident angle (Bragg angle), n is an
integer, and λ is the wavelength of the X-ray beam. The lattice spacing, d, change with
induced strain in the material. Using Bragg’s law in the definition of engineering strain
gives,

εα =
dα − d0

d0

=
sin(θ0)

sin(θα)
− 1 (4.2)

where the Bragg angles θ0 and θα is for a stress-free sample and the sample with residual
stress, respectively. Equation 4.2 specifies the total elastic strain and can be decomposed
into tensorial components as a function of the scattering vector, qi, as [73]

εα = q2
1εxx + q2

2εyy + q2
3εzz + q1q2εxy + q1q3εxz + q2q3εyz (4.3)

where εij is the components of the strain tensor. Using the plane stress condition, two
strain components in Equation 4.3 can be ignored, i.e. εxy = εyz = 0. With that,
Equation 4.2 and 4.3, can be combined into,

εα =
dα − d0

d0

=
sin(θ0)

sin(θα)
− 1 = q2

1εxx + q2
2εyy + q2

3εzz + q1q3εxz (4.4)

This can now be solved as a system of equations for all measured diffraction vectors and
tilt angles as

[
q2

1 q2
2 q2

3 q1q3

: : : :

]
εxx
εyy
εzz
εxz

 =

[
sin(θ0)/ sin(θα)− 1

:

]
(4.5)

or in compact form as ~q ~ε = ~εα. The system can be solved with linear least square fitting
by solving the normal equation ~q T~q ~ε = ~q T~εα using a QR decomposition.
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Discussion and conclusions

Modeling and simulation of the AM process can be used as a tool to support experi-
mental work and help the manufacturer to understand how the process parameters affect
the residual stresses and deformations in AM produced components. The aim of this
thesis work is to study and develop FE models for accurate and efficient AM simulations
including a mechanism based material model for the description of the material behavior
during the process. To reduce the computational time, thermo-mechanical finite element
models with different approaches of lumping passes and layers have been developed in
this work.

In Paper A, hatch-by-hatch and layer-by-layer modeling techniques were introduced
for thermal simulations. These approaches were further developed in the last two papers.
In Paper B a lumping approach is developed, where the passes are added transiently
but lumped in the build direction. The advantage with this method is that no extra
calibration, or ad-hoc selection of parameters, is needed. In the study, it is concluded
that this lumping method is a viable option to reduce the computational effort while
maintaining the accuracy in predicting the final state of the deformations and residual
stresses for an AM process. The local thermal history is not captured, which means that
it is not feasible to combine this method with a microstructure model. However, for
an AM process with many thousands of layers, the approach studied in paper B is not
efficient enough to be practically useful.

With the layer-by-layer and hatch-by-hatch approaches presented in paper D and E
it was possible to reduce the computational effort even further. It was shown that with
these methods it is possible to simulate parts of up to 1500 layers. In paper D it was
shown that the modeled stresses gave the same trend as the measured stresses of two
different process parameter sets. In paper E the modeling approach could also simulate
different scan strategies. The model gave the correct trend and magnitude of the change
in deformation when the scanning strategy was changed. The ability to simulate this
change in trend for the deformations with a change of process parameters and scanning
strategy can be very valuable for the manufacturing industry.

The modeled residual stresses in paper D and E were compared with measured stresses
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from synchrotron X-ray diffraction data. The measured stresses were calculated with the
full ring fitting method. This method is advantageous over the more known sin2 ψ-
method, in that it is capable to calculate all in-plane strain tensors from a single Debye
ring. The stresses were visualized as a stress field by superimposing them on the FE mesh,
which is a viable method when those are compared with the results of the FE simulations.
It was shown that the overall trend of the residual stresses from the synchrotron X-ray
diffraction was the same as in the FE modeling.

Paper A, B, D and E are mainly associated with the first research question. The
hatch-by-hatch and layer-by-layer approaches in paper A, D and E are promising with
respect to efficiency. The lumping approach in Paper B worked very well for the studied
problem but is not practically useful for AM processes with many thousands of layers.
Lumping is an approach that can be used for efficient modeling of how different process
parameters and scanning strategies affect the residual stresses and deformations in AM
processes.

In Paper B, the flow stress was temperature and strain-dependent and obtained from
tabulated stress vs. strain curves. In paper D and E, the flow stress was modeled with
a mechanism based material model. This model was introduced in paper C, where an
existing dislocation density-based flow stress model was further developed and adapted
to alloy 625 and alloy 718. The model has a natural handshake with microstructural
information such as grain size and solutes and it inherently includes viscoplacticity and
stress relaxation. It was shown in paper D that using this model gave a significantly
smaller deformation compared to when the flow stress was modeled with tabulated data.
The model was calibrated with data from compression tests at temperatures ranging from
room temperature up to temperatures close to the melting temperature. It was subse-
quently validated with compression tests at different strain rates and a stress relaxation
test. The modeled tests were in good agreement with the measured. The second research
question is addressed by the results in paper C, D and E. The mechanism based material
model can be usable in simulation of AM and gives a better representation of the flow
stress properties.



Chapter 6

Outlook

Even if the developed and studied lumping methods in this work is an advance in terms
of efficient models, it would be valuable to increase the efficiency of the thermo-mechanical
models even more for simulations of AM processes consisting of many thousands of layers.
The inherent strain method, shown in paper E, is a very efficient approach to predict
deformation and residual stress from an AM process. However, this approach makes use
of a purely mechanical model and cannot be combined with a microstructure model or
the mechanism based flow stress model in a direct manner. One alternative could be to
combine a detailed thermo-mechanical model using the mechansim based material model
and the inherent strain model. The thermo-mechanical model is thus used for a few
layers to determine the inherent strains to be used in the inherent strain model. Also
concerning the inherent strain method, it can be of interest to investigate if and how an
inherent strain tensor that varies during the simulation can be used to make the inherent
strain approach more accurate.

The mechansim based material model for alloy 625 and alloy 718 that is developed
during the course of this work was calibrated towards a set of experimental stress vs
strain curves. The strain rate for these curves was in the low strain rate region, 0.1 - 0.01
s−1. The model has been validated for higher strain rates at one selected temperature,
900◦C. The capability of the model to capture the stress relaxation at 1000◦C has also
been validated. In both validation tests, the result from the model agreed very well with
the measurements. However, the calibration and validation of the model with respect to
various strain rates should be extended to ensure that the material model can describe
the flow stress behavior at high strain rates at a broad range of temperatures.

In the mechanism based flow stress model, there is one contribution called power-
law breakdown. This is an empirical contribution proposed by Frost and Ashby [67]
that becomes active at elevated temperatures and replaces the short-range stress, solid
solution strengthening, and the Hall-Petch effect. The material model can be made
more consistent if the power-law breakdown contribution is replaced with one that is
physically based. Such a contribution can include mechanisms as static and dynamic
recrystallization. Those mechanisms also affect the grain size and the material model
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should then consider the grain size evolution. In the material model in the current work
the grain size was kept constant. The mechanism based flow stress model in the current
work is isotropic. It is shown in paper D that anisotropy is present in the microstructure
of the additively manufactured material. In future works the material model should be
modified to include anisotropy.
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