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Abstract 
 
Unlike traditional manufacturing methods where the component is created by 
removing material from a work piece, in additive manufacturing the part is created by 
adding material layer by layer until the component is given its final shape. This 
method has many benefits for example less material waste and the possibility to create 
more complex shapes and is therefore of particular interest within certain areas. But 
there is a need to simulate the process to be able to predict displacements and residual 
stresses in the component. There exist methods to simulate additive manufacturing 
but they need to be more computationally efficient. Existing methods gives very long 
computation time. 

In this work the computation time when modeling additive manufacturing has been 
reduced significantly. Two methods have been investigated, where the first is, that 
instead of model every added string and layer, lumping strings and layers together. 
This method reduces the computation time significantly and the computed result is in 
good agreement with measurements. Comparing the original model, where all 
individual 42 layers are simulated, with lumping 14 layers the computation time is 
reduced with 99.66 %. Another method investigated is to use shell elements instead of 
solid elements for the base plate. This method combined with lumping reduces the 
computation even more. 
A material model of Inconel 625 has been developed and used in the simulations. The 
model has been validated by an experiment taken from literature. During the process, 
temperature at three different points and distortion in one end of the baseplate have 
been collected and compared. The simulated and measured results are in good 
agreement. 
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1. Introduction 
 

In many traditional manufacturing methods the final part is created by starting with a 
solid of material, and then remove material until the final shape is obtained. In 
Additive Manufacturing (AM) the part is created by adding material. The added 
material is melted into the part layer upon layer by a heat source until the component 
is given the final shape.  
The two main components of AM processes are the type of raw material input and 
heat source used to melt the material. The raw material is either in form of a wire or 
powder and the heat source commonly laser beam, electron beam or plasma arc. More 
detailed descriptions of the different AM systems can be found in [1][2]. 
Benefits with AM compared to other manufacturing methods is reduced component 
lead time, material waste, energy usage and the possibility to create parts with more 
complex shape [2]. Areas with particular interest of AM are the aerospace industry 
where reducing material waste is very important since the material cost is high. 
Another area is the medical industry where AM is used for medical implants, 
orthopedics and hearing aid. Due to the individuals unique physiology every 
manufactured product in this area is unique and then AM fits perfect for this purpose 
since the component lead-time is short.  

Two AM methods important for the present work is AM with powder bed and 
directed energy deposition that is a powder feed system [1]. 

Figure 1 shows an illustration of a powder bed system. A powder bed is created by 
raking a layer with powder across the work area. Then the laser beam melts the 
powder into the part, where the pass is programmed to obtain the desired shape. Then 
a new layer of powder is added and the process is repeated. 

 
Figure 1. AM Powder Bed System process [1] 

 

The main advantage of powder bed systems compared to other AM systems is the 
ability to produce high-resolution products [1]. This is because in AM powder bed the 
added layers are thin, only 20-200 µm [2], resulting in long process times. Due to that 
this system is used only for smaller products, for example machine ARCAM (A2) has 
a maximum build volume of 200 x 200 x 350 mm [1]. 
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The powder feed system is shown in Figure 2. In this method powder is blown onto 
the component through a nozzle and melted in to it by the heat. The path is 
programmed so that the layer achieves the desired shape. After one layer, the 
remaining layers are added until the final shape is achieved. There exist both systems 
where the work piece remains stationary, and the deposition head moves and where 
the deposition head remains stationary and the work piece moves.  

 

Figure 2. AM Powder Feed system process.   
 
The advantages of this system include the large build volumes and the ability to use to 
refurbish components that are damaged. An example of the large build volume is the 
machine Optomec LENS 850-R with a build volume of 900 x 1500 x 900 mm [1]. 

 

1.1 Background 
 

The AM process is similar to multipass welding as the material in both cases 
undergoes heating and cooling multiple times. Therefore, when modeling AM earlier 
research of multipass welding is useful. 
In the AM process the material undergoes repeated heating and cooling as more layers 
are added. This has the effect that undesirable distortions and stress is built in into the 
material. In a survey performed in 2014 [3], 47% of the surveyed manufacturers 
indicated that uncertain quality of the final product was a reason to not introduce AM. 
In the last years much research has been used for simulating AM with aim to predict 
distortions and residual stresses generated in the manufacturing process [4]. With the 
possibility to simulate the process the manufacturers can chose process parameters as 
scanning speed, scanning pattern and dwell time so that the lowest possible distortions 
and residual stresses occurs. There are models today for simulating AM but they are 
so computationally demanding which makes them usable for small models only [5]. 
Therefore, there is a need for more computationally efficient models which can be 
used for simulation entire manufacturing processes. Much of the research in recent 
years has been performed to bring forth more computationally efficient models, both 
for multipass welding [6] but also for AM [5][7] and also this work is about methods 
that can be used to reduce the computational effort when modeling AM.    

This thesis work is conducted at Luleå University of Technology, in research area 
Material Mechanics. The research area has received a grant from the Swedish 
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Foundation for Strategic Research to a project about Additive Manufacturing in metal 
focusing partly on super alloys but also amorphous metals. The project started 1 of 
January 2016 and this work is a part of that project. 
 

1.2 Scope of Work 
 

A method for simulation of additive manufacturing where the added material is wire 
has earlier been produced at Material Mechanics at Luleå University of Technology. 
The aim of this work is to investigate if it is possible to detect new methods to 
simulate AM powder bed with reasonable computation time so that the model can be 
used in practice. In AM powder bed the added layer is much thinner compared to 
when the added material is in the form of wire and if the method produced earlier is 
applied for AM powder bed it will result in very long computation time. One method 
to be investigated in this work is lumping strings together instead of modeling every 
single string. How well do the results agree and how much computation time can be 
saved. The work also contain a literature study, from the latest research, to find other 
methods to reduce the computation time. And if a method is found, estimated to fit in 
the scope for this project, this method will also be investigated in the same way as 
lumping strings together. A literature study will also be performed to make a material 
model of the material to be used, which is Inconel 625.  

The questions that is desirable to answer during this project are the following: 

• Is it possible to use the method lumping passes together in modeling AM? 
How much time can be saved with this method? 

• Are there other methods that can be used for modeling AM to reduce the 
computation time?  

  

1.3 Delimitations 
 
The time deposited for this project is 20 weeks of full time work for 1 person. In the 
project it would be desirable to perform experiment to verify the results of the 
simulations. However, due to the limited time no experiments can be conducted. 
Instead a literature study is done to search for experiments from earlier research and 
use that result to compare with the result in this project. The project is also limited to 
the knowledge in the project group and the software’s available were MSC.Marc 2014 
is used for the simulations. Also Matlab R2015b has been used to evaluate the results. 
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2. Computational Additive Manufacturing 
 

In this chapter the theory for the simulation model used in this work is described and 
also ways methods to reduce the computation time. 

A common way to simulate the AM process is with a simulation model using the 
finite element method (FEM). FEM has the capability to solve both thermal and 
mechanical problem. In FEM the geometry is divided into elements with nodes in 
each corner that binds the elements together. The time is also divided into time steps 
and discretize in this way make it possible to solve transient problems for complex 
geometries. 

In this work a transient coupled thermo-mechanical model is used to be able to 
capture the behavior when the component becomes distorted and stress is induced 
during manufacturing because of the repeated heating and cooling as material is 
added. In AM simulations it has been found possible to decouple the modeling from 
the physics of the welding process and also ignoring fluid flow and still get models fit 
for purpose. Thus a heat input model replaces the physics of the weld pool, see Figure 
3.   

 
Figure 3. Modeling of AM replacing details of molten region with a simplified heat 
input model [8]. 

Lindgren [9] also mentions that in many earlier works the fluid flow in the molten 
pool has been imitated by increasing the thermal conductivity dramatically at 
temperatures over the melting point.  
Simulating AM also differs from other FE simulations as material is added to the 
model during the simulation. That is modeled by using quiet or inactive elements for 
the added material. The simulation model is described more in detail in the following 
sections. 
 

2.1 A coupled thermo-mechanical analysis 
 
The coupling between the thermal and mechanical field can be obtained by a 
staggered solution procedure, see Figure 4. This means that at one time step the 
thermal field is first solved. This is iterated until the solution converges and is within 
a pre-determinated tolerance. Then the solution of the temperature field is used 
together with the temperature dependent material properties as input when the 
mechanical field is solved. In the same way as for the thermal case the mechanical 
solution is also iterated until the solution converges. The temperature dependent 
material properties are updated every time the thermal field is solved.   
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Figure 4. Solution procedure for a coupled thermo-mechanical model [10]. 
 
 

2.2 Heat Source 
 

When modeling AM it is not common to model the entire heat input process but 
instead use a simplified heat input model. Most common [7] is that a heat flux load is 
added to the elements in the model where the heat source is placed by some specific 
distribution. In this work the double ellipsoidal heat source proposed by Goldak et al 
[11] is used, see Figure 5. The arc is moving in the !!-direction according to the 
figure. The heat source consists of two elliptic regions, one in the front of the arc 
centre, described by Equation (1),  
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!!!!
!!! !

!!!!
!!  , (1) 

 
and one behind the arc centre, described by Equation (2),    
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!, !, !! and !! are shown in Figure 5. The variables !! and !! are defined according to 
Equations (3)-(5): 
 !! + !! = 2 , (3) 
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Figure 5. Double ellipsoid heat source [8]. 
 
 

2.3 Quiet and Inactive element 
 
In additive manufacturing there is two different approaches to model deposition of the 
material, these are the quiet- or inactive element approach [12]. In the quiet element 
approach the element of the deposited material is included in the model from the 
beginning of the process but is given material properties such that they do not affect 
the analysis. Then, when the material is added, the properties for the elements of the 
deposited material change to real material properties. In the inactive element approach 
the elements of the deposited material is not included in the model before they 
becomes activated when the material is added.  
The quiet and inactive element approach has the following pros and cons:  

• A disadvantage of the quiet element approach is that material properties for 
elements corresponding to material not laid has to be tried out. The stiffness 
should be small so that this region do not affect the surrounding part, but too 
small values may lead to an ill-conditioned global matrix. This problem does 
not exist in the inactive element approach.  

• The inactive method give a smaller model since the inactive elements not 
belongs to it. On the other hand, when filler material is added and the element 
is activated there is a need to recompute the matrix profile that takes some 
time.  

Michaleris et al [13] bring forth a new hybrid inactive/quiet model to accelerate 
computer times. The elements are first inactive and then switched to quiet layer by 
layer and then get the real properties when the material is deposited. This reduces the 
computation time since it reduces the repeated equation numbering and initiation of 
the solver. 

In this work the inactive element approach is used. Since there is a thermo-
mechanical analysis used in this work the elements need to be activated both 
thermally and mechanically. This is done in two steps described in next section. 
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2.4 Thermal- and mechanical element activation 
 

What determines when the elements will be activated thermally is the position of the 
heat source. At a particular time step the heat source is located somewhere along its 
predetermined path. Around the heat source there is a search volume as a cuboid and 
if there exist inactive elements, where the center is inside this search volume, they 
will be activated within that time step. This search volume moves together with the 
heat source and in every time step the inactive elements with the center inside this 
heat source will be activated. The mechanical activation works in the same way. The 
difference is that the search volume for the mechanical activation is located behind 
that for the thermal activation which means that the elements become mechanically 
activated after the thermal activation, see Figure 6. The reason for that is to avoid the 
small values of the elastic modulus and yield limit that occurs at high temperatures 
which may cause ill conditioning into the system.  

 

 

Figure 6. Plot of the temperature field during AM including a close-up around the 
heat source showing fully activated elements and elements that are only thermally 
activated (white dashed lines)[8]. 
 
To find out whether the center of the element is inside the search box or not one check 
the winding number between the cross section of the search box perpendicular to the 
welding direction and the center for the element. If the winding number is nonzero the 
center of the element is inside the box. If the center of the element is within the length 
of the search volume in the search direction they will be activated.    

The winding number is checked by calculating the angle between two vertices for the 
cross section with respect to the center of the element and repeat this for all vertices in 
the cross section of the search box. This can be done either in a clock-wise or counter 
clock-wise order. Then the angles are summarized and the result divided by 2!. If this 
result has the value 0 the point is outside and the point is inside the cross section if 
this is nonzero. 
When the points are chosen in clock-wise order the winding number will be positive 
and negative if the points is chosen in a counter clock-wise order. If the winding 
number is calculated between a point and the polygon shown in Figure 7, the winding 
number become zero if the point is outside the polygon, ±1 if the point is in the light 
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grey area and ±2 if it is in the dark gray area depending on if the vertices is chosen in 
a clock-wise or counter clock-wise order.              

 

Figure 7. Illustration of magnitude of winding number in a non-simple polygon [10].   
  

 

2.5 Approach using an Eulerian formulation.  
 
Most models today use a transient analysis with a lagrangian formulation which 
means that the heat source move and the material is fixed. A new method is described 
by Ding et al. [5][14] where they use an eulerian formulation so that the heat source is 
fixed and the material moves through the mesh. With this method the problem can be 
solved in a single step for every added layer instead of solving for every time step. 
Moreover, the mesh doesn’t need a uniformly high density along the heat source path. 
With this model Ding et al saved 99.2 % computation time compared to a 
conventional transient model with lagrangian formulation. However a disadvantage 
with this method is that it only works for simple geometries [15].  

 

 

Figure 8. Model with different reference frames [14]. (a) Lagrangian reference frame. 
(b) Eulerian reference frame. 
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2.6 Adaptive meshing 
 

Adaptive meshing means that the mesh change during the analysis. For example the 
mesh density may change depending on the value of the thermal gradient. If the 
gradient exceeds a certain value the element divides into smaller elements to obtain a 
better result. Another controlling variable can be strain gradient. The properties and 
results, such as temperature and strain, are then transmitted from the original to the 
created elements. The way to handle the process of splitting the element can be done 
in different ways. One is to use graded elements that has been used by McDill et al 
[16] and another is multi point constraint of inter-element node used by Berglund et al 
[17]. This methods is shown in Figure 9.  

 

Figure 9. Graded elements and multi point constraint of inter-element node. 
 
Another way of adaptive meshing is described by Denlinger et al [15]. Layers located 
two layers under the active deposition are merged as shown in Figure 10. Then there 
is always at least one thin layer below the deposition. This method fits well for large 
parts to reduce the computational expense.   
  

 
Figure 10. The mesh coarsening algorithm merges two layers of elements and deletes 
an entire plane of nodes [15]. 

Patil et al [18] also formulate a type of adaptive meshing. In the method there is a box 
with finer mesh that moves through a domain with coarser mesh as shown in Figure 
11. This is useful in additive manufacturing processes where the box with finer mesh 
moves along with the heat source. When the box with the finer mesh moves, as shown 
in Figure 12, the properties for the new elements is then interpolated from the old 
elements properties. In this method the entire stiffness matrix doesn’t need to be 
reassembled every time the mesh changes as in traditional adaptive meshing and this 
reduces the computation time. The number of elements also remains the same during 

J. Liljemark Mattsson - Simplifications of Simulations in Additive Manufacturing 

16 
 

A solution to this is to coarsen the mesh back to the parent element when the refinement 
is no longer needed, meaning there is only small gradients left in the elements. 

To determine when to split elements Berglund uses the temperature gradient in the 
element and compares it with a maximum allowed temperature gradient, Equation (8), 

 
∇T

∇Tmax
> 𝑓. (8) 

Here 𝑓 determines if the element is to be split, and this constant is determined by the 
user prior the start of the simulation. To determine if the mesh can be coarsened, an 
equal method can be used. If coarsening is used the program used must support the 
feature of lumping together two elements too one.  

 

Figure 10. Graded elements and multi point constraint of inter-element node 

2.5.2. Substructuring 
Another way to reduce the computational cost, that Lundbäck describes [8], is to use a 
substructured model that has a local body, which handles the non-linearities in the 
problem; while the global model is treated as a linear-elastic problem. This makes it 
important that the local model is large enough to include all non-linearities in the FE 
model. 

Substructuring is often, [8] & [15], only applied to the mechanical model while the 
thermal analysis is performed on the global model. Using this technique Lundbäck 
managed to reduce the computational cost with more than 5 times.  
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this analysis so the size of the model is always the same.  

 

Figure 11. Schematic diagram showing FFD-AMRD dynamic mesh [18]. 
 
  

 

Figure 12. Schematic showing old mesh configuration element boundaries (lines) and 
next mesh configuration nodes (square dots) [18].  
   

where N½ " ¼ N1 N2 N3…::N8½ " are the three-dimensional
nodal shape functions of size 1$ 8. Cthermal is computed
once and it has a size of 8$ 8.

(iii) Thermal flux vector formulation
The thermal flux vector RQ of size 8$ 1 is evaluated as
follows:

fRQg ¼
ð

S
ðq r; tð Þ ' n̂ÞNTdSþ

ð

S
hTeNTdS (24)

where q is the input heat flux. dS denotes the surface area
of the element. The second surface integral in Eq. (24) is
valid only when the convection boundary conditions oper-
ate and hence should be employed on those boundaries
only. In this scenario, Te denotes the temperature of the
ambient environment.

Calculation of these matrices and solving Eq. (21) requires sig-
nificant computational effort if uniform mesh density is employed.
In FFD-AMRD Framework for Applications in Spatiotemporally
Periodic Localized Boundary Conditions, a proposed efficient nu-
merical algorithm is presented with mathematical error estimation
rationality for its development.

Fig. 4 Schematic diagram showing FFD-AMRD dynamic mesh

Fig. 5 A brick element with eight integration points. The !B
integration scheme has been incorporated [53].
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FFD-AMRD Framework for Applications in Spatiotem-
porally Periodic Localized Boundary Conditions

In this section, the FFD-AMRD algorithm is described and
applied to metal laser sintering. First, a mathematical rationale for
using refined moving fine mesh is established. The thermal behav-
ior in the case of metal laser sintering can be decomposed into
local and global problems in terms of thermal curvature. It can be
approximately demonstrated using a cylindrical coordinate system
in 2D. Here, thermal flow is assumed to be two-dimesional and
the Gaussian heat flux from the laser is assumed to be an external
heat input as hðrÞ.

k
d2T

dr2
¼ dT

dt
$ k

1

r

dT

dr
$ h rð Þ (25)

The laser is centered at r ¼ 0 with Gaussian flux. The dT/dr term
in the above equation has a magnitude on the order of (1/r2) pro-
vided the integral of the radial flux is maintained constant. The
assumption that laser flux is equal to direct heat input h rð Þ with
Gaussian distribution can be described as

h rð Þ ¼ ce$
r2

2r2 (26)

Substituting Eq. (26) into Eq. (25) and using an order of magni-
tude analysis along with Eqs. (7) and (10) results in Eq. (27)

# k
d2T

dr2

! "
¼ $# 1

r2

! "
$ # ce$

r2

2r2

# $
% # h2

% &
(27)

This asymptotic behavior can be further exploited to increase effi-
ciency of otherwise computationally expensive spatiotemporally
periodic problems. The algorithm for achieving the increased effi-
ciency is described in the next two subsections. A nonlinear as-
ymptotic expansion decomposition of this problem has been
attempted [33].

Fast Sorting Methodologies to Increase Data Transfer
Between Meshes. The algorithm for interpolation of degree of
freedom (DOF) information from a node in a previous spatial
mesh configuration to the next spatial mesh configuration depends
on the implemented method. In the present work, an inverse iso-
parametric interpolation strategy has been used. This strategy
searches a target element in the next spatial mesh configuration in
close proximity to the nodes present in the previous spatial mesh
configuration. This search is expensive to perform though most of
the nodes in the coarse mesh have a one-to-one correspondence
between the present spatial mesh configuration and the next one.
Henceforth, the number of calls for searching a target element in
the next mesh configuration is largely reduced. Moreover, the
search is not exhaustive in nature. The element in the next mesh
configuration has defined bounds and the nodes falling between
those bounds are used for interpolation, as shown in the schematic
in Fig. 6.

X and y bounds are shown with local isoparametric target ele-
ment axes f and e.

The fast sorting strategy is described using set theory based
mathematical equations from Eqs. (28)–(37)

Mesho ¼ f No;Eoð Þ
MeshN ¼ f NN;ENð Þ

(28)

where subscript O denotes the previous (old) mesh configuration
and subscript N denotes the next (new) mesh configuration. Figure
6 shows nodes in two different consecutive configurations. Mesh
denotes the connectivity of node (N) and element (E), respec-
tively. Each component of the mesh array (Mesh) consists of one

element number and eight node numbers in a strictly positive
triple product sequence

cord Nð Þ ¼ XN; YN;ZN½ ' (29)

where the cord Nð Þ function denotes the three-dimensional loca-
tion of a particular node (N) consisting of a position vector triplet
XN; YN;ZN½ 'T

cord NOð Þ\cord NNð Þ ¼ G (30)

NC ¼ cord$1 Gð Þ (31)

where node (NC) denotes the common nodes between the previous
and next mesh configurations

f NC;Eoð Þ ¼ f NC;ENð Þ (32)

which solves for the elements EC, common to both previous and
next mesh configurations

Eo $ EC ¼ ENCO (33)

where element (ENCO) denotes the uncommon nodes present in
the previous mesh configuration

NN $ NC ¼ NNCN (34)

where node (NNCN) denotes the uncommon nodes present in the
next mesh configuration

Bound ENCOð Þ ¼ ½Xini;NCO;Xini;NCO; Yini;NCO;Yini;NCO;

Zini;NCO; Zini;NCO' 8cord NNCNð Þ 2 Bound ENCOð Þ
(35)

as shown in Fig. 7.
There exists a pair states that

Pair NCN;NCOð Þ ¼ ½NNCN; TðNNCNÞ' (36)

Fig. 6 Schematic showing old mesh configuration element boun-
daries (lines) and next mesh configuration nodes (square dots)

041001-6 / Vol. 137, AUGUST 2015 Transactions of the ASME

Downloaded From: http://asmedigitalcollection.asme.org/ on 03/09/2016 Terms of Use: http://www.asme.org/about-asme/terms-of-use
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3. Method 
 

This chapter will present the methods used during the work. The work can be divided 
into different parts, where the first was to make the material model. The next was to 
find an experiment from the literature to imitate with the simulation and in that way 
validate the simulation results. When an experiment was founded the work started to 
set up and calibrate a simulation model. Finally, when all previous steps were 
completed the work started with methods to reduce the computation times. One 
method was lumping layers, but there was also another method decided during the 
work that was seen as appropriate in the context of this project. The different parts are 
described more in detail in this chapter.  
The idea in the beginning of the project was to use an experiment with laser powder 
bed from the literature to validate the simulation model. However, no experiment with 
laser powder bed was found and therefore an experiment with directed energy 
deposition (DED) performed by Denlinger et al [4] was used instead. DED is a 
powder feed system [1] where powder is blown through a nozzle onto the part and 
melting with a heat source. Powder bed and DED is similar processes, however there 
are differences. The layer thickness in DED is greater, in this experiment the layer 
thickness is 0.9 mm compared to powder bed were it is 0.02-0.2 mm [2]. Another 
difference is that in DED the component is throughout the process surrounded by air 
while in powder bed it is surrounded by powder.  

Regarding the methods to reduce computation time the aim was to see how well the 
methods work and how much time that can be saved with these methods. A question 
then becomes how the methods should be compared to that case where no method is 
used to find out how accurate results the methods provide. In the experiment found in 
literature, used to validate the simulation, in-situ measurements of temperature at 
three different points and distortion at one point of the component is made. The 
history of temperature and distortion in these points is also used as results in all 
simulation models. Of course the history in other points could have been used to 
compare simulations against each other but this information was considered enough to 
get the comparison credible.      
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3.1 Material Model of Inconel 625 
 

To be able to perform a simulation and obtain accurate result it is important to have a 
material model that explains how the material behaves at certain conditions. The most 
common way to model a material is that through experiment bring forth different 
material properties at different conditions. For example the property could be 
Young’s Modulus that is temperature dependent. Interpolation is then performed 
between these measured data points, see Figure 13, to obtain the Young’s Modulus 
for the entire temperature range. 

 

Figure 13. Temperature dependent Young’s Modulus. 
 
The material properties that were considered most important to describe the material 
behavior in AM simulations were used in the material model for this work. The 
following properties were used:  

• Thermal Conductivity, Specific heat Capacity, Thermal Expansion, Young’s 
Modulus, Flow Stress, Latent heat. 

The properties are dependent of different variables where all of them are temperature 
dependent. The flow Stress is depending on both effective plastic strain and 
temperature. To describe latent heat the information needed is temperature interval for 
phase changes and the latent heat in energy per unit mass for corresponding phase 
change.  

The material data was found for temperatures from room temperature up to about 
1000 °C. The data for Coefficient of Thermal Expansion, see Figure 14a, is taken 
from the sources Jacquet [19], Davis[20] and AMES [21], for Thermal Conductivity, 
see Figure 14b, Specialmetals [22], Haynes [23] and Maglic [24] were used, for 
Specific Heat Capacity, see Figure 15a, Specialmetals [22], Haynes [23] and Maglic 
[24] and for Youngs Modulus, see Figure 15b, Specialmetals [22], Haynes [23], 
Isolthermics [25] and Jacquet [19].  
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The figures also show a curve with the values used in the simulations. For all material 
properties the curve between room temperature up to about 1000°C is created by 
choosing values from one of the sources and do a linear interpolation between the 
points. For temperatures above 1000°C the curve is extrapolated by using the similar 
material Inconel 718 were it exist values at higher temperatures and extrapolate in the 
same way as for this material. A cut-off is done for the material properties outside the 
temperature interval with known material data, which means that the material 
property for all temperatures over this temperature interval is the same as for the last 
known value. 

 
         (a)         (b) 

Figure 14. (a) Coefficient of Thermal Expansion. (b) Thermal Conductivity 
 
The thermal conductivity increase dramatically close to the melt temperature. This is 
because fluid flow in the melt pool has been imitated in this way in many earlier 
works as explained in chapter 2.       

 
         (a)             (b) 

Figure 15. (a) Specific heat Capacity. (b) Youngs Modulus. 
 

The values of the specific heat capacity taken from Maglic [24] shows a different 
behavior compared to the other sources. A peak take place around 700 °C indicating 
that there is some phase change taking place. The latent heat from this phase change 
is however much smaller than the latent heat at melting/solidification. 
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The Young’s modulus used in the simulation never become so small in the model as 
happens in the reality. This is because too small values of the Young’s modulus at 
high temperatures may cause ill conditioning into the system. 
The density used in the simulation model is 8.44 g/cm3 [19]. The latent heat is shown 
in Table 1. The latent heat for the interval 650- 800 °C is calculated based on Figure 
15a and for the interval 1189-1336 the latent heat is a mean value from experiment 
[26] with a cooling rate of 0,15-0,17 K/s.   

                         Table 1. Latent heat 
Temperature interval (°C) Latent heat (kJ/kg) 
650  - 800 9 
1189- 1336 270 

 
The data found for the flow stress model is shown in Figure 16. The curves show the 
yield stress at temperatures 21°C [27], 400°C [28], 650°C [29], 950°C [30] and 
1000°C [30]. In addition to effective plastic strain and temperature, another thing that 
affect the stress-strain curve is strain rate. In this flow stress model stress-strain 
curves with low strain rates has been used due to the slow solidification process. 

 

Figure 16. Flow stress Model. 
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The values from the different sources are summarized in Table 2 and Table 3.  

Table 2. Summarized material data from the different sources. 

Temperature (°C) 

Coefficient of 
Thermal 
Expansion  
(10-6/°C) 

Temperature (°C) Specific Heat 
Capacity (J/kgK) Temperature (°C) Youngs modulus 

(GPa) 

Jacquet [19]   Specialmetals [22]   Specialmetals [22]   
93 12.8 21 410 21 204.8 

204 13.1 93 427 93 200.6 
316 13.3 204 456 204 193.7 
427 13.7 316 481 316 187.5 
538 14.0 427 511 427 180.6 
649 14.8 538 536 538 173.1 
760 15.3 649 565 649 165.5 
871 15.8 760 590 760 157.2 
927 16.2 871 620 871 148.2 

Davis [20]   982 645 Haynes [23]   
538 14.0 1093 670 21 208 
871 15.8 Haynes [23]   100 201 

amesweb [21] 
 

21 410 200 199 
21 12.8 100 428 300 192 

Temperature (°C) Thermal 
Conductivity 
(W/mK) 

200 455 400 186 
300 477 500 179 
400 503 600 171 

Specialmetals [22]  500 527 700 163 
21 9.8 600 552 800 153 
38 10.1 700 576 900 142 
93 10.8 800 600 1000 126 

204 12.5 900 625 Isolthermics [25]   
316 14.1 1000 648 20 209 
427 15.7 Maglic [24]   100 202 
538 17.5 50 457.3 200 195 
649 19.0 100 462.8 300 190 
760 20.8 150 468.2 400 185 
871 22.8 200 473.5 500 178 
982 25.2 250 478.9 600 170 

Haynes [23]   300 484.6 700 162 
21 9.8 350 491.0 800 153 

100 10.9 400 497.8 900 142 
200 12.5 450 504.2 1000 128 
300 13.9 500 511.0 Jacquet [19]   
400 15.3 550 520.6 21 205 
500 16.9 600 530.2 93 200 
600 18.3 620 534.6 204 195 
700 19.8 640 546.1 316 190 
800 21.5 660 586.9 427 185 
900 23.4 680 644.2 538 175 

1000 25.6 700 702.0 649 170 
Maglic [24]   720 664.4 760 160 

200 13.0 740 638.3 
250 13.7 760 626.2 
300 14.5 780 620.3 
350 15.4 800 618.6 
400 16.2 850 621.1 
450 17.1 900 626.9 
500 17.9 950 634.4 
550 18.9 1000 642.3 
600 19.9 
800 23.9 
850 24.6 
900 25.5 
950 26.5 

1000 27.5 
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Table 3. Material data for the Flow Stress model. 
True Stress (MPa) 

True Strain 21°C [27] 400°C [28] 650°C [29] 950°C [30] 1000°C [30] 
0.000 490.0 402.0 346.0 116.0 75.0 
0.005 537.6 460.0 357.5 178.1 100.0 
0.010 567.0 490.0 373.8 222.0 115.0 
0.015 591.0 514.0 387.5 250.1 136.5 
0.020 612.6 531.5 401.4 270.0 150.5 
0.030 652.6 568.1 432.2 290.0 170.7 
0.050 732.9 626.8 488.7 319.6 207.1 
0.080 827.7 696.7 576.0 340.2 222.7 
0.120 939.6 788.5 665.3 350.1 226.2 
0.200 1154.2 951.4 796.8 349.4 228.9 
0.280 1352.5 1075.4 955.1 337.2 228.9 

 

 

3.2 Experimental setup 
 

The experiment used for validation was performed by Denlinger et al [4]. By using 
the method directed energy deposition (DED) a wall is build up on a substrate plate, 
see Figure 17. The experiment in the paper consisted of different cases with different 
materials and dwell times and the case used in this work was that with material 
Inconel 625 and a dwell time between layers of 4 s.  
 

 

Figure 17. Experimental Setup[4]. 
 
The wall deposited on the substrate is 38.1 mm tall, 101.6 mm long and 6.7 mm wide 
while the substrate plate is 152.4 mm long 38.1 mm tall and 12.7 mm thick. The 
deposit is made at a laser power of 2kW and a laser speed of 10.6 mm/s. 

The wall consists of 42 layers where each layer consists of three strings. Figure 18 
shows the laser path order during the deposition where Figure 18a is current for odd 
layers and Figure 18b for even layers. 
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Figure 18. Laser path order during the deposition for (a) odd numbered layers and (b) 
even numbered layers [4].  
 

In the experiment in-situ measurements is taken. Measurements from the experiments 
that is used to validate the simulations is temperature in three different thermocouples 
and distortions from a laser displacement sensor (LDS), see Figure 19. The figure 
shows the substrate from below where the clamp is positioned in the left end. Three 
thermocouples are used where TC3 is placed in the same x-position as the left end of 
the wall build up and TC1 in the same as the right end and TC2 in the middle. In the 
experiment a laser displacement sensor is also used to measure the distortion of the 
substrate. How this is done is shown in Figure 20.  

 

 

Figure 19. Bottom of the substrate showing the thermocouple (TC) locations and the 
LDS measurement[4]. 
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Figure 20. Distortion of the substrate during the deposition process [4]. 
 

 

3.3 Modeling Setup  
 
The models for the simulations were made with the same geometry as the component 
in the experiment described in section 3.2. In the simulation, the complete geometry is 
modeled from the beginning, see Figure 21, even the material belonging to the 
material added during the process. However, these elements are made inactive in the 
beginning of the simulation. The inactive element approach is thus used.  

The mechanical boundary condition applied caused the nodes at the bottom of the 
substrate in contact with the clamp was fixed in the plane but applied in such way that 
no stress would occur in the elements between the clamps due to the thermal 
expansion. The thermal boundary condition used is convection and radiation at all 
free faces of the component except at the top faces of the added strings. The reason 
for removing the boundary condition at these top surfaces is that the simulations 
become much easier. The heat transfer that takes place through the area in contact 
with the clamps is modeled by using a thermal face film with a film coefficient 
describing the amount of heat passing that area. 

 

Figure 21. Simulation model used for calibration.   
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The number of elements for all models in the following sections is compiled in Table 
4. 

Table 4. Number of elements for the simulation models. 
  Number of elements 

Fine model 59736 
Coarse model 7683 
Lumping 3 layers 3819 
Lumping 6 layers 3819 
Lumping 14 layers 3543 
Lumping 3 strings 7683 
Lumping 3 strings & 2 layers 4785 
Lumping 3 strings & 3 layers 3819 
Shell elements, coarse model 6425 
Shell elements, lumping 3 layers  2561 

  

 

3.4 Calibrating the simulation model 
 

The first task was to calibrate the simulation model by changing different parameters 
until the results was reasonably the same as the measured from the experiment. 
Example of parameters to change was efficiency at the heat source, size and shape of 
the heat source model and coefficients describing convection and radiation to the 
surroundings. A coupled thermo-mechanical simulation is used in the software 
MSC.Marc 2014. The model used is shown in Figure 21. 

It would have been desirable with a model that contained as small element as possible 
to obtain accurate results when calibrating the simulation model but a finer model 
would also make the computation times longer. The model in Figure 21 was used for 
the calibration because the computation time was kept within reasonable limits 
(around 14 h). This model contained 7683 elements. After the calibration was 
completed a simulation with a finer model with selected settings from the calibration 
was also performed to compare with the experiment. The finer model consisted of 
59736 elements, see the model during simulation in Figure 22.  
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Figure 22. Model during simulation. 

      

3.5 Modeling Lumping Layers 
 

Lumping can be performed in different ways and in this work two ways were used 
that were considered most natural to try. The first way is shown in Figure 23 and 
Figure 24. In this case only layers is lumped and not strings from the same layer. In 
the second way, Figure 25 and Figure 26, strings and layers are lumped. For these 
cases the heat source only makes one pass, and not three beside each other, before it 
change direction since all elements in one layer are in the added string. The numbers 
of elements for each lumping model are shown in Table 4.  
 

 
                              (a)  (b)  
Figure 23. Lumping layers. (a) A simulation without lumping. (b) Lumping 3 layers. 

Original shape 
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  (a)      (b) 

Figure 24. Lumping layers. (a) Lumping 6 layers. (b) Lumping 14 layers. 
 

 
  (a)      (b) 

Figure 25. Lumping strings and layers. (a) Lumping 3 strings. (b) Lumping 3 strings 
and 2 layers.  
 

 

Figure 26. Lumping 3 strings and 3 layers. 
 
As one can se from the figures the element size of elements that belongs to the added 
material for lumping is larger for most cases. This is not something that affect the 
result negative because in FEM the result become best when the element is as cubic as 
possible. Therefore, in most lumping cases the opportunity arises to make the 
elements larger and with fewer elements in the model the computation time will 
reduce. However this will not work for all cases. For example in Figure 25a, the only 
way to merge and make the element larger would result in a less cubic shape which is 
not recommended.               
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The method used for lumping that turned out to work well was to keep the same 
settings as when the entire process is simulated but only change the time step, total 
time for the welding and cooling case and speed of the heat source. Depending on 
how many strings that were lumped in a particular case, the time step and total time 
for welding and cooling case increases and the speed of the heat source decreases by a 
factor equal to the number of lumped strings for that case. For example if three strings 
are lumped together, the time step and total time for the welding and cooling case are 
multiplied by three and the heat source speed is divided by three. This is also 
explained in Table 5. 

           Table 5. Changed settings in the simulation model when lumping layers. 
 Simulate entire process Lumping n layers 

Time step t t*n 

Heat source speed v v/n 

Total Time for welding case Tw Tw*n 

Total Time for cooling case Tc Tc*n 

 

 

3.6 Modeling with baseplate in shell elements 
 

Another method to save computation time was to model the baseplate with shell 
elements. This was done for the coarse model and also one case of lumping, lumping 
3 layers. With shell elements the number of elements for the baseplate becomes a 
third compared with if it would be modeled with solid elements. The numbers of 
elements for these models are shown in Table 4. 

 
(a)      (b) 

Figure 27. Base plate in shell elements. (a) Entire process coarse model. (b) Lumping 
3 layers.  
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4. Result 
 

4.1 Calibration result 
 
The calibration was done with the model shown in Figure 21 until the results were 
reasonably like the experimental results. When this was done a simulation with the 
finer model in Figure 22 was performed and this result is compared with the 
experiment, see result in Figure 28. The result from lumping and modeling baseplate 
in shell elements described in section 4.2 and 4.3 is compared against this simulation 
result with the fine model. 

   

Figure 28. Temperature and distortion results after calibration. Fine model compared 
with experiment.  
 
The parameters estimated from the calibration are shown in  Table 6. Since the heat 
transfer between the component and the fixture is modeled as convection it is 
described by a film coefficient, hfixture. The other parameters are film coefficient 
(convective heat loss), h, emissivity (radiative loss), e, to the surrounding air, heat 
source efficiency, η, and heat source parameters a, b, cf, cr as described under heading 
2.2. 

 Table 6. Parameters from the calibration 
hfixture (W m-2 K-1)  h (W m-2 K-1) e η a (m) b (m) cf (m) cr (m) 

500 20 0.43 0.35 0.002 0.002 0.002 0.004 

 

The results of the coarse model compared with the fine model are shown in Figure 29. 
The difference between these models is the number of elements, see Table 4. 
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Figure 29. Results after calibration. The coarse model compared with the fine model. 
  

 

4.2 Lumping result 
 

In this section the results from lumping is presented. The compared points are the 
same as earlier, temperature in the points where the thermocouples are placed and 
distortion where the LDS is placed in the experiment. All lumping cases are compared 
with the simulation model shown in Figure 22.   

  

 
Figure 30. Lumping 3 layers. 
 
 

 
Figure 31. Lumping 6 layers. 
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Figure 32. Lumping 14 layers. 
 
 

 
Figure 33. Lumping 3 strings. 
 
 

 
Figure 34. Lumping 3 strings and 2 layers. 
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Figure 35. Lumping 3 strings and 3 layers. 
 

4.3 Results when modeling the baseplate with shell element 
 

Two different results are presented when the baseplate is modeled with shell element. 
First the result when the entire process is simulated where a comparison when the 
baseplate is modeled with shell elements compared to when the baseplate is modeled 
with solid elements. Lumping is also performed when using shell elements and the 
result is compared with the same model as in the other case for lumping. 

 
Figure 36. Shell elements, Coarse Model. 
  

 
Figure 37. Shell elements, lumping 3 layers.  
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4.4 Computation time  

The computation time for different simulations is compiled in Table 7. The table also 
contains the reduction of computation time for the lumping models compared with the 
original coarse model. It would have been more correct to use the fine model as 
reference for the reduction of computation time as the other results are compared with 
that model. The lumping models are however so much faster than the fine model and 
therefore using the coarse model as reference give a better relative feeling. For all 
simulations, multithreading with 4 threads have been used.  

Table 7. Computation time for the simulation models. 

  Computation time Reduction of the 
computation time (%) 

Fine model 6d 10h 38min - 
Coarse model  13h 40min Reference 
Lumping 3 layers  2h 41min 80 
Lumping 6 layers  1h 31min 89 
Lumping 14 layers 32min 96 
Lumping 3 strings  5h 16min 61 
Lumping 3 strings & 2 layers  1h 59min 85 
Lumping 3 strings & 3 layers 59min 93 
Shell elements, coarse model  10h 25min 24 
Shell elements, lumping 3 layers  2h 3min 85 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 



28 
 

5. Discussion and Conclusions 
 

In this project a material model for Inconel 625 has been developed. It has been used 
in a simulation of additive manufacturing and it was found to provide results that are 
in good agreement compared with experiment. 
The method of lumping strings and layers together can reduce the computation time 
significantly. The method also showed such a good result that it can be used to predict 
residual stress and distortions in a component produced with additive manufacturing. 
Lumping layers gave better results than lumping strings in this case. If lumping 3 
layers is compared with lumping 3 strings and lumping 6 layers with lumping 3 
strings and 2 layers, lumping layers gives shorter computation time. The reason for 
this is the element size of the added material. With larger elements the model contains 
fewer elements and that give a shorter computation time. The possibility to make the 
elements larger exists only for certain types of lumping.  

When taking a look at the results of the cases lumping 3, 6, and 14 layers one can see 
that the temperature and distortion curves are oscillating around the curve for the case 
without lumping. The more layers that are lumped the larger the amplitude of the 
oscillating curves become. But still the curves for the lumped case throughout the 
whole process follow the curve for the original model. If one then uses lumping, it is 
possible from the result to find out what trend the temperature and distortion curves of 
the real process will show. The simulations also show that the temperatures and 
distortions in the end of the process are very similar for the lumping cases and the 
original model. In this case even lumping 14 strings would work well in predicting the 
final displacements that also indicates what the stress become in the component after 
the process.   

The disadvantage with lumping many layers together is that it cause major and rapid 
changes in displacements as one can see from the distortion curves for the lumped 
cases and that may cause problem with the convergence of the solution. The reason is 
that the nodes that belongs to only inactivated elements are not moving before 
activation while the activated elements move together with the baseplate. If the base 
plate move too much, the nodes for the inactivated elements will become inside-out 
and that lead to failure of the solution. Another issue when lumping many strings is 
that the possibility of simulating complex geometries decreases as the height of the 
lumped strings decides the smallest possible layer thickness. 
Modeling the baseplate with shell elements does not show as good result as with solid 
elements for the lumped case. The temperature in the thermocouples show all a higher 
temperature when the baseplate is modeled with shell elements but all other settings 
are kept the same. The reason to this behavior is probably that the boundary condition 
applied at the shell elements describing the convection and radiation is only applied at 
the top and bottom surface and not at the outer faces. When the baseplate is 12,7 mm 
thick it affect the result if the boundary condition at this area is not taken into account. 
For a better model with shell elements some type of boundary condition at the outer 
edges of the shell may be developed.   

The computation time when lumping 14 layers was 32 minutes, 1h and 31 minutes 
when lumping 6 layers and 2 hours and 41 minutes when lumping 3 layers. Compared 
to the original model where the time was 6 days 10 hours and 38 minutes this is a 
reduction by 99.66 % for lumping 14 layers, 99,02% for lumping 6 layers and 98,26% 
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for lumping 3 layers. Thus the computation time is significantly reduced. Modeling 
the baseplate with shell elements in addition to lumping reduces the computation time 
even more.  
 

5.1 Recommendations 
  

Lumping is a good method to reduce the computation time when predicting the stress 
and displacements that will arise in a component. In this work lumping layers showed 
the best result where all cases, lumping 3, 6 and 14 layers gave good results if the aim 
with the simulation is to predict stress and displacements. However, as mentioned 
earlier, lumping too many layers may cause problem with the elements and the 
possibility of simulating complex geometries decreases. To avoid problems with the 
elements, it is advantageous if they are as large as possible. So how many layers 
appropriate to lumping together largely depends on how large the elements can be 
made and the shape of the component. 
Even if lumping can’t be used to simulate very complex geometries it might work to 
use in the early stage in for example development of a new product. The geometry 
may then be approximated and this provides an indication of the final result. Then the 
development process can be controlled in the right direction early in the process.   
 

5.2 Future Work 
 
There are a few things that for different reasons not were performed in this work and 
there are also improvements that can be made to obtain even better simulation 
models. These things are described in this section.  

The plan in the beginning of this project was to simulate an experiment of the powder 
bed method but when no suitable experiment was found an experiment with the 
method directed energy deposition have been simulated instead. The methods show 
many similarities but the thinner layer thickness and powder surrounding the 
component in the case of the powder bed method is parts that differ the method from 
directed energy deposition. For example the surrounding powder instead of air make 
the boundary condition different and after this work, since no powder bed method 
experiment is used, it is still not investigated if it is possible to create boundary 
condition describing the heat transfer to the surrounding powder. Therefore further 
work to be performed is searching for possibilities to simulate the powder bed 
method, either find experiments from the literature or perform oneself.        
More material data is needed for the material model of Inconel 625. The material 
model used in the simulations contained sparsely with information since there was not 
that much material data found in the literature. The material properties can also vary a 
bit depending on how the material is heat treated. This is especially true for the flow 
stress model and therefore it would be desirable with more material data where the 
material is treated in a way that fits well for additive manufacturing.  
Better boundary conditions would have been desirable. The boundary condition 
describing the heat transfer that take place between the component and the fixture is 
in this work modeled as a face film, meaning that the heat leave the component by 
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convection. This is a simplification used because it makes the simulations easier but 
in the reality there is not convection that occurs. Also when it comes to the elements 
belonging to the added material the boundary condition convection and radiation is 
not applied at all faces. No boundary condition is applied at the top face of every 
string and this is also for the reason that the simulations become easier to perform. 
These are the boundary conditions that can be improved which perhaps would result 
in better simulation models.  
Better boundary conditions for the baseplate when modeling with shell elements are 
needed. One can see from the temperature curves of the result that the temperature is 
higher through the whole process when modeling with shell elements so therefore 
some type of boundary condition needs to be developed. Probably the boundary 
condition will be applied at the outer edges of the baseplate so that more heat is 
emitted from the component. 
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