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Problem area 

In recent years, metal additive manufacturing (AM) has seen a significant growth in 
its application in the industry as it enables the manufacturing of complex parts with 
increased functionalities and lower weight. In the aerospace industry the 
employment of metal additive manufacturing can have great economic and 
environmental benefits, as total weight and manufacturing time of aircraft 
components can be significantly reduced. A critical aspect for parts in the  
aerospace industry is safety and certification, which is a large obstacle for additive 
manufactured parts to be incorporated in any aircraft. Related to safety and 
certification is the fatigue life of the additive manufactured components. Due to 
the inherent properties of the metal AM process the fatigue life of these parts is 
often difficult to predict, which is problematic for certification. This study aims to 
improve the fatigue prediction of AM aircraft fuselage components (complex frame 
joints) by including the effect of residual stresses using a virtual manufacturing 
process chain.  

Description of work 

This report describes the development of a virtual process chain framework for the 
wire based Laser Metal Deposition process (LMD). The main focus is to determine 
process induced residual stresses and its influence on the fatigue life of metal AM 
components. To this end, a low fidelity simulation method for the LMD process is 
calibrated and validated. Process simulations of the subsequent postprocesses are 
implemented in a modular fashion and chained with the LMD simulation to obtain 
the evolution of the process induced residual stress and deformation throughout 
the process chain.  
This virtual process chain is demonstrated on a fictional use-case of a simple 
bracket. By including the residual stress in a fatigue life prediction of the bracket 
the (qualitative) influence of different process steps on the fatigue life is 
investigated. 
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Results and conclusions 

The developed virtual process chain can be implemented to obtain estimations of 
the effect of different process steps on the fatigue life of wire based LMD parts.  
The low fidelity method as employed for the analysis of the LMD process was 
found to sufficiently predict residual stress and deformation for implementation in 
the virtual process chain. However, further research is required to establish limits 
for when new calibrations are required. 
The modular implementation of subsequent post-processing steps was successful, 
however further validation of the simulations of individual post-processing steps is 
required. Since experimental validation has only been performed for the LMD 
process simulation, the post-processing steps are purely based on literature, and 
not yet validated experimentally. This validation is critical to ensure that the 
determined fatigue life is also quantitatively a sound estimation. 
To validate the complete virtual process chain and the predicted fatigue life of the 
manufactured part a comparison of the estimated fatigue life and the actual 
fatigue life is required. 

Applicability 

The proposed framework can be used to optimize the process chain as well as 
individual process steps to maximize the fatigue life of a component manufactured 
by wire based LMD. As it is a virtual method, this optimization can be performed 
with minimum material costs as with the “trail-and-error” method. 
To better support the certification process of LMD manufactured components in 
aerospace, the fatigue life prediction should also give quantitatively accurate 
results. To this end additional validation will be required.  
Due to the modular set-up of the framework, validated process simulations of 
additional or replacing steps can easily be added. Therefore, this method can be 
easily adjusted to be used for different process chains as well as for completely 
different fabrication methods. 
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Summary 

As virtual manufacturing in additive manufacturing (AM) becomes more mature, the benefits of using this technology 
increases. Virtual manufacturing simulations often capture only one step in the AM process chain decoupled from the 
subsequent steps. However, all steps in the process chain influence the final product in their own way. Therefore, this 
study focusses on the development of a virtual manufacturing framework to perform sequential process simulations 
of the complete process chain for AM parts. This framework can ultimately be used to obtain insights on the effect of 
additional processes or process variations on the final product. In this study, the framework is used to obtain insights 
on the effect of residual stress due to the laser metal deposition (LMD) process on the fatigue life of the final part. To 
this end, a calibration and validation of a part-scale LMD process simulation is performed to obtain deformations and 
residual stresses. This is followed by a heat treatment simulation to determine the effect of post heat treatment on 
the deformation and residual stresses of the final part. As the numerical simulations of the post-processes are purely 
based on literature and not validated experimentally, the simulations can only be used to qualitatively estimate the 
residual stresses after post-processing. By combining the residual stress field with externally applied loads, the effect 
of different process steps on the fatigue life is investigated. To demonstrate this framework, the full virtual process 
chain of a fictional use case for a simple aerospace bracket is analyzed to observe qualitatively the influence of 
individual process steps on the fatigue life of the final component. 
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1 Introduction 

In recent years, metal additive manufacturing (AM) has seen a significant growth in its application in the industry as it 
enables the manufacturing of complex parts with increased functionalities and lower weight. In the aerospace 
industry the employment of metal additive manufacturing can have great economic and environmental benefits, as 
total weight and manufacturing time of aircraft components can be significantly reduced. A critical aspect for parts in 
the aerospace industry is safety and certification, which is a large obstacle for additive manufactured parts to be 
incorporated in any aircraft [1]. Related to safety and certification is the fatigue life prediction during design and 
fatigue performance during in-service use of aircraft components. This study aims to improve the fatigue prediction of 
AM aircraft fuselage components (complex frame joints) using a virtual manufacturing process chain. 
Due to the characteristics of most metal AM processes, as-build AM parts often contain a large amount of residual 
stresses, rough outer surfaces and defects [2]. It has been repeatedly shown that these properties of metal AM parts 
are detrimental for the fatigue behaviour [3, 4, 5]. To this end, metal AM parts are often post-processed by machining 
and heat treatment to limit the surface roughness, reduce the residual stress and therefore improve the overall 
fatigue properties [4, 6]. To help with the eventual certification of the complex aerospace metal AM parts, numerical 
modelling could help with providing insights in process induced effects and improve process control [1]. However, as 
post-processing of metal AM parts is often required and adds a significant amount of work to the process chain, full 
process chain simulations could add significant insights on the properties of the final product [7].  
Extensive research on process chains for forging, extrusion and other common manufacturing processes has already 
been performed as reviewed by Afasov [8]. As process simulations of metal AM processes are still maturing, studies on 
the process chain simulations of metal AM processes are more limited. The handful of studies on AM process chains 
focus on the laser powder bed fusion (LPBF) process [9, 10, 11]. Afasov et al. [10] expanded the LPBF process chain 
simulations with fatigue life prediction combining residual stress fields with an S-N curve predictive model. For LMD 
like metal AM processes, process simulations are less mature and most studies focus on the actual process simulation 
and not yet the full process chain [12, 13]. Salonitis et al. [7] performed an initial numerical study on multiple process 
steps in the laser cladding process chain to track the evolution of the process induced residual stresses. 
In the current study, the wire based Laser Metal Deposition (LMD) with the titanium alloy Ti-6Al-4V is employed. With 
this process, a wire is fed towards a printing head containing a laser beam, where the material melts and is deposited 
in a bead. By moving the printer head, the melt pool is dragged along the substrate to form a track. The first tracks are 
deposited on a baseplate which is rigidly fixed. By adding track after track in a layer wise manner, a complete 3D part 
is manufactured. Similarly to other metal AM parts, to implement LMD parts in an aircraft, multiple post processing 
steps are often required to limit the influence of residual stresses and surface roughness. The LMD process typically 
has a high surface roughness due to the large deposited bead size as stated by Frazier [14]. Therefore, a machining 
step is often performed to limit the detrimental effects of the surface roughness. Furthermore, heat treatments are 
generally employed in the LMD process chain to limit residual stresses and improve part properties.  
The aim of this study is to predict the effect of processes in the LMD process chain on the fatigue life of the final 
aerospace fuselage part and use these predictions to improve this fatigue life. To this end numerical models for 
simulation of a laser metal deposition process chain have been developed, including the LMD process, the post-heat 
treatment and wire EDM to obtain the final part. In this study the focus lies on the calibration and validation of a low 
fidelity and fast simulation approach of the LMD process as well as the chaining of subsequent process simulations to 
observe process effects on the residual stress of LMD parts. 
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2 Method 

In this study a (wire-based) laser metal deposition (LMD) process chain is investigated using finite element methods. 
The complete manufacturing process consists of the wire-LMD process followed by a stress-relief heat treatment and 
a subtractive process to obtain the final part geometry. The subtractive method of wire electrical discharge machining 
(EDM) is chosen as it has limited effect on surface residual stresses. After manufacturing, the part is subjected to a 
virtual fatigue test to obtain the fatigue life. Fig. 1 gives a schematic overview of the LMD process chain is studied in 
this paper, as well as the virtual representation of this process chain, containing all simulation steps. 
 

Fig. 1: Schematic overview of the actual LMD and the virtual LMD process chain as implemented in ABAQUS and fe-safe  

As stated by Afasov [8], errors of result mapping between different simulation steps accumulate over multiple 
simulations. Therefore, it is investigated if the different process simulations can be chained directly, without 
introducing mapping errors. To this end, the output of the sequential models has to be compatible over multiple types 
of analysis. By incorporating the mesh of the final part throughout the simulation, the same mesh is used for all 
process steps, and results of subsequent processes can be mapped to exactly the same mesh, limiting errors. All 
process models have been created within the finite element software ABAQUS to avoid mapping between different 
analysis software. The following subsections will discuss each process simulation step of Fig. 1 individually. 

2.1 LMD process simulation 

To model the LMD process, a sequential thermo-mechanical model is implemented in ABAQUS. To decouple the 
thermal and structural simulation, it is assumed that the distortions that occur during the LMD process do not 
significantly influence the temperature field. Both for the thermal and the structural simulations the ABAQUS AM 
Modeler plugin is used. This plugin provides special purpose subroutines and GUI options for including AM related 
toolpaths for element activation and heat input. Based on the toolpaths and a predefined bead size of 10x1 mm, new 
elements are activated each time increment. 
In the thermal analysis heat is added to newly activated elements based on the laser spot diameter, penetration 
depth, laser power and absorptivity of the material. Cooling of the part is included via radiation and convection on the 
outer surfaces. These boundary conditions evolve each increment as new elements are activated. Furthermore, heat is 
lost through conduction to the fixtures of the baseplate, which is added as an additional boundary condition to the 
model as used by Chiumenti et al. [12]: 

𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = ℎ𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  ( 𝑇𝑇 − 𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  ) ,    (1) 

Fatigue life 
experiments 

LMD process Wire-EDM 

LMD process chain 

Fatigue life 
predictions 

fe-safe 

LMD – sim. 
Structural 

LMD – sim. 
Thermal 

HT – sim. 
Structural 

Cyclic load – sim. 
Structural 

Wire-EDM – sim. 
Structural 

Virtual LMD process chain 

Heat  
treatment 
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where kbase is the heat transfer coefficient by conduction with the baseplate and Tbase the temperature of the fixture 
base equal to room temperature. The thermal parameters, laser absorptivity, emissivity, convection coefficient and 
conductive heat transfer coefficient depend on a wide range of unknown and varying parameters, these four 
parameters are to be calibrated to accurately predict the temperature field. The temperature dependent material 
properties of the Ti-6Al-4V titanium alloy based on Chiumenti et al. [12] are displayed in Fig. 2. 

Fig. 2: (a) material density; (b) specific heat; (c) the thermal conductivity Chiumenti et al. [12] 

The time incrementation is chosen to correspond with the deposition of a complete track, alternating time increments 
where a new track is deposited and heat is applied and time increments where the newly deposited track is cooled 
and no heating is applied. This method is chosen over high fidelity methods to limit the computational cost, which 
would be large for a full part simulation. By employing the track-by-track method the temperature field obtained from 
the thermal analysis will not include the local temperature field of the melt pool.  
For the structural simulation, elements are activated with the same method as in the thermal simulation. The 
temperature field obtained in the thermal simulation is added as thermal load in corresponding time increments. Due 
to the low fidelity simulation approach, the applied thermal load misses information for local temperature fields 
around the melt pool. To include thermal strains caused by this absent local temperature field, elements are activated 
using an elevated initial temperature. To determine this initial temperature, a structural calibration is required. In the 
simulation, the baseplate is clamped corresponding to the employed fixture method. Furthermore, the fixture plate is 
assumed rigid and frictionless hard contact is defined between the fixture plate and the bottom of the thin baseplate. 
The temperature dependent material data for the coefficient of thermal expansion (CTE), Youngs modulus and 
plasticity employed for the structural simulations can be found in Fig. 3.  

Fig. 3: (a) CTE [15]; (b) Youngs modulus [16]; (c) plasticity curves [17] 

Studies by Denlinger et al. [13] and Heigel et al. [15] on directed energy deposition process simulation observed 
significant effects of stress relaxation during the process due to high temperature creep for the Ti-6Al-4V alloy. Within 
ABAQUS, creep can be incorporated in the model via a the Norton power law, 

(a)                                               (b)                  (c) 

(a)                                               (b)                   (c) 
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𝜖𝜖̇ = 𝐴𝐴𝑞𝑞�𝑛𝑛,    (2) 

with ϵ̇ the equivalent creep strain rate, 𝑞𝑞� the uniaxial equivalent deviatoric stress and A and n as material constants to 
be determined experimentally. Based on Yan et al. [18] and Oliveira et al. [19] an additional Arrhenius term is 
implemented to obtain the temperature dependent creep law, 

𝜖𝜖̇ = 𝐴𝐴𝑞𝑞�𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 �− 𝑄𝑄
𝑅𝑅𝑅𝑅
�    (3) 

with Q the activation energy, R the universal gas constant and T the absolute temperature in Kelvin. Equation 3 is 
fitted to experimental data for creep behaviour of the Ti-6Al-4V alloy is obtained from Oliveira et al. [19]. The fitted 
creep parameters are presented in Table 1. 

Table 1: The fit parameters for the temperature dependent creep Norton-Bailey creep law  

Calibration parameter Value Unit 

A 2.36e-3 [MPa-n] 

n 6.68 [-] 

Q 303e3 [J/mol] 

R 8.314 [J/mol K] 

2.2 Post treatments simulations 

Subsequent to the LMD process, a thermal stress relief treatment and a subtractive process such as machining or wire 
EDM can be applied. In this study, these post-processing steps will be based purely on literature, as no experimental 
validation has been performed. 
For the post heat treatment analysis three subjects are of interest, namely the thermal analysis, phase changes and 
structural analysis [20]. Due to the relatively high thermal conductance and thin parts used in this study, it is assumed 
that the temperature is uniform in the part during the treatment. Therefore, the temperature of the complete part 
follows the applied temperature cycle and no thermal analysis is required. Furthermore, Yan et al [18] showed that 
the thermal expansion due to phase change has only a limited influence on the reduction in residual stress in the 
analysis of heat treatments. Thus, only a structural analysis is employed to model the post heat treatment. The stress 
relief is modelled using both the temperature dependent plasticity curves as well as temperature dependent Norton 
creep law, as presented before. For the finite element analysis only a thermal load is applied corresponding to the 
temperature profile of the actual heat treatment. As the same mesh is used in this analysis as is used for the LMD-
process analysis, no mapping of the residual stress field is required as the step is added directly to the LMD analysis. 
Boundary conditions are only applied to restrict rigid body movements, leaving the part free to deform under the 
temperature load. Time increments of 500 seconds are applied for this process. 
After application of the stress relief treatment, a subtractive processing method is employed to obtain the final shape 
of the product. In this study it is assumed that the subtractive process employed does not create additional residual 
stresses. Therefore, to simulate a subtractive processing method, elements outside of the final part geometry can 
simply be removed from the analysis similarly to Salonitis et al. [7]. The boundary conditions are again applied only to 
restrict rigid body movements, leaving the new configuration of the part to deform freely.  
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2.3 Fatigue life predictions 

To analyse the influence of the process induced residual stress on the fatigue life of the final product, a fatigue 
analysis is performed. To this end, the software fe-safe is employed to perform a stress based fatigue analysis as it has 
good interaction with the ABAQUS software. Based on the SN-curves, stress field obtained from the cyclic load and a 
mean stress field due to residual stress the high cycle fatigue life can be estimated. The mean stress field is adopted in 
fe-safe via the Gerber approach. A machined surface with a surface roughness of 4-16 µm is assumed in the fatigue 
analysis, from which a surface finish correction factor between 1.2 and 1.35. To include effects of process induced 
porosity on the fatigue life, the SN curve adopted for the deposited material is based on data form Cao et al. [21] 
where slightly porous Ti-6Al-4V material processed by hydrogen sintering and phase transformation (HSPT) analysed 
on fatigue life. For the Ti-6Al-4V baseplate, an SN curve is adopted based on wrought material obtained from Cao et 
al. [21]. Fig. 4 shows the obtained SN curve data together with the power law fit used to implement the SN curve in 
the fe-safe analysis. To determine the stress field caused by the cyclic load, a structural simulation is performed 
applying the maximum load. This results in a maximum stress field from which a cyclic load is obtained by cyclically 
scaling the stress field by -1 to 1. To include process induced residual stress, the obtained residual stress field is added 
to offset the mean stress field. 

Fig. 4: S-N curve data obtained from Cao et al. [21] for porous hydrogen sintered and wrought Ti-6Al-4V 

2.4 LMD model calibration method 

To calibrate and verify the thermal and structural models for the LMD process simulations, experimental data is 
obtained from multiple depositions of a Ti-6Al-4V T-shape. The T-shaped part is approximately 230x100x50 mm and 
deposited on a thin Ti-6Al-4V baseplate of 500x155x6.35 mm, fixed by evenly spaced bolts along the edge to a steel 
fixture plate of 512.7x167.7x25.4 mm. This fixture plate is subsequently fixed to an aluminium base block. The layer 
height of the deposition is approximately 1 mm with a bead with of 10 mm. The deposition is performed using 
multiple strategies, where strategy 1 employs medium interlayer wait times, strategy 2 longer interlayer wait times 
and strategy 3 shorter interlayer wait times. All depositions have been performed in a closed, argon atmosphere to 
prevent oxidation. To calibrate the thermal model, the interlayer temperature is measured at the centre of the newly 
deposited layer using a pyrometer, where the interlayer temperature is defined as the minimum layer temperature 
before a new layer is deposited. When the deposition of the part is finished and the material has cooled to room 
temperature, the baseplate is released from the fixture plate to allow for deformation due to residual stress. The 
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deformed part and baseplate are 3D scanned to obtain a digital representation of the deformation, which is used to 
calibrate the structural simulations. 
Fig. 5 (a) displays the numerical model created to simulate the T-shape for both the thermal and structural analysis. 
The finite element model consists of the T-shaped deposition with the baseplate and fixture assembly. The model is 
meshed with 32,068 8-node linear hexahedral elements of approximately 5x5x1 mm in the T-shape and baseplate. For 
the steel fixture plate 2,601 10x10x10 mm 8-node linear elements are used. The T-shaped part is sliced in 50 1 mm 
layers, where each layer is deposited in 2 tracks. Fig. 5 (b) displays the toolpath data of the final layer as obtained from 
machine log data. Boundary conditions in the thermal analysis are applied as discussed in Section 6. For the structural 
analysis, elements in a circle of 6 mm around the bolt holes are fixed to simulate the clamping of the bolts. After the 
LMD process, the fixture plate is removed from the model, as well as the fixed boundary conditions around the bolt 
holes. Boundary conditions are applied at three corners of the thin baseplate to avoid rigid body motions while 
allowing for free deformation of the model. 
 

Fig. 5: (a) finite element (FE) mesh of the T-shaped calibration model; (b) schematic image of the deposition tracks of a 
single layer 

2.5 Case study 

To demonstrate the discussed methodology for full process chain simulation, the process chain of a fictional titanium 
bracket is simulated. This includes the LMD process, heat treatment, removal of elements and a fatigue life 
estimation. As the simple bracket has not been manufactured, this is purely a numerical exercise to qualitatively 
evaluate the methodology. The bracket is deposited as a larger wall of 150x100x10 mm, deposited in 50 layers 
consisting of single tracks. After deposition the part is stress relieved by a post heat treatment at 900 °C for 2 hours. 
From the stress relieved deposited wall, the bracket is extracted by wire EDM, where it is assumed no additional 
residual stresses are created. To estimate effects of the process induced residual stress on the fatigue life, the fatigue 
analysis in fe-safe is performed for cyclic loading of the bracket.  

(a)                                               (b)  
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Fig. 6 (a) displays the finite element mesh of the titanium deposition and fixture assembly consisting of 73,508 hex 
elements, from which the titanium bracket is extracted. Fig. 6 (b) displays the mesh of the final bracket geometry 
extracted from the deposited wall. The LMD process is modelled in a similar fashion as the T-shaped part, adopting 
calibrated thermal parameters in the thermal analysis and the calibrated initial temperature in the structural analysis. 
In the thermal LMD analysis, the same boundary conditions are employed as for the T-shape. In the structural LMD 
analysis the fixed bolt boundary conditions are replaced for a clamping boundary along the edge of the baseplate. 
After the LMD analysis, the results are used in the heat treatment analysis, where the plate is allowed to deform 
freely, employing boundary conditions to avoid rigid body motions. The temperature profile is added as a 

homogeneous load to all nodes in the model under the assumption that the thin parts heat up homogeneously. After 
the heat treatment analysis, the elements outside of the bracket geometry are removed and boundary conditions to 
avoid rigid body motion are reapplied.  
To obtain the cyclic stress field as employed in the fatigue analysis, the loading is simulated without the residual stress 
and strain from the process simulations. In this analysis, the model is clamped along the edge of the baseplate, and a 
load of 5 kN is applied at the hole in the deposited bracket. The stress field obtained from this analysis is imported in 
the fatigue life analysis using scaling from 1 to -1 of the stress values to obtain a cyclic stress field. Multiple fatigue life 
analyses have been performed adopting different means stress fields. The first analysis is without any residual stress, 
and thus a mean stress of 0. To observe the effect of the LMD process chain on the fatigue life, the residual stress field 
obtained after wire EDM is adopted in a second fatigue life analysis. Finally the residual stress field is obtained when 
heat treatment is not included in the virtual process chain. This residual stress field is adopted in a third fatigue life 
analysis to observe the effects of heat treatment on the fatigue life of a LMD manufactured part. 
 
 

(a)                                               (b)  

Fig. 6: a) FE mesh for the LMD process simulation; (b) the FE mesh of the final bracket design extracted from the 
original mesh 
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3 Results and discussion 

3.1 LMD process simulation calibration and validation 

Fig. 7 a displays the measured interlayer temperature over the normalized manufacturing time of the T-shaped part 
deposited with strategy 1, which is used to calibrate the thermal model. To calibrate the thermal model, the laser 
absorptivity, emissivity, convection coefficient and conductive heat transfer coefficient are varied to match the trend 
and temperature values obtained experimentally. The calibrated thermal parameters are displayed in Table 2. When 
comparing these parameters with parameters observed in literature, it is observed that they are in a realistic range 
[12, 22]. These parameters have been employed to model the use of strategy 2 and strategy 3 to verify the thermal 
modelling method. Fig. 7 b shows the comparison between the experimental and numerical interlayer temperatures 
over the normalized manufacturing time for both strategies. As can be observed in this figure, the experimental 
results are less consistent compared to the calibration experiment, as multiple breaks were required to correctly 
manufacture the parts. However, these breaks are captured in the machine log data and thus can be implemented in 
the numerical simulations. The simulations generally show good correspondence with the experimental data, which is 
sufficient to implement the temperature results in the mechanical simulation. 

Fig. 7: (a) interlayer temperature profile for model calibration; (b) interlayer temperature profiles for model validation 

Fig. 8 (a) illustrates the extraction of the plate deformation to use in the mechanical calibration from the 3D scans of 
the deformed baseplate and deposition. The coordinates of the nodes located near the edge indicated by the red 
arrow and line in Fig. 8 (a) have been extracted for all three manufacturing strategies. These coordinates are displayed 
in 2D in Fig. 8 (b) to illustrate the deformation profile along this edge. From the numerical simulation of the T-shape 
manufactured with strategy 1, the same deformation profile has been extracted to compare with the experimental 
results. By varying the initial temperature at which elements are activated, the mechanical model has been calibrated 
to match the deformation profile for strategy 1. The initial temperature is calibrated to a value of 550 °C. Similarly to 
the thermal analysis, the structural analysis is validated using the experimental results of the T-shapes manufactured 
with strategy 2 and 3. This comparison is illustrated in the same graph of Fig. 8 (b). Slight differences in deformation 
profile are observed for both strategies. However, the overall amount of deflection in the baseplate predicted by the 
calibrated model corresponds well with the deflection obtained experimentally. This indicates that the residual 
stresses introduced by the LMD process are captured well by the calibrated model. It should be mentioned that there 
are limitations to the applicability of the model. For example significantly different set-ups in fixture assembly, or too 
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large deformations of the baseplate during the LMD process could strongly change the heat loss through conduction. 
Therefore, further research would be required with different geometries and fixture assemblies to obtain an 
indication when recalibration of the calibration parameters is required. 
 

Table 2: The calibrated parameters for both the thermal and structural LMD process simulations 

Calibration parameter Value Unit 

Absorptivity 0.675 [-] 

Emissivity 0.8 [-] 

Convection coefficient 35 [W/m2K] 

Heat transfer coefficient for conduction  2.5 [W/m2K] 

Initial temperature 550 [°C] 

 

Fig. 8: (a) location of deformation profile extracted from the 3D scans; (b) deformation profiles for model calibration 
and validation 

3.2 Case study 

Fig. 9 displays the residual stress field evolution throughout the different virtual process chains, with the location of 
the bracket in the deposited wall indicated by red contours. After the LMD process, the highest residual stresses are 
observed at the interface with the baseplate of the deposited wall and at the top layers, which corresponds well with 
observations from literature [23]. If a subsequent heat treatment is performed, the stress concentrations are reduced, 
and the residual stress field becomes more homogeneous. However, the deposited material still contains increased 
stress at the connection with the baseplate. These stress concentrations are more pronounced after the wire EDM 
process step.  
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Fig. 9: Evolution of the process induced residual stress field for different process chains obtained by the process chain 
simulations 

The effect of the process induced residual stress is most visible in the fatigue analysis results. Without residual stress, 
a number of cycles to failure of 79,970,000 was observed. However, if the residual stress of the process chain without 
heat treatment is included, the number of cycles to failure drops with almost 98.7% to 1,056,817. This corresponds 
qualitatively with the expectations, as the tensile residual stresses after the LMD process are significant. As expected 
in literature, significant amount of cycles to failure is recovered by including the heat treatment in the virtual process 
chain [6]. With 18,960,000 cycles to failure the fatigue life is reduced by a factor of 4 compared to the reference case 
with no residual stress, which is more than 17 times the estimated fatigue life of the bracket without heat treatment.  
It can be stated that qualitatively this fast virtual LMD process chain simulation approach corresponds with the 
expectations. However, before this method can be employed to optimize the process steps for fatigue life of 
aerospace components, more validation is required. To obtain quantitatively correct estimations of the fatigue life of 
LMD manufactured parts, the model as used for the heat treatment has to be verified as performed for other alloys in 
similar studies [9, 11]. Furthermore, implementation of different postprocessing steps, e.g. machining or shot-peening 
can have significant effects on the surface roughness and residual stress thus influencing the fatigue life of the 
components as observed by Afazof et al. [10]. Finally, the adopted SN-curves for the fatigue life analysis are highly 
dependable on the size and type of porosity in the material. Therefore the actual SN-curve of the material could vary 
from location to location in the additively manufactured part. The virtual process chain towards fatigue analysis could 
be further validated by performing fatigue tests on LMD manufactured components with and without post heat 
treatment and machining. 
The method of using the same mesh throughout the virtual process chain to avoid mapping was observed to work well 
for simple geometries such as the bracket as used in the case study. However, when more complex geometries are 
involved, it might become more challenging to include the final part in the original mesh for the LMD process 
simulations, requiring finer elements. In this case, mapping of the stresses from one mesh to the other might be 
preferable to reduce computational costs. Similarly, remeshing and mapping might be required when deformations 
become so severe that the result after machining does not correspond with the desired final part.  
 



 
 
 

15 

NLR-TP-2021-309  |  November 2021 

 

4 Conclusions 

In this paper, the simulation of the complete metal additive manufacturing LMD process chain towards fatigue life 
estimation has been demonstrated. In the aerospace industry the use of metal additive manufacturing can have great 
economic and environmental benefits, as total weight, waste and manufacturing time of aircraft components can be 
significantly reduced. However static and fatigue performance needs to be maintained. It can be stated that 
qualitatively the presented fast virtual LMD process chain simulation approach corresponds with the expectations. 
The following conclusions can be made from the current results: 
The low fidelity method as employed to analyze the LMD process without large computational cost was found to 
sufficiently predict residual stress and deformation for implementation in the virtual process chain. However, further 
research is required to establish limits for when new calibrations are required. 
The current method for analyzing the effects of the LMD process chain on the fatigue life of the final product was 
found to give qualitatively good results. Further validation of individual post-processing steps is required to ensure 
that the obtained fatigue life is also quantitatively a sound estimation. 
The implementation of direct chaining of the virtual process simulations without introducing mapping and mapping 
errors was observed to work well for simple geometries and low deformations. For complex geometries mapping 
errors will be more difficult to avoid.  
 
Future work is to improve the fatigue prediction and optimize the process steps for increased fatigue life of AM 
aircraft fuselage components (complex frame joints). To achieve this more validation is required. 
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